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ABSTRACT 

 
Electrochemical Investigations on Functionalized 2D Graphene, Molybdenum 

Disulfide, and Nickel Sulfide 

Navid Solati 

Doctor of Philosophy in Materials Science and Engineering 

June 2022 

Widespread implementation of electrochemical-based energy generation and storage 

techniques is the indispensable strategy for addressing the issues resulting from the 

constant use of fossil fuels. After decades of searching for the best candidates to be used 

as electrodes in the electrochemical-based devices, electrochemists have started to 

investigate the details of electrochemical reactions, such as mechanisms, reaction site, 

and electrode alterations under operando conditions. Despite invaluable findings about 

these issues, there are still unanswered or unclearly answered significant questions. 

Two dimensional (2D) materials provide unique features to design highly active 

electrodes and have comprehensive investigations about the details of electrochemical 

reactions. The distinctive structure of 2D materials delivers a high number of available 

sites for functionalization. This paves the way to alter the electrochemically essential 

properties such as surface morphologies, electronic structure, carrier concentration, 

charge transfer efficiency, etc. As a result, it is possible to design new electrodes with 

enhanced electrochemical activities.  

In addition, the combination of the availability of a high number of active sites and 

accessibility of these sites with the surface-sensitive characterization methods provide 

exceptional conditions to study the electrochemical reactions in detail. This issue has 

gained prime importance with recent findings about the structural and compositional 

alterations of electrodes during electrochemical measurements.  

In this thesis, the unique features of 2D graphene, MoS2, and NiSx derived from Ni(OH)2 

combined with various physical and electrochemical characterization techniques have 

been used to study the alterations in electrode materials during electrochemical reactions. 

The initial part of the study has been focused on graphene, which is the simplest and the 

best-known 2D material. It has been shown that N-doping significantly enhances the 
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electrochemical activity of graphene toward oxygen reduction reaction (ORR). After 

studying the effect of different N configurations on the activity of N-doped graphene, it 

has been shown that pyridinic N improves the activity of bilayer N-graphene by 

modulating the interaction between the layers. The increased π- π interaction in pyridinic 

N-doped graphene, promotes the electron transfer kinetics between layers and results in 

an improved activity for the N-doped bilayer graphene.  

In order to have a better insight into the role of different N configurations, active sites, 

and ORR mechanisms, bilayer pristine and N-doped graphene were investigated by the 

spectroelectrochemical Raman technique. It has been shown that based on the 

configuration of the N dopants, it is possible to have a competition between adsorption of 

H/OH and O2 groups. After showing Raman fingerprints for the possible reactions 

between O2 (or O2
-) with H/OH, it has been proposed that the ORR could have multiple 

mechanisms with the same transferred electron numbers. 

Despite enormous efforts in advancing the hydrogen evolution reaction (HER) activity of 

MoS2, the presence of different phases and relatively complex structure of MoS2 has 

resulted in a significant number of controversial results in the published reports so far. 

Unfortunately, most of the operando techniques which have been used to answer some 

fundamental questions, such as the active site, the mechanism on different MoS2 

structures, and the structural changes of MoS2 during HER, have been focused on 

amorphous MoS2. Here a systematic investigation has been performed to study the effect 

of modifying a synthesis parameter on the phase, composition, flake size, and defect 

density of MoS2. It has been shown that N doping improves the HER activity of MoS2. 

However, this improvement is not stable, and the strain and phase conversion induced by 

N dopants fade away when they abandon the MoS2 structure.  

Finally, the HER activity of different nickel sulfides phases in the alkaline electrolyte was 

investigated. Despite the 3D structure for NiSx, it has been shown that it is possible to 

synthesize pure 2D NiS2 using a Ni precursor, which has a layer-by-layer structure 

(Ni(OH)2). It has been shown that the electrochemical measurements performed on these 

samples have better results compared to the samples with 3D structures. The non-similar 

dynamic behavior in linear sweep voltammetry results of the samples was investigated by 

performing Raman spectroscopy and XPS investigations during the course of structural 

transition. It has been shown that the co-presence of hydroxylated Ni and NiSx promotes 

the HER activity of the electrodes. 
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ÖZETÇE 

 
2 Boyutlu İşlevselleştirilmiş Grafen, Molibden Disülfit, ve Nikel Sülfit Üzerinde 

Elektrokimyasal Araştırmalar  

Navid Solati 

Malzeme Bilim ve Mühendisliği Doktora Tezi 

Haziran 2022 

Elektrokimyasal temelli enerji üretimi ve depolama tekniklerinin yaygın olarak 

uygulanması, fosil yakıtların sürekli kullanımından kaynaklanan sorunları ele almak için 

vazgeçilmez bir stratejidir. Elektrokimyasal temelli cihazlarda elektrot olarak 

kullanılacak en iyi adayları on yıllar boyunca aradıktan sonra, elektrokimyacılar, 

mekanizmalar, reaksiyon bölgesi ve operando koşulları altında elektrot değişiklikleri gibi 

elektrokimyasal reaksiyonların ayrıntılarını araştırmaya başladılar. Bu konularla ilgili 

paha biçilmez bulgulara rağmen, hala cevaplanmamış önemli sorular var. 

2 boyutlu malzemeler, aktif elektrotlar tasarlamak için benzersiz özellikler sağlar. Bu 

malzemelerin özel yapısı işlevselleştirme için çok sayıda yer sunar. Bunun neticesinde, 

yüzey morfolojileri, elektronik yapı, taşıyıcı konsantrasyonu, yük transfer verimliliği vb. 

gibi elektrokimyasal olarak temel özelliklerin değiştirmesi mümkün hale gelir. Sonuç 

olarak, geliştirilmiş elektrokimyasal aktivitelere sahip yeni elektrotlar tasarlamak 

mümkündür. Bu tezde, elektrokimyasal reaksiyonlar sırasında elektrotlarda olan 

değişiklikleri incelemek için çeşitli fiziksel ve elektrokimyasal karakterizasyon teknikleri 

ile birleştirilmiş 2 boyutlu malzemelerin benzersiz özelliklerinden yararlanmıştır. 

Ek olarak, çok sayıda aktif sitenin mevcudiyeti ve bu sitelerin erişilebilirliğinin yüzeye 

duyarlı karakterizasyon yöntemleriyle birleştirilmesi, elektrokimyasal reaksiyonların 

ayrıntılı olarak çalışılması için istisnai koşullar sağlar. Bu konu, elektrokimyasal ölçümler 

sırasında elektrotların yapısal ve bileşimsel değişiklikleri hakkındaki son bulgularla 

büyük önem kazanmıştır. 

Bu tezde, elektrokimyasal reaksiyonlar sırasında elektrot malzemelerindeki değişiklikleri 

incelemek için çeşitli fiziksel ve elektrokimyasal karakterizasyon teknikleri ile birlikte 

2D Grafen, MoS2 ve NiSx'in benzersiz özellikleri kullanılmıştır. 



 

vii 
 

Çalışmanın ilk kısmı, en basit ve en iyi bilinen 2D malzeme olan grafen üzerine 

odaklanmıştır. N-katkılaman’ın, grafenin oksijen indirgeme reaksiyonuna (ORR) yönelik 

elektrokimyasal aktivitesini önemli ölçüde arttırdığı gösterilmiştir. Farklı N 

konfigürasyonlarının N-katkılı grafenin aktivitesi üzerindeki etkisini inceledikten sonra, 

piridinik N'nin, tabakalar arasındaki etkileşimi modüle ederek iki tabakalı N-grafenin 

aktivitesini geliştirdiği gösterilmiştir. Pirrdinik N katkılı grafen içindeki artan π- π 

etkileşimi, katmanlar arasındaki elektron transfer kinetiğini desteklediği ve N katkılı çift 

katmanlı grafen için geliştirilmiş bir aktivite ile sonuçlandığı isbat edilmiştir. 

Farklı N konfigürasyonlarının, ORR esnasında rolünü daha iyi anlamak için, iki katmanlı 

bozulmamış ve N katkılı grafen, spektroelektrokimyasal Raman (SEC-Raman) tekniği ile 

araştırıldı. N katkı maddelerinin konfigürasyonuna bağlı olarak, H/OH ve O2 gruplarının 

adsorpsiyonu arasında bir rekabet olmasının mümkün olduğu gösterilmiştir. O2 (veya O2
-

) ile H/OH arasındaki olası reaksiyonlar için Raman parmak izlerini gösterdikten sonra, 

ORR'nin aynı aktarılan elektron sayılarına sahip birden fazla mekanizmaya sahip 

olabileceği önerilmiştir. 

MoS2'nin hidrojen evrim reaksiyonu (HER) aktivitesini geliştirmedeki önemli 

çalışmalara rağmen, farklı fazlarının varlığı ve nispeten karmaşık yapısı, şimdiye kadar 

yayınlanan raporlarda önemli sayıda tartışmalı sonuçlara yol açmıştır. Ne yazık ki, farklı 

MoS2 yapılarındaki mekanizma ve HER sırasında  yapısal değişiklikler gibi temel soruları 

cevaplamak için kullanılan operando tekniklerinin çoğu, amorf MoS2'ye odaklanmıştır. 

Burada, bir sentez parametresini değiştirmenin MoS2'nin fazı, bileşimi, ve kusur 

yoğunluğu üzerindeki etkisini incelemek için sistematik bir araştırma yapılmıştır. N 

katkılaman’ın MoS2'nin HER aktivitesini geliştirdiği gösterilmiştir. Ancak, bu gelişmenin 

olmadığı ve N katkılamanın sonucunda ortaya gelen gerilim ve faz dönüşümünün, N 

atomlarının MoS2 yapısını terk ettiklerinden sonra aradan gittiği gösterilmiştir. 

Son olarak, alkali elektrolit içindeki farklı nikel sülfit fazlarının (NiSx) HER aktivitesi 

araştırılmıştır. NiSx‘in 3 boyutlu yapısına rağmen, katman katman yapılı (Ni(OH)2) 

kullanarak saf 2 boyutlu NiS2 sentezlemenin mümkün olduğu gösterilmiştir. Bu 

numuneler üzerinde yapılan elektrokimyasal ölçümlerin 3 boyutlu yapılara sahip 

numunelere göre daha iyi sonuçlar verdiği gösterilmiştir. Numunelerin lineer süpürme 

voltametri sonuçlarındaki benzer olmayan dinamik davranışları yapısal geçiş sırasında 

Raman ve XPS incelemeleri yapılarak incelenmiştir. Hidroksillenmiş Ni ve NiSx'in 

birlikte varlığının elektrotların HER aktivitesini desteklediği gösterilmiştir. 
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Chapter 1  

Introduction 

1.1 Two Dimensional Materials; Synthesis, Properties, and Applications 

The two-dimensional (2D) materials, sometimes mentioned as nanosheets or thin films, 

are structures with thickness in an atomic scale. Some sources define them as structures 

with in-plane axes to a perpendicular axis ratio greater than 100 [1]. The history of these 

materials can be traced back to 1824, where Thomas H. Webb thermally exfoliated 

vermiculite. However, the rise of research on 2D materials happened after 2004 when 

Novoselov and Geim reported the synthesis of graphene using the scotch tape method [2]. 

The 3D layered materials are known as the parent materials for the 2D structures, and 

they showed vast applications in the industry long before the discovery of 2D materials. 

For example, graphite was used as anode material in lithium-ion batteries (LIBs) because 

of its excellent ion insertion/extraction capability [3], and bulk MoS2 was used as a dry 

lubricant originating from the weak van der Waals forces between individual MoS2 layers 

[4].  

As a result of quantum confinement, novel and promising properties emerge in 2D 

materials when the layered 3D materials are thinned to single and few layers [5]. The 

remarkable properties of 2D materials have attracted the attention of numerous research 

groups to synthesize hundreds of different types of them. Layered materials which can be 

exfoliated to form 2D nanosheets range from insulators (hexagonal boron nitride (hBN) 

[6], HfS2, etc.) to semiconductors (MoS2, MoSe2, WS2, WSe2, TaS2, RhTe2, PdTe2) [7] 

to semimetals (TiSe2, WTe2, NiTe2, VSe2) [8] and to superconductors (NbS2, NbSe2, 

NbTe2, TaSe2) [9]. This variation in electrical properties allows materials with similar 

high mechanical properties and thermal conductivity but significantly different electrical 

properties. For instance, compared to graphene with metallic conductivity, hBN displays 

similar mechanical and thermal properties while having a 5.1 eV bandgap  [10]. Recently, 

new mono-element 2D structures beyond graphene have evolved, these include Group 13 

borophene [11], [12], Group 14 silicene, germanene, and stanene [13], and Group 15 

phosphorene [14], arsenene [15], antimonene [16], and bismuthene [17]. There are also a 

growing number of graphene derivatives, including graphene oxide [18], heteroatom-

doped graphene [19], graphdiyne [20], graphane [21]. Another developing main class of 
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2D materials is chalcogenides including transition metal dichalcogenides (TMDs) with 

MX2 stoichiometry (M = Groups 4–10 metals, X = S, Se and Te) [22], metal tri-

chalcogenides (Bi2Te3, Sb2Se3, NbSe3, TaSe3) [23], III-VI (GaSe, InSe) [24], and IV-VI 

(SnS2, SnS) chalcogenides [25]. Graphitic carbon nitride (g-C3N4) is another type of 2D 

material that consists of sp2 hybridized C and N with lots of pyrrolic N defects [26]. Other 

classes of 2D materials include transition metal halides such as PbI2 and MgBr2 [27], 

transition metal oxides (MnO2, MoO3) [28], perovskites such as LaVO3, LaMnO3 [29], 

and Ni(OH)2 [30], layered double hydroxides (LDHs) [31], and MXenes [32]. Finally, in 

addition to inorganic 2D compounds, organic and organometallic porous 2D nanosheets 

are also a focus of interest, encompassing 2D covalent organic frameworks (COFs) [33], 

2D metal-organic frameworks (MOFs) [34]. The availability and flexibility of this range 

of 2D materials enable the development of new layered hybrid materials and 

heterostructures. Since most exfoliated nanosheets possess distinct surface charges, van 

der Waals heterostructures of graphene, h- BN, and TMDs, have already been synthesized 

and showed unique properties. This characteristic property is the main key in using 2D 

materials as building blocks to form electrostatically-driven hybrid structures [35], [36].  

The remarkable intrinsic properties of 2D materials, such as thermal and electrical 

conductivity, the tunability of these properties, and the synthesis of numerous types of 

them have provided a chance to use them in a broad range of applications. The feasibility 

of using 2D materials in biomedical applications [37]–[41], gas storage systems [42], 

[43], sensors [44]–[46], chemical separators [47], [48], variety of energy storage and 

conversion applications [49]–[53], and electronics and optoelectronics [54], [55] have 

been studied, and they have shown promising performances in most of these applications. 

Due to some specific properties of 2D materials, the extent of investigation on using them 

for catalysis, energy conversion, and energy storage technologies has been far more than 

the other applications. These suitable properties are [56]–[60]: 

(1) Improved electronic and optical properties such as higher electron mobility and carrier 

concentrations as well as tunable band gap compared to the bulk structures,  

(2) High specific surface area improves mass transport and solar harvesting 

(photocatalysis), provides plentiful active sites for cation storage and redox reactions, 

reduces electrical transport and ion diffusion path length, and facilitates high power 

density of batteries and supercapacitors [61]. 
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(3) Availability of unsaturated edges and dangling bonds which are commonly active sites 

for catalytic reactions. 

(4) The feasibility of modifying the electronic structure and catalytic activity by 

mechanical strain, applied electric fields, doping, heterostructure forming, chemical 

functionalization, and alloying provides new catalysis and energy applications 

opportunities [62]–[64]. 

(5) Unique atom-thick structure presents an ideal platform for revealing the catalytic 

mechanism and active sites to researchers [65].  

(6) The large specific area makes 2D materials a versatile scaffold for preparing various 

hybrids to provide multifunctional catalysis. 

The research paradigm on 2D materials has recently shifted from discovery and property 

characterization toward materials engineering and property tuning. This is due to some 

limitations of 2D structures caused by their intrinsic properties and certain processing-

related structural disadvantages [66]. For example, many 2D materials provide planar 

diffusion channels for charge-carrying ions between their layers, making them potential 

electrode materials for electrochemical energy storage devices [56]. However, their 

practical performance is primarily restrained by the intrinsic interlayer distance, which 

results in limited ion accessibility and structural instability [67]. Another example is the 

different catalytic activity between the basal plane and the edges of 2D materials. In most 

of the 2D materials, the catalytic activity originates from scarce edge sites, [68] while the 

basal plane with a large areal portion is inactive.  

Various synthesis approaches have been used to prepare and grow 2D materials. These 

methods can be classified into two main groups of top-down and bottom-up techniques. 

A simple top-down method to synthesize 2D nanosheets is to peel off single layers from 

bulk layered compounds using Scotch tape. The nanosheets obtained with this technique 

are usually of high quality since no chemicals and chemical reactions are involved in the 

process. After the first report for graphene, [2] this technique has been widely applied for 

synthesis of 2D nanosheets of TMDs (MoS2, MoSe2, WS2, WSe2, TaS2, TaSe2, NbSe2, 

PtS2, PtSe2, etc.),[69] metal phosphorous trichalcogenides, [70] antimonene, [71] and h- 

BN [72].  Additionally, sonication on bulk layered compounds in a proper solvent can 

induce an effective exfoliation [73]. A good match of the surface energy between layered 

compound and solvent is crucial for efficient exfoliation. Using this technique, high yield 
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and large-scale production are possible. Another top-down method is the ion intercalation 

and subsequent hydroxylation under mild sonication processes [74]. This process 

involves the intercalation of small-sized cations into the interlayer space of layered 

compounds. Since the control over cation intercalation is very difficult, either insufficient 

intercalation or over intercalation frequently occurs. In comparison with chemical routes, 

electrochemical routes can provide a more efficient way for the intercalation and 

exfoliation of layered materials. During the electrochemical ion exchange method, 

interlayer spacing is expanded by replacing existing small ions with relatively bulky ions, 

which weakens the interaction between adjacent layers, resulting in the facile exfoliation 

of layered material into individual nanosheets with the aid of mechanical shaking or 

sonication [75], [76]. 

The bottom-up methods can be categorized into two classes based on the reaction 

medium: wet-chemistry-based synthesis and chemical vapor deposition (CVD) [69]. A 

well-known wet-chemistry-based synthesis is hydrothermal or solvothermal reaction, 

extensively used to synthesize many 2D nanosheets [77]. Moisture-sensitive 2D inorganic 

nanosheets can be prepared by solvothermal reaction using organic solvents [78]. In these 

methods, high pressure is generated to promote the reaction and increase the crystallinity 

of the nanosheets. The concentration of precursors, reaction temperature, and solvent 

system are the controlling factors for hydrothermal/solvothermal methods. High yield and 

facile operation make the wet-chemical approaches quite attractive. However, they suffer 

from high energy consumption and high production costs, limiting their use in scalable 

industrial production [79], [80]. 

On the other hand, CVD involves the reaction and/or decomposition of vapor phase 

precursors on preselected substrates at high temperatures. The structural and 

physicochemical properties of the CVD-grown nanosheets can finely be tuned by 

controlling growth parameters such as precursor, reaction temperature substrate 

properties, and atmosphere [81]. 2D films with scalable size and quantity, controllable 

thickness, high purity and crystallinity, and lower defects can be obtained using this 

method [82]–[85]. However, the need for a suitable substrate, high temperature, and inert 

atmosphere impedes its wide-scale use to produce 2D nanosheets. 

1.2 Electrochemical Energy Conversion 

Widespread implementation of renewable energy has been the indispensable strategy for 
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addressing the issues resulting from the constant use of fossil fuels, such as global climate 

change, energy security, and sustainability. Solar and wind are probably the amplest and 

most readily accessible renewable energy sources, which have been considered essential 

components of the future global energy portfolio [86]. However, due to wind and the sun's 

random and intermittent nature, efficient and economical energy storage and conversion 

technologies are required to produce and utilize inexpensive renewable energy. Among 

these technologies, electrochemical-based energy generation and storage techniques such 

as fuel cells and metal-air batteries can provide a temporary medium to store and release 

electricity when and where needed. Electrochemistry which deals with chemical reactions 

at the electrode and the electrolyte interface and studies conversions between the 

electrical energy and chemical changes [86], could be one solution to the sustainable 

energy supply and to achieve the transition from the current “hydrocarbon economy” to 

a “hydrogen economy” [87]. The electricity produced by renewable energy is mainly for 

end-users, while the surplus electricity can be used in water electrolysis to generate 

hydrogen and oxygen. Part of the hydrogen can be transported to serve industry, traffic, 

and household. Moreover, the other part can be used to power up fuel cells to generate 

electricity.  

1.2.1 Oxygen Reduction Reaction (ORR) 

Fuel cells, rechargeable metal-air batteries, and dye-sensitized solar cells are next-

generation energy devices for clean power production [88]. A fuel cell is an 

electrochemical device designed to convert the energy of a chemical reaction directly to 

electrical power. The employment of gaseous and liquid precursors in fuel cells is one of 

the differences between this technology and the primary and secondary batteries run by 

metals and metal oxides. Hence, the continuous supply of the reactants provided and 

uninterrupted elimination of the reaction products to keep a long operation time is 

relatively easy [89], [90]. The most significant advantage of fuel cells is that the pollution-

free electrical energy comes directly from the devices. There are no combustion reactions 

in fuel cells to produce environmentally unfriendly products, such as CO2, SO2, and 

nitrogen oxides. In addition, fuel cells also feature good energy efficiency, light weight, 

silent operation, and vibration-free operation. 

A fuel cell is composed of three main parts, a cathode electrode, an anode electrode, and 

an electrolyte. The reaction in the cathode part of fuel cells and rechargeable metal-air 

batteries is ORR, where electrons reduce O2 molecules. The electrochemical cleavage of 
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the strong O=O bond, which has bonding energy of 498 kJ.mol-1, is very challenging [91]. 

As a result, the ORR is more than six orders slower than hydrogen oxidation at the anode 

part of the fuel cells [92]. Hence, to lower the overall energy barrier for ORR, active 

electrocatalyst materials are vital to enhance the kinetics of this reaction.  

There are two possible pathways for ORR in aqueous electrolytes; a one-step four-

electron (4e-) pathway (Equation 1-1) or a two-step two-electron pathway (2e-). While 

the direct 4e- the pathway is recognized as the faster and more efficient root in fuel cells, 

the selective 2e- ORR is useful for industrial H2O2 production [93]. The overall 4e- ORR 

pathway in the alkaline electrolytes is as follows: 𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−   (0.401  V vs. SHE) Equation 1-1 

Where, SHE stands for standard hydrogen electrode. 

For the indirect two-steps two-electron pathway, after the consumption of the first two 

electrons (Equation 1-2), either a further two-electron reduction of H2O2 (Equation 1-3) 

or the chemical disproportionation of H2O2 (Equation 1-4) happens: 𝑂2 + 𝐻2𝑂 + 2𝑒− → 𝑂𝐻− + 𝐻𝑂2−   (−0.076  V vs. SHE) Equation 1-2 𝐻𝑂2− +  𝐻2𝑂 + 2𝑒− → 3𝑂𝐻−     (0.878  V vs. SHE) Equation 1-3 2𝐻𝑂2− → 2𝑂𝐻− +  𝑂2      Equation 1-4 

Nørskov and co-workers were the first group to study the reaction free energy (ΔG) of 

different reaction intermediates during the electrochemical processes of ORR [94]. To 

achieve the optimum condition, reactants, products, and intermediates should bind neither 

too weakly nor too strongly on a given catalyst surface.  Within this framework, they 

proposed two possible ORR mechanisms: associative and dissociation mechanisms. 

Although the elementary steps and the intermediates in ORR depend on the electrode and 

electrolyte [95], a possible associative mechanism in the alkaline electrode can be stated 

as follows: 𝑂2 + ∗ → 𝑂2∗ Equation 1-5 𝑂2∗ +  𝐻2𝑂 + 𝑒− → 𝑂𝑂𝐻∗ + 𝑂𝐻− Equation 1-6 𝑂𝑂𝐻∗ + 𝑒−  → 𝑂∗ + 𝑂𝐻−      Equation 1-7 
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𝑂∗ + 𝐻2𝑂 + 𝑒−  → 𝑂𝐻∗ + 𝑂𝐻−      Equation 1-8 𝑂𝐻∗ + 𝑒−  → 𝑂𝐻− + ∗      Equation 1-9 

The dissociative mechanism starts with the following elementary reaction: 𝑂2 + ∗  +  ∗ → 𝑂∗ + 𝑂∗ Equation 1-10 

Followed by Equation 1-8 and Equation 1-9. 

After investigating the detailed mechanism of ORR, the rate-limiting step can be 

recognized by finding the elementary reaction with minimum reaction Gibs free energy. 

This elementary step determines the overpotential of ORR, which is described as the 

difference between applied and standard potentials. 

Pt-based materials are the most active ORR catalysts and are commercially available [96]. 

However, high cost, limited availability, and poor stability impede the large-scale 

implementation of these materials [93], [97]. Therefore, finding inexpensive, earth-

abundant, highly active, and stable ORR electrocatalysts is of paramount importance. 

Numerous candidate materials have been investigated to achieve these criteria. For 

instance, replacing precious metals with transition metals is an effective method to reduce 

costs and improve performance in ORR catalysts. Hence, the electrochemical properties 

of transition metal oxides, such as manganese oxides [98] and cobalt oxides [99], towards 

ORR have been extensively studied. In order to overcome the poor conductivity drawback 

of metal oxides, researchers have focused on supporting them on conductive substrates to 

enhance catalytic performance [100], [101]. The employment of support carbon-based 

materials can significantly reduce the amount of transition metals needed in 

corresponding catalysts [102]. 

Additionally, the presence of different valence states in the mixed-metal oxides has 

attracted the attention of researchers to study their electrochemical properties. Transition 

metal nitrides such as TiN [103], Mn4N [104], and MoN [105] are also ORR 

electrocatalyst candidates. The significant electronegativity difference between metals 

and N can allow for charge delocalization in nitrides, creating basic or acidic sites with 

good catalytic activity.  

Aside from these examples, researchers have also reported that metal-free carbon 

materials have promising ORR activity in alkaline electrolytes owing to their large 
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surface area, good conductivity, tunable morphology, facile preparation, and economic 

viability [106]. The report published by Dai et al. [107] is known as the pioneering work 

in this field. Following this report, various heteroatom-doped carbon materials were 

investigated, such as B-doped CNTs or graphene [108], [109], sulfur-doped graphene 

[110], [111], phosphorus-doped graphite layers [112], and edge-halogenated (Cl, Br or I) 

graphene nanoplatelets [113]. Moreover, different co-heteroatoms doped carbon 

materials were synthesized and investigated, such as B, N co-doped CNTs or graphene 

[114], [115], N, S-doped graphene [116], N, P-doped graphene [117], N, B, P-doped 

carbon [118]. While initial studies were pointing out at delocalization of spin and charge 

density and introduction of damages to the integrity of π conjugation [88], [119], [120] 

as the main mechanisms in the electrocatalytic activity improvement of heteroatom doped 

carbon-bases materials, recently new finding have opened the window for further debates 

regarding the exact explanation of this enhancement. 

1.2.2 Hydrogen Evolution Reaction (HER) 

Hydrogen is a versatile energy carrier that can help tackle various critical energy 

challenges. From the global electricity consumption point of view, the idea of using 

electrolysis of water to generate hydrogen to store excess electricity or to replace fossil-

based electrical power generation plants, which typically have an efficiency of 34%, with 

a renewable source are the main driving forces to investigate on generation and utilization 

of hydrogen. Hydrogen can also play a vital role in global transportation challenges either 

directly (e.g., fuel cell vehicles) or indirectly as a feedstock chemical for hydrocarbon 

synthesis or upgrading of, for example, biomass via hydrogenation. This simple but 

precious molecule can be produced by three main technologies: water electrolysis, coal 

gasification, and methane reforming [121]. While coal gasification and methane 

reforming generate most of the hydrogen, water electrolysis took only 4% of hydrogen 

production share by 2019 [122]. The strong dependency of current hydrogen production 

on fossil fuels, with significant associated CO2 emissions, brings inevitable air pollution 

and global warming. Therefore, among these three technologies for hydrogen production, 

electrochemical water splitting provides tremendous prospects for driving the HER. 

The global water electrolysis reaction can be shown by Equation 1-11: 𝐻2𝑂 → 𝐻2 + 1/2𝑂2   Equation 1-11 

The energy required for the water electrolysis is ΔG = 237.2 kJ/mol at the standard 
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condition, corresponding to voltage at 1.23 V. Under practical operation conditions, 

excess potential should be applied to overcome the resistance of the electrolyzer and drive 

the sluggish kinetics of this reaction. The operation potential can be arrived at as follows: 𝐸 = 1.23𝑉 + 𝜂𝑎𝑛𝑜𝑑𝑒 + 𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒 + 𝑖𝑅   Equation 1-12 

Where iR is the electrolyte resistance during electrocatalysis, and η is the voltage applied 

to drive the electrode catalytic oxidation or reduction reaction [123]. One of the main 

hurdles to increasing water electrolysis penetration in the H2 production share is the low 

efficiency of this process and the absence of cheap and earth-abundant catalysts for the 

cathodic (HER) and anodic (OER) reactions. 

1.2.2.1 HER in Acidic Media 

The overall HER and OER reactions in acidic media can be seen in Equation 1-13 and 

Equation 1-14: HER:       2𝐻+ + 2𝑒− → 𝐻2                           Equation 1-13 

OER:       𝐻2𝑂 → 2𝐻+ + 2𝑒− + 12 𝑂2            Equation 1-14 

HER undergoes a multistep reaction process, which can be divided into two mechanisms 

with three possible reaction steps [124]. The first step of these mechanisms is common, 

and it is the reduction of a proton on an active site of the catalyst surface (Volmer step, 

Equation 1-15). An intermediate state of an adsorbed hydrogen atom (H*) forms during 

this step. Then the HER can proceed by the evolution of molecular H2, either through a 

second proton/electron transfer (Heyrovsky step, Equation 1-16) or through the 

recombination of two adsorbed protons (Tafel step, Equation 1-17) [125]. Volmer:              𝐻3𝑂+ + 𝑒− + ∗ → 𝐻∗ + 𝐻2𝑂 Equation 1-15 Heyrovsky:    𝐻∗ + 𝐻3𝑂+ + 𝑒− → 𝐻2 + 𝐻2𝑂 Equation 1-16 Tafel:                       2𝐻∗ → 𝐻2 Equation 1-17 

The Tafel slope (b), which is dependent on the rate-determining step (RDS), can be 

applied as a semi-quantitative indicator to determine the reaction mechanism. While the 

Volmer step has a Tafel slope of about 118 mV.dec-1, the Tafel and Heyrovsky reactions 

have characteristic Tafel slope of ∼30 mV dec-1 and ∼40 mV dec-1, respectively [125]. 

Previous studies have revealed the dependency of the HER mechanism on the catalyst, 
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electrolyte pH, and H* coverage on the catalyst [123]. It has also shown that different 

facets of Pt enable different HER mechanisms [126].  

With the growing research attention to finding the best catalyst candidates for HER, it 

was needed to define a descriptor to evaluate and compare the activity of different 

materials. Trasatti compared the exchange current density of the HER on various metals 

with their work function [127]. An ideal HER catalyst should have an intermediate 

hydrogen bonding energy. In other words, a perfect catalyst for the HER should bind 

hydrogen strong enough to adsorb protons from the electrolyte (Volmer step). However, 

if the binding is too strong, it slows down the desorption of H* necessary to generate H2, 

thus limiting the HER kinetics. In light of this ideology and inspired by previous 

experiments, Nørskov et al. computed the free energy of the formation of the H* 

intermediate (∆GH∗) on several metallic surfaces and obtained a volcano shape plot for ∆GH∗ versus the exchange current density, suggesting that Hydrogen Binding Energy 

(HBE) can be used as the descriptor for the HER activity of electrodes, and the Sabatier 

principle can apply to the HER [128]. The early studies using HBE theory suffered from 

the fact that the work function of the metals under the operation conditions was different 

from their pure form due to the presence of electrolyte and adsorbed species. Recently, 

Zeradjanin et al. reinvestigated the HER catalysts' work function, including the role of 

adsorbed water, and reported a more precise volcano plot [129]. This plot was obtained 

by plotting the exchange current density versus the difference in work functions between 

hydrogenated and non-hydrogenated metals in the presence of an interfacial water layer. 

Despite this modification, some recent findings have raised concerns about the reliability 

of the HBE theory [130]. For instance, the reversibility of the H+/H2 couple on the Pt 

surface,[131] and the fact that all HER and HOR intermediates are identical,[132] suggest 

that the HBE should control the HER and the HOR in a similar fashion. However, for 

some materials with relatively good HER activity and a small HBE value, such as MoS2 

[133], it is observed that HOR is catalyzed poorly. Hence, the absence of reversibility on 

a low-HBE material suggests that the energy and the nature of the intermediates for the 

HOR and HER reactions are not identical. This may originate from changes of some 

material properties or the double-layer structure/composition as a function of the applied 

potential, thus preventing the use of HBE as a sole descriptor of the HER kinetics. While 

the HBE was initially seen as a good candidate, this theory cannot predict how the 

electrode-electrolyte interfacial structure impacts the performances of a given surface. 
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These recent findings have attracted researchers towards investigating the exact 

mechanisms and key parameters affecting HER activity and have made these topics the 

edge of the research focus these days. 

1.2.2.2 HER in Alkaline Media 

Unlike acidic media, the proton concentration is drastically diminished for HER in 

alkaline electrolytes. As a result, the dissociation of water provides a proton for the 

Volmer and Heyrovsky steps [134], as shown below: Volmer:           𝐻2𝑂 + 𝑒− + ∗ → 𝐻∗ + 𝑂𝐻−                           Equation 1-18 Heyrovsky:          𝐻2𝑂 + 𝑒− + 𝐻∗ → 𝐻2 + 𝑂𝐻−            Equation 1-19 

The dissociation process limits the HER activity by adding an extra energy barrier for 

hydrogen adsorption [134]. The Tafel slope measured for Pt electrodes in alkaline 

solutions is around 120 mV.dec-1, indicating that the Volmer or the Heyrovsky step is the 

rate-determining step [135]. 

Sheng et al. have investigated the HER activity of several metallic surfaces in 0.1 M KOH 

using the computed HBE [136]. The results revealed a volcano trend similar to the one 

found by Nørskov in acidic media [128]. Further investigations showed that, despite the 

similarity between the two volcano plots, there is a significant difference between the 

electrochemically calculated HBE values and those measured under the UHV condition. 

This realization led to the conclusion that the orientation of adsorbed water should be 

taken into account [137]. Additionally, it was observed that the HER kinetics of Pt(111) 

under alkaline conditions is considerably improved by the presence of exophilic groups 

[138], which could be explained as originating from an easier H2O dissociation. Thus, the 

HER activity difference between acidic and alkaline electrolytes is due to the cleavage of 

water O-H bond and the transport of OH- from the catalyst surface to the bulk of the 

electrolyte [139], [140]. Inspired by these studies, researchers investigated the effect of 

cationic species (such as Li+ and K+) on the HER activity of different catalysts under 

alkaline conditions. They showed that the presence of these species facilitates water 

dissociation by modifying the bond length between the catalyst and oxygen of water, 

resulting in an improvement in HER activity [141], [142].  

In light of these observations, many reports are regularly published to introduce the best 

HER catalyst.  Since regardless of the mechanism, the H* participates in every step of 
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HER, the Gibbs free energy for hydrogen adsorption (ΔGH*) is still regarded as the 

primary descriptor. In addition, some electrochemical parameters such as low over 

potentials (η), low Tafel slopes, and high exchange current densities are desired in water 

splitting. Finally, some other concepts are also being used to evaluate the hydrogen 

evolution catalysts. These include stability, faradaic efficiency (the ratio between the 

practical and the theoretical amount of produced H2), and turnover frequency (considered 

as the number of reagents converted to a targeted product at a single catalytic site per unit 

of time). 

Recently, the research paradigm in HER activity under alkaline conditions has shifted 

towards studying the role of water orientation and the nature of double-layer on the 

interactions between electrode and electrolyte [141], [143]. Also, researchers are trying 

to find convincing explanations for fundamental questions such as; what is the rate-

determining step for the HER under alkaline conditions? Which is the proton donor? What 

is the role of the spectator species? How is the catalyst surface modified during HER? 

1.3 Aim of Study 

Historically, scientific investigations on electrochemical applications can be divided into 

two phases. In the first phase, the majority of published articles were focused on finding 

the best electrode candidates for various electrochemical reactions. The new phase, which 

has started in the last decade, is focused on the pathways of these reactions and the 

mechanisms by which different electrode materials contribute to the overall 

electrochemical process. Despite invaluable findings about these pathways and 

mechanisms, there are still unanswered or unclearly answered significant questions, 

especially about the state of the electrode material under the operando conditions. 

This study aims to employ the unique features of 2D materials and combine them with 

various physical and electrochemical characterization techniques to study the alterations 

in electrode materials during electrochemical reactions. After introducing experimental 

and characterization techniques used in this study in chapter 2, the ORR activity of 

nitrogen-doped (N-doped) graphene will be discussed in chapter 3. The role of different 

N configurations on the overall performance of N-doped graphene will be investigated. 

Chapter 4 will focus on studying the ORR mechanisms and electrochemical active sites 

of N-doped graphene using the Spectroelectrochemical Raman (SEC-Raman) technique. 

In chapter 5, it will be shown how it is possible to tailor the structure of MoS2 and its 
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activity towards HER in acidic media by modifying a synthesis parameter and applying 

post-synthesis plasma treatment. The SEC-Raman will then be used to study the state of 

MoS2 under operando conditions. Finally, the stability of different compositions of Ni 

sulfide and the actual active site for the HER in alkaline media will be discussed in chapter 

6.  
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Chapter 2  

Experimental and Characterization Methods 

 

2.1 Synthesis Methods 

2.1.1 Chemical Vapor Deposition (CVD) 

2.1.1.1 The CVD System 

The vapor-based thin film synthesis methods where a substrate is placed in an atmosphere 

of atoms and/or molecules of the precursors are classified as either physical vapor 

deposition (PVD) or chemical vapor deposition. Despite PVD, which is driven by 

physical impacts, chemical reactions between precursors, precursor fragments, and 

substrate are the primary mechanism behind CVD. 

The atmosphere often consists of diluted precursor molecules in a carrier gas that makes 

up the major gas volume in the process. In the case of growing large areas and high-

quality graphene on metal substrates, CVD is a promising technique [144]. 

The CVD systems used in this project are composed of three primary stages [145]. The 

first stage is called the “gas delivery system,” where the dilute atmosphere containing 

precursors and carrier gas is provided. The required amount of each gas is precisely 

controlled by mass flow controllers and regulated in terms of “standard cubic centimeter 

per minute” (sccm). These three gases are mixed adequately before being fed into the 

reacting system (quartz tube). 

Next is the “reacting system” or “growth chamber,” where quartz tube is mainly used due 

to its high stability at high temperatures. The melting point of the quartz tube is as high 

as 1670 °C (β tridymite) and 1717 °C (β cristobalite), which makes it a suitable material 

of choice for sustaining at high temperatures. The quartz tube is mounted onto the CVD 

furnace, and care is ensured that it is precisely at the center point of the furnace to provide 

a homogeneously distributed temperature on both sides. 

The last stage is the “gas removal system,” which involves a vacuum pump connected to 

one end of the quartz. This pump provides the desired pressure level by sucking out the 

necessary amount of air or gas from the tube. The optimum pressure is determined based 
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on the substrate and the characteristics of the required 2D material, such as the number of 

layers, flake size, and uniformity. A schematic representation of a CVD system is shown 

in Figure 2-1. 

 
Figure 2-1 Schematic representation of the CVD system 

 

2.1.1.1 Theory of CVD Technique 

In order to grow a film by CVD, a series of surface and gas-phase chemical reactions, 

such as pyrolysis, reduction, oxidation, and co-deposition, happen (Figure 2-2). These 

reactions are schematically summarized in Figure 2. A boundary layer develops on top of 

the substrate surface when flowing a gas mixture above it. This layer has a vital role in 

CVD because the velocity and concentration of species are significantly different from 

those in the main gas stream. Due to these unique properties, almost all chemistry of 

importance to the CVD process takes place in this layer and on the substrate surface. 



 
Chapter 2: Experimental and Characterization Methods 
 

16 
 

 
Figure 2-2 The most important chemical reactions involved in the CVD technique 

Most of the CVD processes happen at low pressures and high temperatures. There is a 

significant lifetime for the reactive species formed due to the gas phase chemical reactions 

under these circumstances. However, in some CVD approaches, this gas-phase chemical 

reaction can result in particles' formation, interfering with the desired film deposition. In 

contrast, it is necessary to convert systems with relatively unreactive reactant molecules 

to reactive species through gas-phase reactions. As a result, the temperature and pressure 

of the system have to be optimized based on the selected precursors and desired film.  

The precursor molecules or the more reactive fragments of the precursor molecules are 

transported via gas diffusion through the boundary layer to the substrate surface. All types 

of precursor molecules can be expected to be weakly physisorbed, at least for a short time, 

on the substrate, followed by desorption. Sufficient chemical complementarity between 

precursor or reactive fragment and substrate surface results in stronger chemisorption, 

leading to longer lifetimes of the adsorbate. Adsorbate molecules or elements may be 

mobile on the surface and may sample a variety of surface sites via diffusion, which may 

lead to reactions. In the end, the portion of the precursor molecule that does not constitute 

the target material desorb from the film surface as by-products. 

From a kinetics point of view, the whole CVD process can be divided into two main steps, 

the mass transport step and the surface reactions. The temperature determines the rate-

limiting step. At lower temperatures, the deposition rate is generally surface reaction 

limited. The rate of these reactions increases with the temperature resulting in a mass 

transport limited deposition at high temperatures [145]. 
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2.1.2 Plasma 

A mixture of positively and negatively charged ionized gas particles generated by 

supplying energy to a neutral gas is called Plasma [146]. Plasmas can be divided into two 

broad categories: natural and artificial. Interestingly, according to some estimations, most 

of the material in the visible universe, as much as 99% is in the plasma state. This includes 

the Sun, most stars, and a significant fraction of the interstellar medium [147]. 

One of the conventional methods for plasma generation is heating gas to such a high 

temperature that the random kinetic energy of the molecules exceeds the ionization 

energy. Since the temperature at which some electrons are ejected from the atoms, 

forming a mixture of electrons and atoms, is relatively well-defined, plasma is often 

referred to as the “fourth” state of matter. Other possible methods to generate plasma 

include exposing an ordinary gas to ultraviolet light or X-rays [147], adiabatic 

compression of the gas, or shining beams of neutral particles to a gas reservoir [148]. 

From the technological point of view, it is of crucial importance to generate plasma at 

low temperatures. Since any volume of a neutral gas always contains a few electrons and 

ions formed, for example, due to the interaction of cosmic rays or radioactive radiation 

with the gas, applying an electric field to a neutral gas can generate plasma at low 

temperatures. Upon application of the electric field, free charge carriers will be 

accelerated, and new charged particles may be created when these charge carriers collide 

with atoms and molecules in the gas or with the surfaces of the electrodes. This leads to 

an avalanche of charged particles that is eventually balanced by charge carrier losses so 

that a steady-state plasma develops. There should be a balance between ionization and 

recombination in order to maintain the steady-state plasma. This can be achieved by either 

making the ionization source stronger or diluting the plasma, which helps to decrease the 

recombination rate. 

According to the definition of the plasma, there should not be any loss mechanism during 

ionization since all ionization processes produce an equal amount of positive and negative 

charges. As a result, only minor deviations from local charge neutrality can be found in 

plasma. Large electric fields will be produced immediately when the charge imbalances 

develop to restore charge neutrality. As a result, the systems that display large deviations 

from charge neutrality, such as vacuum tubes and various electronic devices, cannot be 

classified as plasmas, even though some aspects of their physics are similar. 
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In the plasma, particles must be in an unbound gaseous state. That to say, the random 

kinetic energy must be much greater than the average electrostatic energy. As a result, in 

a plasma, long-range electrical forces are much more important than short-range forces, 

leading to many complex effects that do not occur in an ordinary gas. 

The most fundamental parameters relevant to the description of essentially all plasma 

phenomena are Number density, Temperature, Debye length, Plasma frequency, 

Cyclotron frequency, Collision frequency, and Number of electrons per Debye cube. 

A detailed explanation of these parameters is out of this thesis's scope and can be found 

in different reference books. 

From the metal nitriding to improve surfaces' hardness, wear, and corrosion resistance to 

the treatment of organic polymer surfaces to change the wettability and promote adhesion, 

nitrogen plasma has numerous industrial applications [149]. Furthermore, there are many 

applications of nitrogen plasmas in thin film deposition [150].  

Identifying the constituent particles and estimating the gas temperature are the most 

critical factors in characterizing any plasma environment. The temperature of a nitrogen 

plasma can be estimated from the profile shape of the UV-visible emission spectra [151]. 

In the case of constituent particles, since the dissociation of molecular nitrogen requires 

considerable energy, at least 10 eV, the first positive system (N2(B3Πg-A3Σu*) and the 

second positive system (N2(C3Πu-B3Σg) are the most dominant particles of nitrogen 

plasma [151]. However, a non-negligible fraction of the high-energy electrons, atomic 

nitrogen, and N+ ions exist in the environment of nitrogen plasma as well.  

2.2 Physical Characterization Methods 

2.2.1 Raman Spectroscopy 

When a material is exposed to monochromatic photons, the majority of the photons are 

elastically scattered (only the direction of light changes with no change in photon energy),  

known as Rayleigh scattering. However, some of the photons are scattered inelastically 

through a process known as Raman scattering. Raman spectroscopy is based on 

identifying wavelength distributions of these scattered photons. Most of the textbooks 

classify Raman spectroscopy as a vibration spectroscopy method. The initial state of most 

of the molecules of a sample at room temperature is the ground state. So, the scattered 

photon will have lower energy (longer wavelength) than the incident photon. This 
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phenomenon causes a Raman shift which is known as the Stokes shift. On the other hand, 

a small fraction of the molecules are in vibrationally excited states. Raman scattering from 

these molecules leaves the molecule in the ground state and the scattered photon appears 

at higher energy. This process is anti-Stokes-shift, and due to the lower population of 

excited states, it is always weaker than the Stokes-shifted spectrum, but at room 

temperature, it is strong enough to be useful for vibrational frequencies less than about 

1500 cm-1[152].  

Understanding the effect of electromagnetic fields on the matter would help to explain a 

sample’s Raman spectrum precisely. The dipole moment, P, induced in a molecule by an 

external electric field, E, is proportional to the field 𝑃 = 𝛼𝐸 Equation 2-1 

The proportionality constant α is the polarizability of the molecule. When studying the 

Raman effect, the electrical field is caused by electromagnetic radiation. Indeed, light can 

be considered as an oscillating electrical field. The α is dependent on the shape and 

dimensions of the chemical bond. The variation of the polarizability induced by a 

molecular vibration is the origin of Raman scattering. This variation can be described by 

the polarizability derivative, dα/dQ, where Q is the normal coordinate of the vibration. 

As a result, the selection rule for a Raman-active vibration can be shown as 𝑑𝛼𝑑𝑄 ≠ 0 Equation 2-2 

In other words, during the considered normal vibration, a change in polarizability should 

happen. 

As a consequence of the harmonic oscillation approximation, the vibrational frequency 

can be expressed as: 

𝜈𝜈 = 12𝜋 √𝜅𝜇 Equation 2-3 

Where κ is the force constant of the bond and μ is the reduced mass. This equation shows 

that these two factors determine the Raman band position. Since κ and μ are relatively 

stable for a specific type of bond or a particular functional group, so-called group 

frequencies can be determined for a series of functional groups. These characteristic 
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wavenumbers indicate the region where a specific Raman band can be expected, but don't 

say whether this band is present or not, as this depends on the selection rules [153]. 

Both sample-related and experiment-related parameters influence the intensity of the 

Raman band. These include the radiation intensity, analyzed volume, and instrument-

dependent factors. Although there is a linear relationship between the observed Raman 

band intensity and the number of molecules in the sample, the probability of degeneration 

(the fact that two different vibrations may correspond to the same energy level) must be 

considered while performing quantitative analysis on Raman results. Additionally, the 

light absorption by the analyte molecules or the matrix is probable, directly affecting the 

recorded band intensity. Finally, time-dependent factors may enhance the intensity of the 

Raman scattered light. One of the most important time-dependent effects is the resonance-

enhanced Raman effect, where the excited state of a vibrating molecule coincides with a 

stable electronic state [154]. 

The local molecular neighborhood is the most critical cause of band broadening for most 

materials. The chemical environment influences the force constant of the chemical bond, 

which affects the Raman band position. If each of the bonds present in the measured 

volume of the sample does not have the same chemical environment, there may be a range 

of slightly different force constants, which consequently causes band broadening. Apart 

from this theoretical aspect, instrumental parameters impact the Raman bandwidth. The 

line density of the spectrometer grating, the size of the entrance slit, the pixel size of the 

CCD detector, and the distance between grating and detector determine the spectral 

resolution of the spectrometer [152].  

Depending on the number of scattering events involved in the Raman process, its order is 

determined. In the first-order Stokes Raman scattering process, the photon energy 

excitation creates one phonon in the crystal with a minimal momentum (Q ≈ 0). The 

restriction for Q ≈ 0 is relaxed in the second-, third-, or higher-order Raman processes. 

2.2.2 X-ray Photoelectron Spectroscopy (XPS) 

The surface is the boundary between a material and the outside world and thus governs 

the interaction between this material and its surrounding. The surface layer of a sample 

can be chemically or structurally different from the bulk of that sample. As a result, in 

order to modify the properties of thin films and the surface layer of bulk materials to 

improve their performance, it is of great scientific and technological importance to 
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characterize the composition and speciation of this layer. 

Photoelectron spectroscopy is based on the photoelectric effect, in which an electron 

initially bound to an atom/ion is ejected by a photon in a single-step process. Since 

photons have zero rest mass and are chargeless energy packages, the interactions between 

these photons and electrons occur without any energy loss. If the initial energy is 

sufficient, it will result in the emission of the electron from the atom/ion. The detectors 

measure the kinetic energy (Ek) of the emitted electron. The fact that this energy is unique 

for any specific electronic level and is a function of the electron binding energy (Eb) 

makes photoelectron spectroscopy extremely useful for studying thin films and surfaces 

[155]. The number of these photoelectrons (and hence the observed peak intensities) 

depend on the light intensity and the electrons' energy. 

Even though almost seven decades have passed since Siegbahn and his coworkers 

recorded the first XPS spectrum, the importance and popularity of this method in surface 

characterization has grown enormously in the last decade. To identify a technique as 

"surface-sensitive," the radiation or particles to be detected should travel no more than a 

few atomic distances through the solid. According to the diagram shown in Figure 12, the 

mean free path, λ, of electrons in solids varies by the kinetic energy, but it never exceeds 

2 nm for kinetic energies in the range 15 to 1000 eV [156]. The electrons with kinetic 

energies in the range of 50 to 250 eV, which can travel not far than ~ 0.5 nm inside the 

samples, provide optimum surface sensitivity since almost half of these photoelectrons 

come from the outermost layer. For an element located in the top 10 nm of a sample to be 

identified with XPS, the atomic percentage should be higher than 0.05 % [155]. 
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Figure 2-3 The mean free path of an electron depends on its kinetic energy and determines how much 

surface information it carries. Optimum surface sensitivity is obtained with electrons in the 25 to 200 eV 

range. (Adapted from [156]) 

As mentioned above, the kinetic energy of the ejected electron is the quantity that the 

detector of XPS records. This information is used to obtain the binding energy of the 

electron. The relation between kinetic and binding energies can be expressed as: 𝐸𝑘 = ℎ𝜈 − 𝐸𝑏 − 𝜑 Equation 2-4 

Where: 

 Ek  is the kinetic energy of the photoelectron; 

 h  is the Planck’s constant; 

 ν  is the frequency of the exciting radiation; 

Eb  is the binding energy of the photoelectron with respect to the Fermi level of the 

sample; 

Φ  is the work function difference between the sample and the spectrometer 

The most common X-ray sources used in XPS are Mg Kα (hν=1253.6 eV) and Al Kα 

(hν=1486.3 eV). It is noteworthy that the value obtained from XPS is different from the 

exact binding energy in the ground state atom; because the obtained values are calculated 
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while a photoemission induced core hole is generated, and this core hole alters binding 

energy slightly. This effect is known as the final state effect and can be divided into "core-

hole induced polarization" and "core-hole induced rearrangement." An instantaneous 

polarization occurs as a result of removing a spinning charge (the photoelectron). This 

core hole-induced polarization engenders both electrostatic and magnetic fields and 

consequently can affect the recorded binding energy in a number of different ways. The 

lifetime of core-hole generated during the photoelectron emission process is in the scale 

of femtoseconds. The dissipation of this core-hole is associated with an energy transfer 

that yields rearrangement effects. In addition to affecting binding energies calculated by 

the detectors, the similar timescale of these rearrangements and photoelectron emission 

gives rise to new rearrangement-specific spectral features like satellite peaks, 

photoelectron peaks asymmetry, plasmon loss peaks, and Auger electron peaks. 

For the elements with three or more electrons, there is always a probability that a two-

electron-involved process follows the photoelectron emission. First, an electron in an 

electronic level with lesser binding energy decays and fills the core-hole generated by 

photoelectron emission. Then the energy released by this transition is taken up by another 

electron, which leaves the sample with element-specific kinetic energy. This electron is 

called the Auger electron, and the probability of its generation is a function of Z. While 

Auger peaks have valuable information about the surface of the sample, in the analysis of 

XPS data, it is crucial to distinguish them from the peaks induced by photoelectrons. 

Two main factors are determining the sensitivity of XPS, the photoelectron cross-section, 

and the spectral background level. The former is the yield of electrons produced by the 

impacting photon energy. The primary source of the spectral background in XPS is the 

inelastic scattering of electrons. This scattering engenders a non-discrete energy loss to 

the surrounding electrons and produces a broad background to the lower kinetic energy 

side of the peak of interest. In addition, the vacuum under which the analysis is carried 

out can also affect the experiment's sensitivity. The low vacuum level is the sign of the 

high density of the molecules in the gas phase, which decreases the flight path of the 

photoelectrons. 

The XPS results were deconvoluted using Shirley's background for quantitative analysis 

of the samples investigated in this study. The area under the peak of desired elements (Ii) 

was normalized by dividing their values to the associated sensitivity factor (Si). The 
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sensitivity factors were provided by the "ThermoFisher co." and were driven by 

multiplying the photoelectron cross-section and inelastic mean free path of each element 

with parameters related to the quantitative detection of a signal by the system. The 

equivalent homogenous atomic fraction of each element (Xi) was then calculated by: 

𝑋𝑖 = 𝐼𝑖 𝑆𝑖⁄∑ (𝐼𝑗 𝑆𝑗⁄ )𝑗  Equation 2-5 

The atomic composition of the samples investigated in this study was characterized by a 

Thermo K-alpha X-ray photoelectron spectroscopy system equipped with a 

monochromatized Al K-alpha X-ray source.  

2.2.3 X-ray Absorption/Emission Spectroscopy (XAS/XES) 

When X-ray passes through a material, the intensity is attenuated. According to Beer's 

law, this attenuation can be characterized by the absorption coefficient according to:  𝐼𝑡 = 𝐼0𝑒−𝜇(𝐸)𝑡 Equation 2-6 

Where I0 is the incident X-ray intensity, It is the transmitted X-ray intensity, t is the sample 

thickness, and μ(E) is the absorption coefficient dependent on the photon energy [157]. 

XAS measures the energy-dependent fine structure of the X-ray absorption coefficient 

[158]. At the heart of the photon absorption process, there is the transition of a core 

electron up to some level where a photoelectron can propagate or, at least, occupy a free 

orbital. This means that the phenomenon is local and centered around an absorbing atom 

and depends on its close surrounding. Hence, in principle, the corresponding spectroscopy 

is applicable to any sample, ordered or not ordered, in gas, liquid, or solid phases. 

For the X-ray energies lower than the electron's binding energy in the element's orbital, 

the excitation to the highest unoccupied state or the vacuum does not occur. The lack of 

effective X-ray and electron interaction leads to the flat region shown in Figure 2-4; 

however, some unfavored transitions such as 1s to 3d in transition metals will appear as 

a pre-edge peak [159]. Once the X-ray energies are high enough to excite core electrons 

to the unoccupied state, X-ray is strongly absorbed, leading to a significant jump in the 

spectrum called edge. Each edge has a typical energy, mainly depending on the atomic 

number of the absorbing atom. The study of the spectra recorded in the 50 eV vicinity of 

the edge is called X-ray Absorption Near Edge Structure (XANES) or NEXAFS (Near 

Edge X-Ray Absorption Fine Structure). The NEXAFS data contains information about 
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the symmetry and geometry around the absorbing atom and its electronic and magnetic 

structures [160]. With the further increase in X-ray energies, the core electrons excited to 

continuum state form the outgoing and scattering wave interference with neighboring 

atoms. The constructive or deconstructive interferences of the scattering waves form the 

wiggles in the Extended X-ray Absorption Fine Structure (EXAFS) region, which reflects 

local atomic structures such as bond distance and coordination number [161]. 

 
Figure 2-4 Schematic of XAS including the pre-edge, XANES, and EXAFS regions 

There are three basic modes for XAS signal collections: transmission, fluorescence, and 

electron yield modes. The concentrated and homogenous samples are recommended for 

the transmission mode, where the difference between the intensity of the incident and 

directly transmitted X-ray is measured [160]. In contrast, fluorescence mode, suitable for 

the dilute and non-homogenous samples, measures the emitted X-rays from the elements. 

The intensity of this fluorescence is proportional to the absorption caused by the 

investigated element but could also be affected by the self-absorption effect [160]. Instead 

of measuring the emitted fluorescence, we can also measure the emitted photoelectrons. 

This mode is surface sensitive because of photoelectrons' relatively short mean free path 

[157], while the two other modes are bulk sensitive.  

X-Ray Emission Spectroscopy (XES) is inverse to XAS, i.e., it measures the emission of 

a photon from the sample due to deexcitation from a conduction band to a valence band. 

This technique measures valence bands' occupied projected density of states (DOS). 

Another prominent feature of XES is that in contrast to XAS, it is calculated using the 

initial state Hamiltonian, i.e., without a core hole [162]. 
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XAS and XES require synchrotron sources that can tune the X-ray energy easily. When 

magnetic fields force electrons or other charged particles to move at relativistic speeds to 

follow curved trajectories, they emit electromagnetic radiation in the direction of their 

motion, known as synchrotron radiation. Such radiation is exceptionally intense and 

extends over a broad energy range from the infrared through the visible and ultraviolet, 

into the soft and hard x-ray regions of the electromagnetic spectrum [163]. Recent 

progress of x-ray undulators at third-generation synchrotron light sources enables 

delivery of unprecedented high photon flux as well as high flux density. In order to have 

a more precise investigation on the samples prepared in this project, an XAS device fed 

by X-ray coming from the synchrotron radiation was also used.  

2.2.4 X-ray Diffraction (XRD) 

Elastic scattering of X-ray photons by atoms in a crystalline material is X-ray diffraction. 

The scattered monochromatic rays undergo constructive interference and create the 

resulting XRD pattern. Diffraction of X-rays by crystal planes allows finding the lattice 

spacing using Bragg's law [164]: 2𝑑 sin 𝜃 = 𝑛𝜆 Equation 2-7 

Where n is the reflection order, 𝜆 is the wavelength of incident X-rays, d is the lattice 

spacing between planes, and 𝜃 is the angle between the incident X-ray and the normal to 

the reflecting plane. To identify the unknown materials, diffraction patterns recorded with 

a diffractometer and d values and relative intensities of the diffracted lines are compared 

with the standard patterns available for different compounds in the Powder Diffraction 

File (PDF) database. 

Crystallite size can be calculated from the Scherrer equation [164]: 𝐷 = 𝑛𝜆𝛽 cos 𝜃 Equation 2-8 

Where D is the crystallite size, 𝜆 is the X-ray wavelength, 𝛽 is the peak width at half 

maximum (FWHM), and 𝜃 is the angle between the beam and normal of the reflection 

plane. Finally, k is constant and is taken as a unity. 

The quantitative analysis of XRD results is done by the Reference Intensity Ratio (RIR) 

method [165]. The RIR method is based upon scaling all diffraction data to the diffraction 

of standard reference materials. By convention, Corundum is used as the international 
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reference, and the scale factor is defined by I/Ic, where I is the intensity of an analyte and 

Ic is the intensity of Corundum. In PDF, I/Ic has been experimentally calculated for more 

than 170,000 materials. The intensity of reflection i of an α phase is determined by:  

𝐼𝑖𝛼 = 𝐾𝑖𝛼𝑋𝛼𝜌𝛼𝜇  Equation 2-9 

Where 𝑋𝛼 is the weight fraction of phase α, 𝜌𝛼 is the density of phase α, 𝜇 is the linear 

attenuation coefficient, and 𝐾𝑖𝛼 contains structure factor, multiplicity, Lorentz-

polarization factor, temperature factor, and scale factor for reflection I of phase α. Based 

on the fraction of each phase in a multi-phase sample can be determined as follows: 

𝐼𝛼∑ 𝐼𝑗𝑗 = (𝐼 𝐼𝑐⁄ )𝛼𝑋𝛼∑ (𝐼 𝐼𝑐⁄ )𝑗𝑋𝑗𝑗  Equation 2-10 

XRD patterns of the samples investigated in this study were collected using Bruker D8 and 

D2 Advance X-Ray Diffractometer. 

2.2.5 Atomic Force Microscopy (AFM) 

AFM, first proposed by G. Binnig and C. F. Quate in 1986 [166], is a microscope studying 

the interaction between a sharp tip, usually made of silicon or silicon nitride and a sample. 

It is mounted on a cantilever which is the bridge between the tip and the oscillator. During 

the scanning of the surface of a sample by the movement generated with the piezo 

oscillator, some interactions (Van der Waals or electrostatic if the tip is coated with cobalt, 

etc.) will be created. Consequently, the tip will be pulled towards the surface and will be 

deflected. This deflection causes the laser beam, which hits the backside of the cantilever 

and in a no-interaction situation, goes directly to the center of a quadrant photodiode, to 

shift. As a result, it will no longer be hitting the center of the photodiode and different 

signals will be produced in each of the four parts of the detector. The calibration of this 

signal variation helps to detect the position of the tip and the amount of deflection, which 

is a sign of the above-mentioned interaction's strength [167]. The typical length of the 

cantilever is about 100 µm and the radius of the tip usually is less than 10 nm. 

Due to the potential of AFM to study a wide range of surfaces, different modes have been 

developed to modify the device in a suitable way for these samples and characterize 

various properties. All these modes can be classified into three main categories, which 

are shown in  Figure 2-5. These categories are contact mode, intermittent contact mode, 
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and non-contact mode. During contact mode, the tip touches the surface, and their 

interaction is repulsive. Comprehensive information about the topography of the surface 

with high resolutions can be obtained using this mode. However, the main drawback of 

this method is that the number of runs that the tip can perform is limited and after some 

time it gets blunt. The non-contact mode is an alternative method to overcome the limited 

durability of the tip in the contact mode. Here the tip approaches the surface but does not 

touch it, and instead of analyzing the sample by scanning its surface, the change in the 

frequency of piezo is used to represent surface morphology changes. In the non-contact 

mode, whenever the tip feels the surface, the cantilever will delay coming back to its 

initial position due to the interaction of the tip with the surface. The resultant phase shift 

in the detector is used to generate the final image. The lack of a direct connection between 

the tip and the sample restrains the information obtained from the measurement. 

Another alternative method to the problem of having high lateral forces between the 

cantilever and surface, while maintaining very high lateral resolution, is to have the tip 

touch the surface only for a short time. The Intermittent contact mode, also known as 

tapping mode, starts at the attractive region of the force-distance curve. When the probe 

approaches the sample, it experiences an attractive force and is pulled toward the surface 

until contact is made. From that point on, the repulsive interaction forces dominate the 

response [168]. As a result, the measured quantity would be only an average response of 

many interactions through the lock-in amplifier. Another drawback of this mode is the 

complexity of the oscillating system. The forces can vary some order of magnitude while 

scanning rough surfaces. This results in an amplitude error which can lead to tip damage. 

A well-tuned feedback loop for the soft part of the sample can cause feedback oscillation 

for the hard part of the sample, rendering optimizing the parameters for every part of the 

sample very difficult. To overcome these problems, a modified version of tapping mode 

has recently been introduced as "PeakForce tapping." This method operates similarly to 

tapping mode in that it avoids lateral forces by intermittently contacting the sample. 

However, it is very different from tapping mode because it works in a non-resonant mode. 

In the PeakForce tapping, an oscillating system combines the benefits of contact and 

tapping mode imaging: direct force control and avoidance of damaging lateral forces. 

Recently new operation modes such as force modulation and lift mode have developed. 

Also, applying different coatings on the tip enables AFM to study specific types of 

interactions.  
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A "Bruker Dimension Icon" AFM system has been used in the investigations of this study. 

The system was equipped with a "Bruker ScanAssyst-Air" tip made from silicon nitride. 

The images were obtained by the "ScanAssyst-Air" mode defined to the system, which is 

a PeakForce tapping mode specialized for the Bruker microscopes.  

 

Figure 2-5 Force-distance for a tip reaching to the surface. The three main modes of AFM are shown as 
contact mode, intermittent contact mode, and non-contact mode. 

2.2.6 Scanning Electron Microscopy (SEM) 

The modern commercial SEM emerged from extensive development in the 1950s and 

1960s by Prof. Sir Charles Oatley at the University of Cambridge [169]. The SEM runs 

via a finely focused beam of energetic electrons emitted from an electron source. The 

energy of the electrons in this beam, E0, typically varies from E0= 0.1 to 30 keV. After 

emission from the source and acceleration to high energy, the electron beam is modified 

by apertures, magnetic and/or electrostatic lenses, and electromagnetic coils, which act to 

reduce the beam diameter successively and to scan the focused beam in a raster (x-y) 

pattern to place it sequentially at a series of closely spaced but discrete locations on the 

specimen. The interaction of the electron beam with the sample produces two outgoing 

electron products; backscattered electrons (BSEs) and secondary electrons (SEs). BSEs 

are beam electrons emerging from the specimen with an insignificant energy loss after 

experiencing scattering and deflection by the electric fields of the atoms in the sample. 

The SEs are electrons that escape the specimen surface after beam electrons have ejected 

them from atoms in the sample. Even though the beam electrons are typically at high 

energy, these secondary electrons experience low kinetic energy transfer and 

subsequently escape the specimen surface with very low kinetic energies, in the range 0–
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50 eV, with the majority below 5 eV in energy. The typical electron detectors used in 

SEM are Everhart-Thornley's "secondary electron" detector (which is sensitive to both 

SEs and BSEs) and a "dedicated backscattered electron detector" that is insensitive to 

SEs. The electron-optical column and the specimen chamber of SEM systems 

conventionally operate under high vacuum conditions (<10-4 Pa) to minimize the 

unwanted scattering that beam electrons, as well as the BSEs and SEs, would suffer by 

encountering atoms and molecules of atmospheric gasses. Insulating specimens that 

would develop surface electrical charge because of the impact of the beam electrons must 

be coated with a conductive material to provide an electrical discharge path. 

Field emission electron microscopy (FESEM) is a method for obtaining topographical 

and elemental information from the samples at magnifications of 10x to 300000x. In 

contrast to SEM, FESEM uses an electron beam produced by a field emission source, 

providing images with better clarity and less distortion with 3 to 6 times better resolution 

[170].  

The Zeiss Evo LS15 system is employed for obtaining the SEM images in this study. The 

FESEM images are taken via the Zeiss Ultra Plus instrument. 

 

2.3 Electrochemical Characterization Methods 

2.3.1 Linear Sweep Voltammetry (LSV) 

Any method that measures current-potential behavior is called voltammetry. Linear 

sweep voltammetry (LSV) is a basic voltametric method that measures the current 

response at the working electrode to the linear sweep of potential in a fixed range between 

the working electrode and a reference electrode (Ag/AgCl). Oxidation or reduction of the 

species can be detected as a peak in current at the oxidation or reduction potential. Figure 

2-2 shows the potential sweep (E-t) and resulting LSV (i-E) diagram. In addition to the 

applied potential, the main parameter affecting the current is the scan rate, defined as the 

rate of the change in potential over time. There is a linear relationship between the scan 

rate and obtained current. Since there is no contribution of convective mass transfer to the 

rate of reaction in LSV measurement, the effect of the electrical double layer can be 

minimized by modifying the scan rate. 
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Figure 2-6 a) Linear potential sweep,  and b) current-potential curve resulting from linear potential sweep 

2.3.2 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) is an electrochemical technique that ramps the working 

electrode's potential linearly in cyclical phases versus time and measures the produced 

current at the working electrode (Figure 2-7a). The potential is measured between the 

working electrode and the reference electrode, while the current is measured between the 

working electrode and the counter electrode. As shown in Figure 2-7b, a typical CV plot 

is drawn by plotting the working electrode's current versus potential. The number of 

repeating cycles can be increased as many times as required for the analysis. CV 

technique can be used to study the redox processes and the stability of the electrodes or 

catalysts and the redox changes in the electrode or electrolyte, determine the presence of 

intermediates in the reactions, reversibility of the reactions, and kinetics of electron 

transfer [171]. 

 
Figure 2-7 a) Potential profile as a function of time, and b) current profile as a function of potential in CV 
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It is possible to determine the number of electrons transferred during the electrochemical 

reactions by obtaining CV at different scan rates. The Randles-Sevcik equation [171] 

(Equation 2-11) shows the relation between the maximum current obtained and the scan 

rate as: 𝑖𝑝 = (2.69 × 105)𝑛3/2𝐴𝐷1/2𝜐1/2𝐶 Equation 2-11 

Where ip (A) is the current maximum, n is the number of electrons transferred in the redox 

event, A (cm2) is the area of the electrode, D (cm2.s) is the diffusion coefficient, ν (V.s) 

is the scan rate, and C (mol.cm-3) is the concentration.  

2.3.3 Rotating Disk Electrode Method (RDE) 

Rotating disc electrode (RDE) is a hydrodynamic method to measure the current-potential 

diagram involving forced convection in addition to diffusion and migration to the mass 

transport where convection term dominates the others. The technique is quite helpful 

since it eliminates the electrical double layer, which limits the reactions. Also, the reaction 

rate becomes faster since the convective mass transfer is more efficient than diffusive 

mass transfer. The set-up contains a disc electrode attached to a rod covered with 

insulating material such as Teflon. The rod directly connects to the rotor, which controls 

the angular velocity. 

The rotation of the disc generates a rotation in the electrolyte layer near the electrode’s 

surface due to the shear stress. Therefore, as a result of this motion, the hydrodynamic 

layer, which is a stagnant layer, forms. Convection is the dominant mass transfer term 

from the bulk until the hydrodynamic layer. After reaching the hydrodynamic layer, as 

getting close to the electrode surface, the diffusive mass transfer term becomes dominant. 

The thin layer inside the immobile hydrodynamic layer and near the electrode surface 

where no convection exists, and mass transfer occurs only via diffusion is called the 

diffusion layer. The thickness of this layer depends on the rotation speed and the 

kinematic viscosity of the fluid [171].  

2.3.4 Chronoamperometry (CA) 

Chronoamperometry is a technique for measuring the current response of the working 

electrode by applying a stepped potential as a function of time. This technique generates 

a high charging current with exponential decay as a function of time. Due to the longer 

time intervals over which the current is integrated, a better signal-to-noise ratio is 
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obtained in CA than other amperometry techniques [171]. Figure 2-8 shows the step 

potential versus time and the resulting current versus time in chronoamperometry. 

 
Figure 2-8 a) The potential profile as a function of time, and b) current response as a function of time 

during CA 

2.3.5 Electrochemical Analysis 

2.3.5.1 Koutkey-Levich Equation 

RDE system is based on the simultaneous calculations of convective and diffusive 

equations. Therefore, the first critical equation derived from the current as a surface flux 

is the Levich equation given as: 𝑖𝑙,𝑐 = 0.62𝑛𝐹𝐴𝐷𝑂2/3𝜔1/2𝜈−1/6𝐶𝑂 Equation 2-12 

Here il,c is the limiting cathodic current (A), n is the number of electrons transferred, F is 

the faraday’s constant (96485 C.mol-1), A is the electrode area (cm2), DO is the diffusion 

coefficient (cm2.s-1), ω is the angular rotation rate of the electrode (rad.s-1), ν is the 

kinematic viscosity (cm2.s-1), and CO is the analyte concentration (mol.cm-3). Equation 

2-12 presents a linear relationship between the limiting current and the square root of 

rotational speed. The number of electrons transferred during the redox reaction can be 

calculated using this linear relationship. In order to do this calculation in the present study, 

a rearranged version of the Levich equation is used: 𝐵 = 0.62𝑛𝐹𝐷𝑂2/3𝜈−1/6𝐶𝑂 Equation 2-13 

Where B is the Levich constant and is equal to the reciprocal of the slope of the j-1 vs. ω-

1/2 plot when j is in the unit of cm2.A-1 and ω is in the unit of rad.s-1 [172]. 
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The Levich equation brings a bias with a deviation near kinetic limitation conditions 

(Figure 2-9). Therefore, after rearranging the Levich equation by including the kinetics 

effect without the mass transfer effects, the Koutecky-Levich equation is obtained: 1𝑖 = 1𝑖𝐾 + 1𝑖𝑙,𝑐 = 1𝑖𝐾 + 10.62𝑛𝐹𝐴𝐷𝑂2/3𝜔1/2𝜈−1/6𝐶𝑂 Equation 2-14 

Here, iK represents the current in the absence of any mass-transfer effects, that is, the 

current that would flow under the kinetic limitation if the mass transfer were efficient 

enough to keep the concentration at the electrode surface equal to the bulk value, 

regardless of the electrode reaction. 

 
Figure 2-9 The variation of current versus square root of rotation speed at an RDE for a reaction with 

slow kinetics 

2.3.5.2 Electrochemical Active Surface Area (ECSA) 

The determination of electrochemically active surface area is a critical factor in 

investigating the electrochemical activity of electrodes. Thus, it should be specified since 

the electrode area doesn’t show the actual active area where reactions take place. 

One common approach to determining the ECSA is the double layer capacitance (CDL) 

electrochemical measurement. To measure double-layer charging via CV, a potential 

range in which no apparent Faradaic processes occur must be determined from static CV. 

All measured current in this non-Faradaic potential region is assumed to be due to double-

layer charging [173]. The double-layer charging current is equal to the product of the scan 

rate, ν, and the CDL: 
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𝑖𝑐 = 𝜈𝐶𝐷𝐿 Equation 2-15 

Thus, a plot of ic as a function of ν yields a straight line with a slope equal to CDL. 

After recording CVs in the non-faradaic region as a function of various scan rates, the 

CDL can be assessed from the linear regression slope between the current density 

differences (∆j/2 = (ja-jc)/2) in the middle of the potential window of CV curves. This 

information is used to determine the ECSA by the following equation:  

𝐸𝐶𝑆𝐴 = 𝐶𝐷𝐿𝐶𝑠  Equation 2-16 

Where Cs is the specific capacitance of the sample or the capacitance of an atomically 

smooth planar surface of the material per unit area under identical electrolyte conditions. 

While Barton and Infield [174] have introduced a procedure for the sample preparation 

and calculation of a standardized value for the Cs in alkaline and acidic solution, it is not 

practical to prepare a standard sample for each electrode. As a result, most of the 

researchers use previously reported standard values for the Cs. However, it has been 

shown that minor variations in electrode material and experimental conditions would 

result in the Cs alterations up to 100% [173], [175], [176]. Consequently, comparable 

ECSA values could only be reached if potential and pH values are the same for the 

measured capacitance and the Cs. Due to these difficulties, in the present study, instead 

of calculating the absolute ECSA values, the obtained CDL numbers for different samples 

were used to qualitatively compare the ECSA of different samples.  

2.3.5.3 Tafel Analysis 

According to the mathematical relationship between current and potential in 

electrochemical measurement, two factors limit the recorded current values. These factors 

can be classified as kinetic terms and mass transfer terms. Mass transport is the material 

transferred between the bulk and the electrode surface. Mass transport in the 

electrochemical cell occurs in three different ways such as diffusion, migration and 

convection. At small overpotentials, charge transfer kinetics dominate the mass transport 

while mass transport limits the reaction at large overpotentials. At the low potential region 

where there is no mass transport limitation, and also the back reaction contribution in 

current is less than 1%, there is a logarithmic relation between the overpotential and the 

current, known as the Tafel equation: 
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𝜂 = 𝑎 + 𝑏 log 𝑖 Equation 2-17 

Where 𝑎 = 2.3𝑅𝑇𝛼𝐹 log 𝑖0, 𝑏 = −2.3𝑅𝑇𝛼𝐹  , η is the overpotential, α is the transfer coefficient, i0 

is the exchange current, F is the Faraday’s constant, T is the temperature, and R is the gas 

constant. In order words, the Tafel equation provides electrochemical kinetic inferences 

about the reaction rate and overpotential.  

A plot of log 𝑖 vs. η, known as a Tafel plot (shown in Figure 2-10), is a valuable device 

for evaluating kinetic parameters. In general, there is an anodic branch and a cathodic 

branch with different slopes. As shown in Figure 3.4.4, both linear segments extrapolate 

to an intercept of log 𝑖0. The plots deviate sharply from linear behavior as η approaches 

zero because the back reactions can no longer be negligible. The transfer coefficient, α, 

and the exchange current, i0, are readily accessible from this presentation. 

 
Figure 2-10 Tafel plot for anodic and cathodic branches of the current-overpotential curve 

 

2.4 Spectroelectrochemistry (SEC) 

2.4.1 Introduction to Spectroelectrochemistry 

Electrochemistry is an influential area of great interest and practicability for diverse 

related research on chemistry, physics, energy conversion and storage, and biology with 

applications in fuel cells, corrosion science, self-powered devices, self-assembled 

coatings [177]. Various spectroscopic techniques have played a key role in expanding the 

understanding of different research areas for the past decades and are continually 
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developing and improving. The integration of electrochemistry, supplying the kinetic and 

thermodynamic processes, and spectroscopy, supplying the molecular vibrational 

process, results in a new technique, spectroelectrochemistry (SEC), which is generally 

defined as the application of spectroscopic methods to assay the changes initiated by an 

electrochemical system in an electrochemical cell [177]–[185]. By combining 

electrochemistry with a spectroscopic technique, more qualitative and quantitative 

information about the processes occurring at the electrodes can be obtained. 

Since the very first SEC work by Kuwana et al. [186], it has developed into an active 

interdisciplinary field. Some of the examples of recently developing SEC techniques are 

infrared SEC (IR-SEC), ultraviolet-visible SEC (UV-Vis-SEC), Raman SEC (Raman-

SEC), X-ray absorption SEC (XAS-SEC), and nuclear magnetic resonance SEC (NMR-

SEC). 

2.4.2 Raman-SEC 

In Raman-SEC, a Raman instrument is coupled to an electrochemical cell. Since Raman 

is a scattering technique, it is not limited to transparent electrodes, as with transmission 

IR-SEC. Measurements usually take place at the electrode surface, so the laser is most 

often used in a configuration where it is focused on the electrode. The optical window of 

the cell can be made out of standard materials since a visible light source can be used. 

The thin-layer configuration is unnecessary, as water does not have strong absorptions in 

typical wavelengths used for Raman spectroscopy. The straightforward design of SEC-

Raman has made it possible to use this technique in research on various materials from 

carbon-based materials such as nanotubes [187], and graphene [188], [189] to conductive 

polymers [190], organic molecules [191], proteins [192] and metal electrodes [193].  
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Chapter 3:  

Graphene: Electrochemical Activity Enhancement 

 

3.1. Introduction 

3.1.1. Graphene and N-doped Graphene 

Graphene is the simplest example of the two-dimensional sheet of sp2-hybridized atoms. 

It can be considered as the building block for the other carbon-based nanostructures. The 

stacked layers of graphene result 3D structure of graphite, the rolled form of single and 

multi-layered graphene is known as 1D single wall, and multi wall nanotubes, and 

wrapping graphene produces a 0D structure known as fullerenes. While historically, 

graphene is known as the single layer of carbon atoms, different types of it can be defined 

based on the number of layers; single-layer graphene (SLG), bilayer graphene (BLG), and 

multilayer graphene (MLG) (3 to 10 layers of two-dimensional carbon sheets) [3]. A unit 

cell of SLG is composed of two carbon atoms, each forming a triangular in-plane network 

(Figure 3-1a). The 0.142 nm carbon-carbon bond length results in a 0.246 nm lattice 

constant for this structure. MLG can be formed by stacking SLG layers in the out-of-

plane direction with an interlayer distance of 0.334 nm. There are two different possible 

layer sequences for the formation of BLG; hexagonal or AA stacking and Bernal or AB 

stacking. While AA stacking is referred to the placement of adjacent graphene layers on 

top of each other with the exact same position of atoms along the out-of-plane direction, 

in the more common and stable AB stacking, there is a 60º rotation between the layers 

(Figure 3-1b). As a result of this rotation, the vacant centers of the hexagons on one layer 

are occupied by the carbon atoms at hexagonal corner sites on the adjacent layers from 

the top view [194]. 
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Figure 3-1 Schematic representation of a) SLG and b) AB stacked BLG 

Since the first report by Geim and co-workers in 2004 [2], where they synthesized 

graphene by micro-mechanical cleavage of graphite, the unique properties of this 2D 

structure have fascinated the scientific community and has made it one of the major 

research topics in the last two decades. Due to the sp2 hybridization, there are three in-

plane σ bonds and one π orbital perpendicular to the graphene plane for each carbon atom. 

While the strong σ bond works as the rigid backbone of the hexagonal structure and is the 

origin of the extraordinary mechanical properties such as high Young's modulus (~1.1 

TPa) and fracture strength (125 GPa), the out-of-plane π bonds control the interaction 

between different graphene layers [5] and are responsible for its remarkable electronic 

properties, including high carrier mobilities at room temperature (>200,000 cm2.V-1.s-1) 

and robust ambipolar electric field effect [195], [196]. The exceptionally high thermal 

conductivity (3000-5000 W.m-1.K-1), high optical transmittance (97.7%), high surface 

area (2630 m2.g-1) [197], [198], tunable bandgap, and having quantum Hall effect at room 

temperature [6], create opportunities to use graphene in various types of applications. The 

anisotropy of graphene properties is another unique aspect arising from the difference 

between in-plane and out-of-plane bonds nature. This exceptional property leads to out-

of-plane electrical and thermal conductivities 103 times lower than those of their in-plane 

analogs [1]. 

All these critical features and the potential of graphene in making dramatic changes in 

daily human life attracted the attention of many research groups, and hence scalable 

synthesis methods have been developed to achieve higher yield and larger sizes in the 

production of graphene. These synthesis methods can be divided into two main groups, 

including "top-down" and "bottom-up" routes [199]. The most representative "top-down" 

method to synthesize graphene is Hummer's method, which is based on 

oxidizing/exfoliating graphite flakes using H2SO4 and KMnO4 and reducing the 

exfoliated graphite oxide into reduced graphene oxide (rGO) sheets [200]. On the other 
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hand, the CVD method can be mentioned as the representative "bottom-up" route for 

graphene synthesis, where in general, hydrocarbons are passed over a catalyst substrate 

at high temperatures [19]. 

Despite the distinctive intrinsic properties of graphene, the low chemical reactivity of 

pristine graphene, as well as tunability of its properties, has made its modification an 

appealing research topic during the last decade. Heteroatom functionalization is one of 

the most effective methods in tuning graphene's chemical and physical properties. This 

allows graphene to be used in various applications [201]. The doping effects of H, B, N, 

O, S, P, and F in graphene's electronic, magnetic and geometric properties have widely 

been investigated [202]–[204]. The doping creates sites with asymmetric spin density and 

unique atomic charge density [205], [206], makes graphene an excellent material for 

applications in the THz region [207] and in chemical sensing [208]. A particular emphasis 

has been put on N doping due to its inherent electrochemical activity [209]–[211]. N-

doped graphene is considered to be a very active metal-free material that could replace 

platinum in hydrogen fuel cell applications [212]. Theoretical and experimental studies 

have shown that doping can tune the electrochemical activity of graphene via tailoring 

the HOMO-LUMO gap [205]. In this aspect, different C-N bonding configurations, as 

well as the distribution of N dopants in the graphene network, are shown as crucial factors 

in applications of N-doped graphene as a fuel cell cathode material for oxygen reduction 

reaction (ORR). The main N configurations in N-doped graphene are 

pyridinic/pyridinium-like (Npydn), nitrilic-like (Nnitr), pyrrolic (Npyro), and graphitic (Ngrap) 

(see Figure 3-2) [213].  

 
Figure 3-2 Schematic representation of different configurations for N-doped graphene 
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3.1.2. ORR Activity of N-doped Graphene 

The history of designing noble metal-free electrocatalysts for oxygen reduction reaction 

(ORR) goes back to 1964 [214]; there has however been an ongoing debate on the best 

electrocatalyst candidates for this reaction to date. Pt nanoparticles supported on high 

surface area carbon composites have long been ideal for catalyzing the sluggish ORR 

kinetics at the cathodes of fuel cells, their vulnerability to CO poisoning [215] and scarcity 

of Pt hinders widespread use and commercialization. Alternatives are not limited to noble 

metal-free electrocatalysts, a wide range of materials including transition metal 

chalcogenides [216], N-doped carbon nanomaterials [107], [217], and N-containing 

polymer/metal chelates [218] have been investigated for the ORR. Among different N-

doped carbon nanomaterials such as nanotubes [107], nanofibers [219], spheres [220], 

etc., graphene has attracted much more attention due to its unique two-dimensional (2D) 

structure, which facilitates electron transfer and hence increases its activity compared to 

other carbon-based nanomaterials. 

It has been almost a decade since Qu et al. demonstrated enhanced electrochemical 

activity of N-doped graphene towards the ORR for the first time [210]. Since then, the 

detailed mechanisms of electrochemical conversion on N-doped graphene have been 

subjected to intense investigation. Controversies exist about the roles of different N 

species in electrochemical conversion have not been understood well. It has been shown 

by several groups that Ngrap atoms generate the most active configurations for the ORR 

[221], [222]. In addition to local N configurations, their positions on graphene lattice have 

an impact on the activity. Ouyang et al. [223] have classified Ngrap into two groups; atoms 

inside the graphene sheets and the atoms near the edges. They showed experimentally 

that Ngrap in the edges plays a more active role in the ORR. Theoretical investigations 

have provided further support; it has been calculated that Ngrap in the edges exhibits the 

lowest barrier for the first electron transfer and highest selectivity towards the four-

electron transfer pathway [224]–[226]. The Ngrap atoms, which give graphene n-type 

character, tend to reduce the electron density on the adjacent C nuclei due to their higher 

electronegativity. This local modification in electron density helps electrons transfer from 

C to N atoms, followed by a back donation from N to adjacent C 2pz orbitals. The 

donation and back donation processes facilitate O2 coordination on the adjacent C atoms 

and help to form a strong chemical bonding between O and C [223]. 
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Npydn, on the other hand, has been shown to enhance the ORR activity of N-doped 

graphene since p-type donor nature provides graphene matrix a superior electron donor 

property [227]–[229]. The most active configuration of N in graphene structure has been 

proposed to be Npydn [210], [223], [227], [230]–[233]. Xing et al. [234] have investigated 

the active site for ORR in three-layer thick N-doped graphene by correlating the amount 

of adsorbed OH on the electrodes after ORR with their ORR performance. They suggest 

that Npydn on the edges is more electrocatalytically active than the same N atoms in the 

center of the graphene sheet. 

Lai et al. [209] and Zhang et al. [235] have shown that both Npydn and Ngrap configurations 

help to improve the catalytic activity of N-doped graphene but with different roles. While 

Ngrap species' presence is crucial to increasing the limiting current density, Npydn helps the 

process by converting the ORR reaction mechanism from the two-electron-transfer 

pathway to four. The impact of the total amount of N in the graphene network is another 

controversial subject. The increased amount of N exhibiting minor effect in ORR kinetics 

has been justified by density functional theory (DFT) calculations since structural defects, 

such as vacancies and Stone-Wales defects, form upon N-doping [236]. Defects play a 

role in the structural stability; the Npydn becomes energetically more favorable than Ngrap 

in the presence of vacancies [237]. However, the formation energy gradually drops with 

the increased amount on Ngrap and Npydn. 

One of the main reasons for these conflicting results is that N-doped carbon materials are 

prepared by following various synthesis methodologies, most of which yield N in mixed 

configurations and different coverages. Using a model graphitic surface, it has been 

possible to synthesize N-doped graphene with unique Ngrap and Npydn configurations and 

Lewis basicity introduced by Npydn has been attributed to the superior ORR activities 

[238]. It has been shown that mild post-heat treatment can alter the N coordination in 

graphene without changing the total amount of N atoms [19]. It has also been found that 

it is possible to distinguish Npydn at the edges from the same N species in the center of 

graphene sheets by combining high-resolution XPS and Raman spectroscopy. In ORR, 

the rate-determining step is the first electron transfer to the adsorbed O2 to form O2
- [239]. 

Hence, the position of the Fermi level with respect to the electrochemical reduction 

potential of O2 is critical for overpotential required [240]. Consequently, the N 

configuration and O2 interaction/activity relation can be better established after revealing 

the electronic structures of the N-doped graphene in an atom-specific manner. X-ray 



 
Chapter 3: Graphene; Electrochemical Activity Enhancement 
 

43 
 

spectroscopy (absorption, emission) provides such information [241], [241], dipole 

transitions between the atomic (C, N) states enable us to identify the occupied and 

unoccupied energy densities localized on specific atoms. By using X-ray emission 

spectroscopy (XES) and X-ray absorption spectroscopy (XAS) at both C and N K-edges, 

it is possible to determine the changes in the level of doping of graphene upon chemical 

functionalization [242], [243]. 

3.1.3. Aims of Study 

Herein, we report that the ORR activity of N-doped graphene grown by the chemical 

vapor deposition (CVD) method is maximized by increasing Npydn at the edges. XES and 

XAS investigations and density functional theory (DFT) calculations reveal that Npydn 

primarily gives rise to increased density of states (DOS) near the Fermi level due to 

interlayer bond formation and turns graphene n-type. Electrochemical characterizations 

justify the findings of X-ray spectroscopy. 

3.2. Experimental 

3.2.1. Synthesis and Transfer of Graphene 

The synthesis procedure was performed in a NANOVAK Plasma Enhanced Chemical 

Vapor Deposition (PECVD) system. A 25μm thick copper foil (Sigma-Aldrich, 99.8% 

purity) was used as the substrate. This foil was placed inside the PECVD chamber with 

the support of a quartz sample holder. After dropping the total pressure of the system to 

0.375 mTorr, the temperature was raised with a heating rate of 5 ºC/min up to 950 ºC in 

the presence of Ar and hydrogen (both set to 100 sccm). The substrate was then kept at 

this temperature and atmosphere for 180 minutes to make the copper surface smooth and 

clean (we call this step "hydrogen treatment"). Following the hydrogen treatment step, 

the flow rate of H2 was dropped to 50 sccm and the graphene growth process was started 

by introducing 50 sccm of methane. The duration of the growth step was set to be 5 min. 

At the end of this duration, the methane flow was stopped, and the system was let to cool 

down to room temperature in the presence of Ar and hydrogen. The presence of relatively 

large amounts of argon gas, compared to hydrogen and methane, helps to displace any 

oxygen or water vapor present in the chamber, allowing for a cleaner growth process. 

The effects of different parameters such as heating rate of copper substrate, time and 

temperature of hydrogen treatment step, duration and temperature of growth step, and 
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also flow rate of each three used gases (argon, hydrogen, and methane) during different 

steps as well as total pressure of the system have investigated in our previous studies.  

Transferring graphene onto substrates such as SiO2/Si and Fluorine-doped Tin oxide glass 

(FTO) helps to improve its characterization and increases the processability of graphene 

in wafer-scale devices. Due to the wet chemical nature of most transfer methods proposed 

so far, the formation of some defects and damages in graphene structure during the 

transfer process is inevitable. As a result, the most suitable transfer method is the one that 

lowers the amount of these damages and defects. 

The transfer process employed in this project was started with coating the samples with 

poly(methyl methacrylate) (PMMA) 2% by spin coating PMMA onto Cu/graphene films 

for 30 seconds with 4000 rpm. The wafers were then dried at room temperature for four 

h, followed by floating them on a 0.12 M Ammonium persulfate solution for 48 h to etch 

the copper substrate. The concentration of the etchant solution and the duration of keeping 

the films floating on this solution are critical factors in obtaining Cu-free graphene with 

low defect density. At the end of the etching process, the films were washed and floated 

on DI water for 15-20 minutes. They were then transferred onto arbitrary substrates, 

which were either SiO2/Si or FTO glass. Prior to this transfer, the SiO2/Si wafers were 

cleaned by the modified RCA (Radio Cooperation of America) method [244], and the 

FTO glass substrates were washed three times with ethanol (99.0%), DI water, and 

acetone (96.5%), respectively.  The transferred films were kept at 40 ºC with a 45° angle 

for five h to evacuate possible water molecules between graphene and the substrates. 

Finally, PMMA was cleaned from the top of graphene by soaking the films in absolute 

acetone.  

3.2.2. Doping Graphene with Nitrogen 

The PECVD system was used to prepare N-doped graphene. The N plasma was generated 

by flowing 1.9 sccm of N2 gas while the chamber pressure was set to ~ 9.0 mTorr. The 

configuration and concentration of N species were manipulated by adjusting the duration 

of plasma exposure and plasma power (W). After exposing the samples to N plasma at 

room temperature, the system was switched off, and the flow rate of N2 was increased to 

50 sccm. The samples were kept under this atmosphere for 30 minutes to ensure that their 

surface has stabilized. 
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3.2.3. Physical Characterizations 

XAS and XES measurements at N and C K-edges were performed at beamline 10−1 at 

Stanford Synchrotron Radiation Light source (SSRL) of SLAC National Accelerator 

Laboratory. A novel energy dispersive X-ray spectrometer based on transition-edge 

sensor (TES) technology was utilized [245], [246]. RIXS (resonant inelastic X-ray 

scattering) maps, a special case of XES, were collected over the entire N K-edge. XPS 

measurements were performed in a laboratory system (Thermo K-alpha) equipped with a 

monochromatized Al K-alpha X-ray source. The XPS binding energies were referenced 

to the Fermi edges of the copper substrates. The concentration of N in graphene structure 

was determined by the quantitative analysis of N 1s and C 1s XPS spectra. Sensitivity 

factors (1 for C 1s and 1.676 for N 1s) that took photoionization cross-section and kinetic 

energy dependent inelastic mean free path of electrons into account were used in the 

quantification. Raman spectroscopy (Renishaw INVIA) investigations were performed 

by setting the laser excitation wavelength at 532 nm and laser power to 2.83 mW. 

3.2.4. Electrochemical Characterizations 

All electrochemical measurements (except electrochemical impedance spectroscopy 

(EIS)) were carried out using a Pine Research WaveDriver 40 DC 

Biopotentiostat/Galvanostat with modulated speed rotator (MSR) in a standard three-

electrode cell at room temperature. The three-electrode cell configuration consisted of a 

platinum coil as a counter electrode, an Ag/AgCl in 4 M KCl as a reference electrode, 

and N-doped graphene on a glassy carbon electrode with 5 mm in diameter as a working 

electrode. To prepare the working electrode, 2 layers of N-doped graphene were 

transferred in a layer-by-layer fashion on a glassy carbon electrode through a wet 

chemistry-based transfer method [19]. The cyclic voltammetry (CV) and rotating disc 

electrode (RDE) measurements were performed in N2 and O2 saturated 0.1 M KOH 

electrolyte solution at room temperature from 0.2 to -1.2 V vs. Ag/AgCl with a scan rate 

of 10 mV/s. All potentials reported here are vs. Ag/AgCl. The rotating speed in RDE 

measurements was varied from 400 to 2000 rpm. The double-layer capacitances (CDL) 

were estimated by plotting anodic and cathodic current density differences (ja-jc) against 

the potential scan rate. The slopes of such plots were assumed to be twice of CDL and used 

to represent the electrochemical surface area (ECSA) of the N-doped graphene. Tafel 

analysis was performed to determine the kinetic parameters of the ORR. (b) in the Tafel 

equation (η =a+b log(j)) determined from the slopes of the overpotential (η) vs. log(j) 
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plots in the kinetic region of RDE measurements was used to compare the ORR kinetics 

of N-doped graphene electrocatalysts with dominant Ngrap and Npydn configurations. The 

EIS measurements were carried out after transferring the samples onto FTO substrates. 

All other components of the experiment, such as the electrolyte, reference electrode, and 

counter electrode were the same as other electrochemical measurements. The frequency 

was adjusted to change from 0.1 Hz to 100 kHz at an amplitude of 10 mV. 

3.2.5. Computational Details 
 

The computational investigations have been performed by our collaborators from Istanbul 

Technical University. DFT calculations were performed using Vienna Ab-initio 

Simulation Package (VASP) [247], [248] with projector augmented wave method [249], 

and the Perdew, Burke, and Ernzerhof (PBE) [250] functional within the generalized 

gradient approximation, was used to describe exchange−correlation effects. The cutoff 

energy was set to 500 eV and the energy and force convergence criteria were set to 5 × 

10−6 and 5 × 10−2 eV, respectively. The corrections for van der Waals (vdW) interactions 

were addressed by Grimme’s D3 [251]. The Brillouin-zone integrations were performed 

on 2 × 2 × 2 k-point grids. The interlayer binding energies (Ebind) of pristine graphene 

bilayer and N-doped graphene (NG) were calculated by Ebind = (E0 − 2 × E0′)/N, where 

E0 and E0′ are the total energies of the bilayer and monolayer and N is the total number 

of atoms in the unit cell. 

Bilayer graphene has been constructed using two 7 × 7 supercell of graphene sheets with 

unit cell parameters of a = 17.25 Å, b = 14.93 Å and c = 15.00 Å. Periodic bilayer images 

were separated with at least a vacuum region of 16 Å to minimize any interaction between 

bilayers. Both AA- and AB-stacked graphene bilayers with different doping ratios (up to 

19%) of graphitic (Ngrap), pyridinic (Npydn), and a mix N (one graphene layer doped with 

graphitic and the other with pyridinic N, Ngrap/pydn) have been considered to calculate the 

binding energies and interlayer distances. Both random and symmetric N doping positions 

have been realized in three types of N-doped graphene bilayers and the resulting 

structures were called DP-NG-n, where DP, NG, and n refer to stacking type, N doping 

type, and N doping concentration, respectively. n=0 indicates a pristine bilayer and in the 

case of Npydn and Ngrap/pydn graphene bilayers, several carbon vacancies were created on 

the graphene layers. Figure 3-3 shows some of the considered AA- and AB- stacked Ngrap, 

Npydn, and Ngrap/pydn structures which do not contain any dangling bonds. 
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Figure 3-3 Model structures used in the computations, including 10% N doping. 

It should also be mentioned that the existence of dangling bonds in the model structures 

of AA-Npydn with N doping levels of 0, 1, and 2% leads to the clipping of graphene 

monolayers as shown in Figure 3-4. Such covalent bond formations between the dangling 

carbon atoms were already noticed in the literature [252], [253]. While there is only one 

covalent bond formation in both AA-Npydn-0 and AA-Npydn-2 with C-C distances of 1.39 

and 1.40 Å, respectively, two bonds with a distance of 1.44 Å are formed in AA-Npydn-1. 

Apart from these clipped junction points, the interlayer separations shown in Figure 2 are 

close to the other bilayers, which do not have any clipping. 

 
Figure 3-4 Top and side views of the clipped bilayers of AA-Npydn-0, AA-Npydn-1, and AA-Npydn-2. 
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3.1. Improving Electrochemical Activity of N-doped Graphene Towards ORR 

The types of the N configurations in the graphene network formed upon N2 plasma 

exposures for various durations can be identified by analyzing N 1s XPS spectra. The 

progressive change of N 1s XPS spectra shown in Figure 3-5a indicates that the plasma 

exposure strongly affects both amount and configurations of N in the graphene network. 

The Ngrap configuration assigned to the red peak appearing at ~399.5 eV, is the dominant 

N configuration in the sample with the shortest plasma exposure duration (NG60). The 

nitrilic (Nnitr), amino (Namin), and pyrrolic (Npyro) groups, appearing around 398.5 eV 

(depicted in green color in Figure 3-5a), are usually indistinguishable in the XPS 

spectrum, and their formation would depend on the preparation methodologies [254], 

[255]. Namin species are considered to get converted to Npyro/Nnitr upon high-temperature 

treatments, and they are labeled as Nnitr/Npyro henceforth. It is more accurate to consider 

Npydn under two separate configurations, on the basal planes, and at the edges, while 

deconvoluting XPS spectra [19]. The component at ~397.8 eV is attributed to Npydn atoms 

on the basal planes, which are not in contact with the underlying Cu substrate. The second 

group is the nitrogen atoms at the edges of graphene sheets which prefer to pin to Cu 

substrate. This group of N atoms (Npydn') can be identified by the peak at ~397.2 eV. The 

quantitative analysis of the spectra in Figure 3-5a shows that the Ngrap content decreases 

sharply when the graphene is doped with N for longer than 60 seconds (Figure 3-5c). In 

contrast, Npydn and Npydn' exhibit a growing trend by increasing doping duration. Total N 

concentration reaches a maximum value of 16% for the samples which is exposed to N2 

plasma for 240 seconds (NG240). Further exposures lead to a rapid drop in N amount due 

to partial removal of graphene. The orange peak located at 396.5 eV for NG180, NG240, 

and NG300, which can be assigned to a copper nitride-like phase (CuNx), points out the 

graphene network getting defected by increasing the plasma exposure duration.  
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Figure 3-5 (a) Deconvoluted N 1s XPS spectra for graphene with different plasma exposure durations 

varying from 60 s to 300 s. Red, green, blue, cyan, and orange peaks are assigned to Ngrap, Nnitr/Npyro, Npydn, 

Npydn', and CuNx, respectively. (b) Total N content for each of the samples. (c) The content of each N 

configuration for different samples. Each bar represents the phase percentage shown with the same color at 

part (a). 

C 1s XPS spectra of the same sample set presented in Figure 3-6 agree well with the N 1s 

spectra. While pristine graphene is characterized by a single peak at 284.3 eV, which is 

attributed to sp2 hybridized C, N doping leads to the formation of new features in the high 

binding energy side. Higher electronegativity of N and O change local electronic 

structure; thus, C atoms coordinated to those give rise to higher binding energy 

components in C 1s XPS spectra. The peak at 284.9 eV (C1) and 285.7 eV (C2) are 

generally attributed to N-sp2 C and N-sp3 C, respectively. The peak at 288.0 eV (C3) is 

assigned to oxygenated C atoms (C-O, C-OH, and COOH) [256]. 

These results show that it is possible to manipulate the configuration of N atoms in 

graphene structure by adjusting plasma exposure duration. Similar preferential formation 

of Npydn has previously been observed. By increasing their power and bombardment 

duration, N ions have been shown to form Npydn rather than Ngrap and Npyro/Nnitr [257]. It 

is likely that incorporation mechanisms vary depending on the N-doped graphene 

synthesis strategies and growth temperatures. The extended post-plasma treatment in the 

absence of hydrogen seems to yield Npydn and vacancies. The NG60 and NG240, which 

contained mainly Ngrap and Npydn/Npydn', respectively, were further analyzed to investigate 

the effect of different nitrogen configurations on the electrochemical activity of N-doped 

graphene towards ORR. 
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Figure 3-6 C 1s XPS spectra for graphene with different N2 plasma exposure durations varying from 60 s 

to 300 s. 

Figure 3-7 compares Raman spectra taken from pristine graphene, NG60, and NG240. 

The intensity ratio of 2D peak (located at ~2700 cm-1) to G peak (located at ~1580 cm-1) 

as well as the absence of D peak (located at ~1350 cm-1) for pristine graphene, reveals 

that it is a bilayer film with very low defect density and large grain size [258]. The creation 

of defects in a honeycomb-like structure of graphene after doping with N decreases the 

probability of 2D scattering and results in a large D peak for Raman spectra of N-doped 

samples [259]. The main difference in Raman spectra of NG60 and NG 240 is the higher 

intensity ratio of D´ peak (located at ~1620 cm-1) to G peak (ID´/IG) in NG240 compared 

to NG60. The spectra with ID´/IG larger than 0.8 and ID/IG larger than two can be attributed 

to graphene samples highly doped with Npydn' [19], which is in good agreement with XPS 

findings presented in Figure 3-5. 
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Figure 3-7 Raman spectra of pristine graphene (black), NG60 (red), and NG240 (blue). 

Owing to its element specificity, the characterization of Ngrap- and Npydn-rich graphene 

electrocatalyst with XES and XAS provides the opportunity to probe the occupied and 

unoccupied partial DOS [241], [260], respectively (Figure 3-8a). The inelastic event in 

RIXS, a special case in XES, corresponds to the energy loss needed to excite valence 

electrons to unoccupied states. However, in contrast with XES, where emission is 

independent of excitation energy, the energy of emission in RIXS varies by changing the 

energy of incident X-ray while preserving the same energy separation from the elastic 

peak. This constant energy separation is characteristic of the net transition and provides 

information about the partial DOS [241]. 

Figure 3-8 shows N K-edge XAS spectra (Figure 3-8b) and N K-edge RIXS data obtained 

from Ngrap-rich and Npydn-rich graphene (Figure 3-8c and Figure 3-8d) with increasing 

incident X-ray energies. In N K-edge XAS spectra, π* resonance with N 2p and C 2p-

hybrid states in the conduction band is composed of three peaks located at ~400.9 eV, 

399.8 eV, and 398.8 eV. These peaks are assigned to Ngrap (red), Nnitr/Npyro (green), and 

Npydn+Npydn' (blue) groups, respectively, which are in excellent agreement with previous 

data [261]–[264]. Increased Npydn component at the low energy side and decreased Ngrap 

component further confirm that extended N2 plasma exposure enriches Npydn species. The 

intensity of the entire π* resonance spanning between 398 and 402 eV increases in NG240 

due to higher overall N content. The absence of any feature below 398 eV rules out the 

formation of nitride species. DFT calculations have shown that Ngrap increases metallicity 

upon the donation of an electron into π* states of the conduction band (n-type), and the 

Fermi level is shifted to higher energies [261]. This phenomenon is also observed in our 
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DFT calculations: while the Fermi level is at -1.33 eV in AA-Ngrap-0, it reaches to -0.72 

eV and -0.29 eV in AA-Ngrap-3 and AA-Ngrap-10, respectively. An adverse effect in the 

Fermi level position is introduced by Npydn. In particular, the Fermi energy is lowered 

from -1.45 eV (AA-Npyrid-0) to -2.07 eV (AA-Npyrid-10). However, the change of the 

Fermi energy in Ngrap/pydn is similar to that of Ngrap. The charge redistribution included by 

Nnitr/Npyro is, however, not straightforward. It has been reported that Npyro species bonding 

with sp3 hybridized C to form five-membered rings do not contribute to the doping level 

of graphene [243], [261]. Even though the DFT calculations have revealed the impact of 

N in the desired configuration on the electronic properties of graphene, it should be 

considered that most of these calculations are performed for low N content. The 

complication arises as the overall N content is high and N in various configurations is 

present in the structure. Thus, the N K-edge XAS spectrum of Npydn-rich graphene in the 

present study cannot singlehandedly be interpreted in accordance with the calculated 

electronic structures. Nevertheless, a very large graphene sheet including 7x7 supercell 

was considered in the DFT calculations to get a better agreement with the experimental 

results. Not only the multiple types of N incorporated into graphene, but overall structural 

changes in graphene should be considered. 
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Figure 3-8 (a) Schematic drawing of X-ray absorption and emission processes. (b) N K-edge XAS data for 

Ngrap-rich (red) and Npydn-rich (blue) samples. N K-edge RIXS data for (c) Ngrap-rich and (d) Npydn-rich N-

doped graphene samples. The fraction of (d) Ngrap, and (e) Npydn for the samples is shown in parts (c) and 

(d). The calculation has been done based on the area under the curve values of RIXS measurements. 

Figure 3-9 shows the partial density of states (PDOS) and DOS of AA-Ngrap, AA-Npydn 

and AA-Ngrap/pydn. In the pristine AA-Ngrap-0 and AA-Npydn-0 and AA-Ngrap/pydn-0 (Figure 

6 a, c, and e), the small DOS near the Fermi level indicates a very low interlayer π-π 

interaction. However, as described later, there is a huge binding energy gain for AA-

Npydn-0 compared to others and this is mainly due to the vacancy-mediated clipping of 

graphene monolayers. Upon the N doping, at least %3, there is a notable accumulation of 

DOS around the Fermi level, which indicates the possibility of the interlayer π-π 

interaction. As shown in Figure 3-9, the increase in the N content also increases the 

electronic states in the Fermi level. While the conduction band is pulled down the Fermi 
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level in AA-Ngrap-3 and AA-Ngrap/pydn-3, valence and conduction bands are slightly 

separated in AA-Npydn-3 and AA-Npydn-10. As a result, the interlayer π-π interaction is 

less in Npydn compared to both Ngrap and Ngrap/pydn. Furthermore, atomic charges and 

electron transfer (∇q (e)) in graphene bilayers are analyzed with Bader charge analysis 

approach [265]. It has been found that while there are no negligible charge transfers 

between monolayers of Ngrap and Npydn, a significant electron transfer occurs in both AA-

Ngrap/pydn and AB-Ngrap/pydn. In particular, 0.18, 0.89 and 1.50 electrons have been 

transferred from the graphitic to the pyridinic layers respectively in AA-Ngrap/pydn-0, AA-

Ngrap/pydn-3 and AA-Ngrap/pydn-10. In addition, the amount of transferred electrons is 

reduced to 0.04, 0.63 and 1.20 in the case of AB-Ngrap/pydn-0, AB-Ngrap/pydn-3 and AB-

Ngrap/pydn-10. The high amount of electron transfer between the layers also indicates the 

existence of strong vdW interactions in Ngrap/pydn systems. 

 
Figure 3-9 Partial density of states and density of states of (a) AA-Ngrap-0, (b) AA-Ngrap-3, (c) AA-Npydn-
0, (d) AA-Npydn-3, (e) AA-Ngrap/pydn-0, and (f) AA-Ngrap/pydn-3. 

The RIXS spectra that are deconvoluted to show Ngrap (red), Nnitr/Npyro (green), and 

Npydn+Npydn' (blue) contributions are in a good qualitative agreement with N K-edge XAS 

spectra. The gray peak located at high emission energy is attributed to the elastic peak 

and shifts to higher emission energies with increasing the incident X-ray energy. In the 
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RIXS process, the momentum is not fully conserved due to electron-phonon scattering to 

the final state; thus, the coherence is partially destroyed. Nevertheless, resonant 

enhancements could be observed at the incident X-ray energies near the absorption 

threshold. The spectral changes as a function of the incident X-ray energy from 400 to 

380 eV relate partially to the band dispersion of N-doped graphene since there is a strong 

hybridization between C 2sp and N 2sp states. Increasing energy leads to exciting more 

electrons from Ngrap atoms, hence sharpening the red peak for both samples. However, as 

can be seen in Figure 3-8e and Figure 3-8f, the area under peak covered with Ngrap 

component is lower for the Npydn-rich sample compared to Ngrap-rich, for all excitation 

energies. All these observations combined do not indicate any specific band opening upon 

N incorporation. As discussed in detail below, changes in the van der Waals interactions 

between the graphene layers induced by N in the lattice could have a more significant 

impact on the electronic properties of graphene, and corresponding interpretations would 

be required to describe ORR activities dependent on N-type and amount. 

DFT calculations were performed to evaluate the structural changes and the 

corresponding vdW interactions in N doped graphene bilayers. As shown in Figure 3-10a, 

while the separation between layers for the AB-stacked structures changes slightly with 

increasing doping level, the AA-stacked structures show significant diversity as a 

function of doping concentration. Such a trend is also observed for the binding energies 

as seen in Figure 3-10b. At zero N doping, the binding energies and interlayer distances 

are computed to be -20.15, -23.52, -20.25 and -23.94 meV and 3.61, 3.43, 3.58 and 3.38 

Å, respectively for AA-Ngrap-0, AB-Ngrap-0, AA-Ngrap/pydn-0 and AB-Ngrap/pydn-0. While 

AB-stacked graphene bilayers have stronger binding energies at low N doping 

concentrations, above 4% N doping especially AA-Ngrap and AA-Ngrap/pydn become 

energetically more favorable. In particular, they reach a maximum binding energy (per 

atom) of -38.11 and -37.53 meV and the shortest corresponding interlayer distances of 

2.92 Å (between N-C) and 2.94 Å (between N-N), respectively at 10% N doping level. It 

should also be mentioned that among the AB-stacked configurations AB-Ngrap/pydn shows 

a similar trend as AA-Ngrap and AA-Ngrap/pydn upon the increasing N content. 
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Figure 3-10 The computed (a) interlayer separations and (b) binding energies (per atom) as a function of 
N doping in both AA- and AB-stacked graphene bilayers. 

RDE and CV measurements in O2 and N2 saturated 0.1 M KOH electrolyte solution were 

further employed to investigate the ORR kinetics of the samples. None of the CV curves 

in Figure 3-11a exhibits any significant reduction peak in N2 saturated electrolyte, 

confirming the electrochemical stability of graphene and N-doped graphene films in the 

studied potential region and also the absence of any Cu contaminations [266]. The 

significant ORR current of N-doped graphene in comparison with the pristine graphene 

is an indication that the addition of N to the graphene structure creates active sites for this 

reaction. The CV curve from the pristine graphene had a broad peak at around -0.50 V 

(vs Ag/AgCl), which is attributed to the two-electron reduction reaction of converting O2 

to HO2
-  [267]. Both NG60 and NG240 samples have this peak at ~ -0.37 and ~ -0.35 V. 

There is also a small peak at more negative potentials (~ -0.90 V) for N-doped samples, 

which can be attributed to the reduction of HO2
-  to OH- [267]. The addition of almost 2 

at.% Ngrap to graphene structure (NG60) facilitates two-electron reduction pathway, 

without perturbing conductivity of the film significantly, by lowering the onset potential 

from ~ -0.24 V to ~ -0.2 V compared to pristine graphene. On the other hand, the higher 

Npydn content in NG240 helps to lower the overpotential in ORR further, a substantial 

shift of the onset potential to ~ -0.17 V is observed. Figure 3-11b shows the results 

obtained from RDE measurement with the rotation rate of 1600 rpm in N2 and O2 

saturated electrolyte solution. The electrochemical features observed in CV curves can be 

seen here as well. Polarization curves confirm that the increased number of N and 

dominant Npydn groups lower the onset potential significantly and make NG240 the best 

ORR electrocatalyst. 
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Figure 3-11 (a) CV curves of pristine graphene (black), NG60 (red), and NG240 (blue) in O2 (solid) and 

N2 (dashed) saturated 0.1 M KOH electrolyte solution. (b) Polarization curves of the electrocatalysts 

obtained from RDE measurements at 1600 rpm in O2 (solid) and N2 (dashed) saturated electrolyte solution. 

(c) ECSAs are determined by estimating CDL. Potential scan rate dependent double layer charging was 

measured at 5, 10, 20, 50, 100, 150, and 200 mV/s scan rates within the -0.1 V - 0.1 V potential range. (d) 

Tafel plots for the ORR. 

ECSAs of the electrodes are typically proportional to the CDL, which can be derived from 

the CV curves in a non-faradaic region [175]. To investigate N dependent CDL changes, 

CV curves for pristine graphene, NG60, and NG240 were recorded with scan rates of 5, 

10, 20, 50, and 100 mV/s in -0.1 V to 0.1 V potential range (Figure 3-12). The plots for 

the difference between cathodic and anodic current densities versus potential scan rates 

at 0.0 V exhibit a linear behavior with slopes of 0.042 mF/cm2, 0.098 mF/cm2, and 0.184 

mF/cm2 for pristine graphene, NG60, and NG240, respectively (Figure 3-11c). Such an 

enormous improvement in ECSA can be attributed to having almost 8 at.% Npydn and 

Npydn' in graphene structure for NG240. 
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Figure 3-12 CV curves taken at various scan rates (5, 10, 20, 50, and 100 mV.s-1) from (a) pristine 

graphene, (b) NG60, and (c) NG240. The lighter colors in each graph represent higher scan rates. 

The polarization curves with different rotation rates and the corresponding Koutecky-

Levich (K-L) plots at -0.4 V and -1.0 V are shown in Figure 3-13. Due to the linear 

relationship between j-1 and ω-1/2 in K-L plots, the electron transferred number (n) for the 

ORR can be derived by Equation 2-13, where F is Faraday constant (96485 C/mol), D is 

the diffusion coefficient of O2 in 0.1 M KOH electrolyte (1.93×10-5 cm2/s), ν is the 

kinematic viscosity of the electrolyte (1.09×10-2 cm2/s), Cο is the saturation concentration 

of O2 in 0.1 M KOH at 1 atm O2 pressure (1.26×10-6 mol/cm3) and B is the Levich 

constant and is equal to the reciprocal of the slope of the j-1 vs. ω-1/2 plot when j is in the 

unit of cm2/A and ω is in the unit of rad/s [172]. The K-L plots for a two-electron and a 

four-electron reduction reaction have been calculated and shown in Figure 3-13c. 

Comparing the obtained results for NG60 and NG240 with these reference curves clearly 

shows that both samples follow the same reduction mechanism, which starts with the two-

electron pathway. The number of transferred electrons becomes four by reaching the 

diffusion-limited potential region. Tafel analysis was also performed to provide further 

insight into the mechanistic pathway of the ORR and Tafel slopes of pristine graphene, 

NG60, and NG240, are shown in Figure 3-11d. NG240 with dominant Npydn has a lower 

Tafel slope (78.9 mV/dec) and runs the ORR much more effectively as compared to NG60 

(Tafel slope: 88.5 mV/dec)). 
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Figure 3-13 RDE polarization curves for NG240 with different rotation rates. The rotation changes from 

400 rpm to 2000 rpm as the color of the curve gets lighter. (c) The K-L plots for NG60 (red curves) and 

NG240 (blue curves) at -0.4 V (lighter curves) and -1.0 V (darker curves). The calculated K-L plots for a 

two-electron and a four-electron reduction reaction are shown in dashed lines. 

To reveal the unique roles of Ngrap and Npydn in the electrochemical activity of N-doped 

graphene, one strategy would be to minimize the effect of other N configurations and total 

N content. Optimizing the plasma exposure time and power provides the opportunity to 

prepare N-doped graphene matching these criteria. Figure 3-14a-b shows C 1s and N 1s 

XPS spectra of two samples with similar Nnitr/Npyro but different Ngrap, Npydn, and Npydn' 

contents. The at.% of each N configuration, as well as total N content, are reported in 

Table 3-1. Comparable C 1s peak areas reveal that both samples have the same number 

of layers of graphene; however, the Npydn-rich sample has a higher total N content. ORR 

kinetic analysis has so far indicated that Npydn-rich graphene could have more active sites 

owing to its largest ECSA. The lowest overpotential and the smallest Tafel slope both 

point out more facile oxygen reduction occurring on those active sites. However, the 

expectation that Npydn-rich graphene would inherently be p-type is not justified by XAS 

and XES. The present atom-specific spectra representing local DOS even indicate 

metallicity with increased DOS at the Fermi level. At this point, we anticipate that an 

increased number of Npydn leads to altered interlayer separations. Raman spectral changes 

are not only sensitive to the number of graphene layers but also provide information about 

interlayer interactions, staking type (AA, AB), etc. Previous studies have shown that the 

intensity ratio of 2D to G band (I2D/IG) in the Raman spectrum of graphene can be used 

to investigate the interlayer interactions [268]–[270]. The I2D/IG value for the pristine 

graphene (Figure 3-14c, black spectrum), which was used to prepare Ngrap- and Npydn-rich 

samples, is ~1.5, confirming the bilayer structure [271]. This ratio decreases to ~0.8 and 

~0.2 for the Ngrap-rich and Npydn-rich graphene, respectively. The lower I2D/IG is a 
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signature of higher interlayer interactions for the Npydn-rich graphene. Theoretical 

calculations have shown that in order to increase the interlayer interaction by Ngrap, more 

than 10 at.% N should be present in an AA stacked graphene sample [272]. However, our 

results show that, for the randomly stacked graphene synthesized by CVD, it is possible 

to enhance the interlayer interaction by only ~2 at.% of Npydn. 

 

Figure 3-14 (a) C 1s XPS spectra for Ngrap-rich and Npydn-rich graphene samples prepared by exposing 

pristine graphene to N2 plasma at 10 W and 20 W for 30 s, respectively. (b) Deconvoluted N 1s XPS spectra 

obtained from Ngrap-rich and Npydn-rich graphene on FTO substrates. Red, green, blue, and cyan peaks are 

assigned to Ngrap, Nnitr/Npyro, Npydn and, Npydn' respectively. (c) Raman spectra for the pristine (black), Ngrap-

rich and (red), and Npydn-rich graphene (blue). (d) EIS measurements on Ngrap-rich (red) and Npydn-rich 

graphene (blue). 

Table 3-1 The atomic percentages of total N and each configuration for the Ngrap-rich and Npydn-rich 

graphene obtained from quantitative XPS analysis. 

Sample Total N (at.%) Ngrap (at.%) Nnitr/Npyro (at.%) Npydn (at.%) Npydn' (at.%) 

Ngrap-rich 2.41 1.19 0.92 0.25 0.05 

Npydn-rich 4.01 0.71 1.03 1.92 0.35 

Interlayer π-π interaction induced by heteroatom doping of bilayer and multilayer 

graphene can alter its electrochemical activity [273]. While the addition of graphene 

layers promotes its electrochemical activity and electron transfer kinetics in general [273], 

[274], no enhancement has been observed in the electrochemical activity of non-AB 

stacked bilayer graphene compared to a single layer [273]. This is attributed to the weak 
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electronic coupling between the graphene layers in the absence of AB stacking [275]–

[277]. Hence, it can be concluded that in addition to all previously discussed possible 

mechanisms, Npydn can also contribute to improving the ORR activity of N-doped 

graphene by increasing the extent of interlayer interaction which facilitates the electron 

mobility of the electrode and increases the conductivity. This is also in agreement with 

the results obtained by XAS (Figure 3-8) and XES (Figure 3-15). N and C K-edge 

spectroscopy do not exhibit spectral features that can be attributed to the band opening of 

graphene upon N doping. An increased band gap is expected in high N amounts, which 

could negatively affect electrochemical activities in general owing to increased electrode 

resistances. Valence band maximum approximated by linear extrapolation of the band 

edge of non-resonant XES spectra at the C K-edge (Figure 3-15) indicates that NG240 

with high Npydn maintains metal-like properties since there is an increased intensity at the 

valence band edge and spectra indicate charge delocalization. The Nyquist plots for the 

EIS measurements are shown in Figure 3-14d. Randle’s model is used to describe an 

equivalent circuit for the Nyquist plots. Circuit elements from the fitting represent ohmic 

resistance of the electrolyte (R1), charge transfer resistance at electrode/electrolyte 

interface (R2), constant phase element (Q), and Warburg element for semi-infinite 

diffusion (W). The results confirm the five times improvement in conductivity of the 

Npydn-rich graphene (~1.78 kΩ) compared to the Ngrap-rich one (~10.2 kΩ). 

 

Figure 3-15 C K-edge XES data for graphitic Ngrap-rich (red) and Npydn-rich (blue) samples. Excitation 

energy was 440 eV. 

Npydn-rich graphene has certainly more catalytically active sites toward ORR. DFT 

calculations show that C atoms neighboring N have high positive spin densities and serve 

as active sites [238], [278]. Electrostatic arguments are also made to justify C as an 

adsorption and reaction site; C turned to more positive by N coordination attracts lone 

pair electrons of O2. The elementary steps of the ORR are therefore N dependent. 

Moreover, the first electron transfer process depends on whether O2 is in the inner 
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Helmholtz layer coordinating to the adsorption site on the surface. Outer layer electron 

transfer is also plausible [279]. Increased DOS near the Fermi level seen in C and N K-

edge XES spectra enhances the orbital interaction and electron transfer between N-doped 

graphene and adsorbed O2. Present results indicate that, in addition to interlayer bond 

formation between graphene bilayers, Npydn is also critical in such an electron transfer 

process. 

Although present results clearly show different roles of Npydn in improving the 

electrochemical activity of N-doped graphene, it is essential to consider more possibilities 

for this complex 2D system, i.e., the effect of different configurations on the 

electrochemical activity. It is probable that Npydn' and edge defects significantly contribute 

to the metallicity. Npydn in basal planes and at the edges of graphene flakes (Npydn') could 

modify the doping level of graphene differently. π* resonance of Npydn appearing at 398.8 

eV agrees well with the previously published data and its energy position shows 

dependence on the associated vacancy created [236], [264]. Mono- and di-vacancies, as 

well as Stone-Wales defect centers alter the π* energy positions differently. The extent of 

the peak widths could be attributed to the delocalization, Nnitr/Npyro groups that also 

coexist with those vacancies, as well as Npydn, present broader π* resonance [264]. Also, 

the different intensity ratios of D peak to G peak (ID/IG) in Raman spectra of Npydn-rich 

and Ngrap-rich samples can be taken into account as a sign of different surface roughness 

among these samples, which can impact the electrochemical activity of N-doped graphene 

[273]. 

3.2. Conclusion 

In summary, we have investigated the role of N dopant configuration on the 

electrochemical activity of N-doped graphene towards the ORR. The content and 

configuration of N in CVD grown graphene structure that can be controlled by adjusting 

N2 plasma exposure time and power enable us to perform systematic investigations by 

combining X-ray spectroscopy and Raman spectroscopy with electrochemical activity 

tests. Ngrap species are dominant at low N content however, Npydn becomes the majority 

species as N content increases by prolonged plasma exposure. N and C K-edge XES and 

Raman spectroscopy investigations reveal that Npydn and edge Npydn species (Npydn') 

induce stronger interlayer interactions via an increased π-π orbital overlap. Corresponding 

enhancement in the metallicity improves the ORR activity by promoting electron transfer 
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kinetics between layers. Moreover, the formation of Npydn and Npydn' leads to a significant 

increase in the active sites. Overall, Npydn-rich bilayer graphene exhibits electrochemical 

activities toward ORR superior to Ngrap-rich graphene with lower onset potential, higher 

electrochemical current density, and lower Tafel slope. 
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Chapter 4:  

Graphene: Spectral and Spectroelectrochemical 

Investigations  

 

4.1 Introduction 

4.1.1 SEC-Raman of N-doped Graphene 

Despite the fascinating and unique properties of graphene, pristine graphene is relatively 

inert from a chemical point of view. This hinders the feasibility of using pristine graphene 

in electrochemical applications. However, it is possible to tune both the chemical and 

physical properties of graphene by heteroatom doping. Among different heteroatoms, N-

doped graphene has been found to exhibit high performance as the electrochemical 

interface, especially as the cathode of fuel cells [222], [280]–[282] [210]. 

Despite numerous reports regarding the ORR activity of N-doped graphene, the detailed 

mechanism behind the ORR is still not fully understood. The main reason for this 

uncertainty is the unique structure of N-doped graphene, which is simple to imagine as a 

free-standing model but a complex electrochemical system since it provides suitable sites 

for the simultaneous progress of different electrochemical reactions. Most of the proposed 

ORR mechanisms on N-doped graphene in alkaline media have suggested elementary 

steps similar to the associative oxygen adsorption pathways on metal surfaces [283]. This 

mechanism can be described as follows: O2 + ∗ →  O2(ads)   Equation 4-1 O2(ads) +  H2O + e−  →  OOH(ads) + OH−   Equation 4-2 OOH(ads) +  e−  →  O(ads) + OH−     Equation 4-3 O(𝑎𝑑𝑠) + H2O + e−  →  OH(ads) + OH−    Equation 4-4 OH(ads) +  e−  →  OH− + ∗     Equation 4-5 

Alternatively, instead of Equation 4-3, OOH(ads) may undergo the following mechanism 

[283]: 
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OOH(ads) +  e−  →  OOH(ads)−  Equation 4-6 OOH(ads)− + H2O →  H2O2(ads) +  OH−   Equation 4-7 H2O2(ads)  →  H2O2 + ∗     Equation 4-8 

While the former mechanism is known as the one-step 4e- pathway, the latter involves 

two electrons and hence is known as the two-step 2e- pathway. The main unresolved issue 

about these mechanisms is the site(s) of N-doped graphene on which the adsorption and 

following steps take place. The discussion regarding this issue arose first by attempts to 

identify the role of a different possible configuration of N in the activity of N-doped 

graphene. Up to date, there are controversially experimental and theoretical results about 

the role of these N configurations. However, most of the studies suggested the C atoms 

adjacent to the N impurity being the active site for the ORR [231], [284]–[286]. This 

attribution is mainly based on the theoretical calculations of electron spin density and 

atomic charge distribution. Tao et al, [287] were one of the pioneer groups who reported 

improved activity of dopant-free graphene by increasing its edge concentration. 

Following this finding, theoretical calculations showed that the hydrogenation of the N 

atom in the edge sites plays a key role in the activity of N-doped graphene. It was also 

revealed that O2 molecules have different affinities to adsorb on the armchair and zigzag 

edges of N-doped graphene [238]. Recently, Kim et al, have investigated the possibility 

of having an outer-sphere electron transfer mechanism in N-doped reduced graphene 

oxide samples [288]. Their results showed that the availability of electron density at the 

Fermi energy determines whether a couple proton-electron transfer (CPET) or a non-

CPET process takes place as the initial step of ORR. They also identified that the most 

reactive sites on N-doped graphene towards ORR are correlated to the local increase in 

spin density and hence those are the boundaries of the sp2-sp3 carbon region or C adjacent 

to N-dopants. However, their results showed that these sites will be covered with OH- 

species in alkaline electrolyte and under applied potential. Consequently, the sp2 carbon 

sites located next to the oxide region were introduced as the active site for ORR. 

Raman spectroscopy is a fast and non-destructive technique which gives information 

about both the structural and electronic properties of graphene. The similarity of Raman 

spectra of carbon-based materials and their simplicity combined with the considerable 

amount of information that can be obtained from these spectra had made the data 

interpretation of Raman challenging. In practice, the Raman spectra of graphene show 
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some main features regardless of its structural and electrical properties. Numerous 

researches have been shown that the shape, intensity, and position of these peaks can be 

used to study doping effect [19], strain [289], oxidation and sample quality [289]–[292], 

molecular functionalization [293], and the number of layers [294].  In 

Spectroelectrochemical Raman (SEC-Raman) measurement, electrical and spectroscopic 

measurements are performed simultaneously, which provides a great potential for 

determining the adsorbates and intermediates during electrochemical reactions. This can 

be used to have a better understanding of reaction mechanisms and to improve the 

performance of the electrodes. SEC-Raman has already fulfilled this purpose for ORR on 

metal surfaces [193]. Kim et al., have prepared few-layered mild reduced graphene oxide 

(f-mrGO) coated P50 on carbon paper electrodes and have investigated the ORR activity 

of these electrodes towards ORR using SEC-Raman. Their results revealed that either 

epoxy groups on the basal plane or ring ether groups located at the edges could enhance 

the electrochemical activity for two-step 2e- pathway [295]. In another work, the 

evolution of the G peak upon redox reaction of RuHex, FcMeOH and Fe(CN)6 on CVD 

synthesized graphene was used to distinguish the outer-sphere electron transfer from the 

inner-sphere process. The results also showed that the conductivity of graphene is 

influenced by the adsorbed species during electrochemical measurement leading to the 

complication in the analysis of the cyclic voltammograms of these samples [189]. 

4.1.2 Aims of Study 

Here we report detailed SEC-Raman characterization of N-doped and pristine graphene 

samples. In order to have a better insight into the role of different nitrogen configurations, 

active sites, and ORR mechanism, samples with different N dopants were prepared. This 

report aims to propose a detailed ORR mechanism and introduce electrochemical active 

sites on N-doped graphene using a comprehensive investigation about Raman peaks 

associated with surface groups of N-doped graphene inside alkaline electrolyte. 

4.2 Experimental 

4.1.3 Synthesis of N-doped Graphene 

The N-doped graphene films were synthesized by CVD on Cu foils (25 µm thick) at 950 

°C using the parameters which we reported in detail in our previous work [19]. The 

samples were then subjected to N2 plasma to dope graphene with nitrogen. The doping 

concentration and configuration were adjusted using the previously modified plasma 

duration and plasma power parameters. The samples were finally transferred on FTO 
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coated glass substrates through a wet chemistry-based transfer method [19] to 

characterize physically and spectroelectrochemically. 

4.1.4 Physical Characterizations 

X-ray photoelectron spectroscopy (XPS) measurements were performed using a 

laboratory system (Thermo K-alpha) equipped with a monochromatized Al K-alpha X-

ray source. 

4.1.5 SEC-Raman Characterizations 

SEC-Raman measurements were carried out using a homemade electrochemical cell 

setup attached to a Renishaw INVIA Raman spectrometer while setting the laser 

excitation wavelength at 532 nm and laser power to 4.1 mW. The electrochemical home-

made cell setup, which was attached to a Biologic SP-150 potentiostat, had a three-

electrode configuration consisting of a platinum coil as a counter electrode, an Ag/AgCl 

in 4 M KCl as a reference electrode, and N-doped graphene on FTO substrate as a working 

electrode. The chronoamperometry (CA) was measured by setting potentials with 0.03 V 

intervals from -0.15 V to -1.20 V (vs. Ag/AgCl) for 3 minutes. After keeping the sample 

at a constant potential for 1 minute, the corresponding Raman spectrum was recorded. 

The experiments were performed in N2 and O2 saturated 0.1 M KOH electrolyte solution 

at room temperature. All potentials reported here are vs. Ag/AgCl. The results were 

deconvoluted using the Gaussian function. The error bars are calculated based on the 

coefficient of determination (COD or R-square) value obtained from Origin-Pro after 

fitting the SEC-Raman results. 

4.1.6 Raman Spectra of pristine and N-doped Graphene 
Graphene has become a benchmark material for Raman spectroscopy investigations 

owing to its well-defined and well-understood spectral features. Raman spectrum of 

single-layer graphene without defects contains only G and 2D peaks. The D and D´ peaks 

are both defect-activated modes (Figure 4-1). G peak at ~1585 cm-1 arises from doubly 

degenerate Raman-active optical vibration in which the carbon atoms move in the 

graphene plane [296]. The D peak at ~1345 cm-1 is attributed to longitudinal optical 

phonons around the Dirac point and activated by double resonance which connects K and 

K′ points in the first Brillouin zone of graphene [297]. D´ peak at ~1620 cm-1 originates 

from an intravalley double-resonant scattering process that activates phonons with a small 

q [298] and 2D peak (second order of the D peak) at ~2680 cm-1. Additional features in 

the vicinity of D, G, D´, and 2D peaks could also exist, and the frequency positions and 
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intensities of those peaks, as well as the fundamental ones, require in-depth analysis to 

develop a clear insight into the involvement of graphene in the ORR.  

 
Figure 4-1 Raman spectra of a pristine defect-free graphene (red spectrum) and N-doped graphene (black 
spectrum) 

4.3 Operando Characterization of N-doped Graphene 

Our results presented in Figure 4-2 clearly show that there are two additional peaks in the 

lower (D1) and higher (D2) frequency sides of the D peak. D1 and D2 appear between 

1315-1325 and 1362-1372 cm-1, respectively. By Lazar et al., D2 has been assigned to the 

modes arising from C atoms bonded to the pyridinic (Npydn) and pyrrolic (Npyrr) nitrogen 

groups [299]. While in general, both D and D´ peaks are known to be defect-activated 

modes, recent studies have distinguished these two by correlating the D peak with the sp3 

disorders [295]. As a result, it is expected to see the splitting of the D peak and formation 

of D2 upon the creation of Npydn and Npyrr. The origin of D1 will be discussed in the next 

sections. In the G region, three distinct peaks between 1500 and 1585 cm-1 can be seen. 

The calculations of Vecera et al. predicted the presence of two peaks in this region for 

hydrogenated/hydroxylated graphene [300]. According to their results, the 

functionalization of graphene with H/OH groups causes an alteration in the angle of C-

C-C bonding and lifts the hydrogenated/hydroxylated C. As a result of this modification, 

there will be a range of frequencies for the E2g mode vibration of the graphene structure. 

This is the origin of the creation of the G´´´, G´´ and G´ peaks in deconvoluted Raman 

spectra presented in Figure 4-2. Also, it can be expected that the coexistence of hydrogen 

and hydroxyl groups on the graphene will lead to a situation more complex than what 
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they have considered by combining calculated Raman spectra of hydrogenated graphene 

with hydroxylated graphene. As a result, we can see additional peaks in this region. While 

in almost all of the studies performed on the Raman spectrum of graphene, the D´ peak 

has introduced as the closest peak to G peak in its higher frequency side, our results show 

that an additional peak, which in this article is mentioned as G*, is present between 1601 

and 1611 cm-1. Previous calculations have predicted the presence of a peak at ~1647 cm-

1 due to the Stone-Wales defects [290]. A peak (assigned as D´´) can be seen in the same 

frequency in Figure 4-2. Finally, the splitting of the 2D band region of graphene can have 

multiple basis. The variation of the number of components of 2D peak with the number 

of layers [294] and evolution of a single component 2D peak of graphite to a three and 

then two-component peak upon heat treatment [301] are just some examples of these 

different sources. However, considering the intensity of the shoulders shown in Figure 

4-2, the strain-induced asymmetry of the Brillouin zone is the main reason for the splitting 

of 2D band to 2D1, 2D and 2D2 peaks. There are two possible scattering processes 

responsible for 2D peak of a graphene. These processes, which are usually referred as 

inner and outer processes based on the momentum transfer path length, are attributed to 

the scattering involving three K´ points surrounding a given K point. For an unstrained 

single-layer graphene sheet, the K´ points are totally equivalent, resulting in a single 2D 

peak. However, due to the distortion of graphene lattice under strain, the distance of these 

points with regards to the K point changes. As a result, the corresponding phonon energies 

would be different, reflecting as the splitting of 2D peak [302]. The intensity and position 

of the 2D1 and 2D2 peaks would change upon any alteration in the strain level, which is 

caused by the functionalization of the graphene. 
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Figure 4-2 Raman spectra of PNG before immersing inside the O2 saturated 0.1 M KOH electrolyte (lower 
panel) and after immersing inside the electrolyte (upper panel) 

The analysis of the Raman peak intensity ratios with and without electrolyte (presented 

in Figure 4-2) shows that its ID/IG and I𝐷′/IG are 2.1 and 0.8, respectively, suggesting 

that graphene is doped with pyridinic N (PNG henceforth) [19]. Also, as it can be seen in 

Figure 4-3, before applying any potential, the ID2/IG ratio is almost two times bigger than 

the value of this ratio in the sample where the majority of N dopants in the spot 

illuminated by Raman laser have graphitic configuration (GNG henceforth) and pristine 

graphene. Hence, it can be concluded that PNG sample is mainly doped with Npydn.  

 
Figure 4-3 𝐼𝐷2/𝐼𝐺  ratio change for Pristine (green), PNG (blue), and GNG (red) samples without applying 
any bias (shown at E = 0.0 V) and under different cathodic potentials. 



 
Chapter 4: Graphene; Spectral and Spectroelectrochemical Investigations 
 

71 
 

The results of XPS characterizations, which are shown in Figure 4-4, revealed that the 

conclusion made about the N configuration of PNG based on Raman results was correct. 

The N 1s spectrum of PNG has two main peaks at ~397.8 eV and ~399.1 eV, which are 

attributed to the pyridinic N attached to the Cu substrate (Npydn’) and pyridinic N that are 

not attached to the Cu substrate (Npydn), respectively [19]. On the contrary, graphitic N 

(Ngrap) is not the dominant N configuration in the GNG sample and only 30% of the total 

N are Ngrap. This inconsistency between the Raman results and XPS spectrum of GNG 

arises from the larger spot size of the XPS, which is almost 20 times bigger than the spot 

size of Raman. Hence, it can be concluded that while GNG has Npydn, Npyrr and Ngrap, the 

spot of the sample analyzed in the SEC-Raman investigation was mainly doped with Ngrap. 

Finally, the N 1s and C 1s spectra of the pristine sample confirm that while this sample 

does not contain any N dopants, it does not have a perfect structure and has some defects 

which result in the formation of the peak at ~288.0 eV of the C 1s spectrum. 

 
Figure 4-4 a) N 1s and b) C 1s spectra of pristine, PNG and GNG samples. 

Figure 4-5 shows the differences in Raman peak intensity ratios for the PNG before and 

after placing it inside the O2 and N2 saturated electrolyte. The increase of all of the peak 

intensity ratios (except IG*/IG) in O2 saturated electrolyte indicates that the G peak 

intensity has been dropped. This could be due to the adsorption of species on the electrode 

which introduces perturbation to the C-C bond stretching vibration mode. The same 

situation is also valid for PNG in N2 saturated electrolyte, with the exception of IG*/IG, 

ID´/IG and I2D/IG. Despite the general increasing trend in the intensity ratios after 

immersing inside both electrolytes, the highest amount of increase is observed in the 2D1, 

2D2 and the peaks related to the vibration modes of hydrogenated/hydroxylated C (G´´´, 

G´´, and G´). While the decrease in the G peak intensity is the main reason for the intensity 

ratio increase upon immersing the sample inside the electrolyte, the intensities of G´´´, 
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G´´, and G´ also increase due to adsorption of H and/or OH species. The strain induced 

by this adsorption results in the increase of the intensity of 2D1 and 2D2 peaks as well. 

 

Figure 4-5 Raman intensity ratio change in percentage for PNG before and after immersing inside N2 and 
O2 saturated electrolyte. 

The fact that G* peak intensity shows more drop compared to G peak in both electrolytes, 

can be a sign to attribute this peak to the vibration of C atoms away from defected regions. 

The ascription of D´ band to the vibrations of oxidized carbon atoms in sp2 basal plane 

has already been shown in some previous reports [295], [303]. On the other hand, the 

calculations by Lazar et al., for the chemisorbed N atoms and epoxy O on the basal plane 

of graphene have shown that upon formation of bridge-like structure between a 

heteroatom and graphene basal plane, a peak at ~1610 cm-1 appears. [299]. This is the 

same vicinity where we observe G* in our results. Hence, it can be concluded that both 

G* and D´ peaks are attributed to the vibration of defected C atoms in the basal plane. 

Since D´ is related to an intravalley double-resonant scattering process, the alteration in 

the heteroatom adsorbed on the basal plane, which affects the frequency of the vibration, 

can cause the splitting of this peak. Our findings show that while D´ is related to the 

vibration of basal C atoms connected to N atoms, the G* peak is due to the vibration of 

similar C atoms which are covered by weakly adsorbed hydroxyl groups. Since the extent 

of variation of I2D/IG shown in Figure 4-5 for both N2 and O2 electrolyte experiments are 

comparable with their error bar, it is not possible to judge about the intensity change of 

2D peak upon immersion inside the electrolyte. 

When we study the percentage of changes in the peak intensity ratios for the N2 

experiment of pristine graphene and the GNG sample with and without electrolyte (Figure 

4-6), it can be seen that the GNG sample has a similar trend as PNG with most of the peak 

ratios increasing due to the decrease in the G peak intensity, which is induced by the 
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adsorption of H/OH groups. However, with the absence of N groups in the pristine 

graphene sample, a lower amount of H and OH groups are adsorbed on the sample and 

hence we have a random change in the intensity ratios.  

 
Figure 4-6 The change in the Raman spectrum intensity of pristine (orange) and GNG (pink) samples 
before and after immersing inside N2 saturated electrolyte. 

The significant role of N groups in the adsorption of H/OH groups is further approved by 

comparing the IGtot/IG (Gtot is defined as the overall area under the curve for the 

hydrogenated/hydroxylated C atom motion-related peaks, i.e. G´´´, G´´ and G´) values in 

N2 saturated electrolyte experiment of pristine graphene with PNG and GNG, shown in 

Figure 4-7. The results shown with arrow have been obtained from the samples in the 

absence of any cathodic bias and just after immersing the electrode inside the electrolyte. 

The lower IGtot/IG of pristine graphene confirms that N impurities play a crucial role in 

creating adsorption sites for O and OH groups 

 
Figure 4-7 The evolution of IGtot/IG values for pristine graphene (green), PNG (blue), and GNG (red) in N2 
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saturated electrolyte 

Previous calculations have shown that a sample with Npydn is a suitable platform for 

simultaneous adsorption of OH and H groups. While the C atom adjacent to Npydn (which 

is shown as CA in Figure 4-8a) is a favorable site for strong adsorption of H [304], [305], 

The C atoms in the armchair edges (which are shown as CB and CC in Figure 4-8a) bond 

with OH strongly [306]. As a result, the PNG sample provides a suitable surface for water 

dissociation. This can be seen by comparing the Gtot to G peak intensity ratio for the PNG 

sample before and after immersing inside O2 saturated 0.1 M KOH electrolyte with the 

GNG and pristine graphene (Figure 4-8b). 

 
Figure 4-8 a) Schematic representation PNG structure and b) Intensity ratio of Gtot to G peak for PNG, 
GNG and pristine graphene before and after immersing inside the O2 saturated 0.1M KOH electrolyte 

Most of the previous reports regarding the activity of N-doped graphene towards ORR 

have introduced CA as the active site for this reaction. In this case, Hads will block the O2 

adsorption site. This is a similar result to the conclusion made by Kim et al. [288]. On the 

other hand, it has been shown that the presence of OHads groups promotes the outer sphere 

electron transfer [307]. So, it is likely for PNG sample to follow this path.  In order for 

the ORR process to start, the O2
- molecule, which is formed during outer sphere electron 

transfer process has to be adsorbed on the N-doped graphene. The active site for this 

adsorption is either basal C atoms (similar to the proposed mechanism in ref [288]) or C 

atoms at the edges, which are covered by OH and/or H groups. Our results suggest that 

O2
- molecules attack the Hads on the CA and desorb as OOH-. This is the reason for 

observing I𝐺′′′/IG, I𝐺′′/IG, and I𝐺′/IG become almost half between 0 and -0.2 V (Figure 

4-9a-c). After this desorption, there will be a competition between H2O and O2 (or O2
-) to 

adsorb on the CA. However, since OH(ads) is already strongly adsorbed on CB , it is not 
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favorable for H2O to dissociate and O2 (or O2
-) will be adsorbed. Following this 

adsorption either two-step 2e- or one-step 4e- ORR mechanism will happen on this site. 

The proceeding ORR results in an increase in the amount of OH and OOH adsorbed on 

the sample, which leads to the increase in hydrogenated/hydroxylated C related peaks of 

PNG sample. We can see this trend between -0.20 V and -0.60 V in Figure 4-9a-c. The 

CA site of PNG is not an ideal site for the HER reaction, due to the strong bonding between 

H and CA. Consequently, at the HER onset potential (~ -1.00 V), this process proceeds by 

adsorption of water molecules on the Npydn atoms, where H2 can desorb easier. Because 

of this adsorption and HER process, the I𝐺′′′/IG, I𝐺′′/IG, and I𝐺′/IG exceed their initial 

value in 0.00 V. The adsorption of water on Npydn results a decrease in the intensity of 

peaks related to Npydn, which can be seen around -1.00 V for the ID2/IG in Figure 4-9d. 

At higher potentials, there will be enough overpotential to desorb the OH bounded to the 

CB and CC and to initiate the HER via H adsorbed on CA. This results in the decrease of 

the I𝐺′′′/IG, I𝐺′′/IG, and I𝐺′/IG at -1.20 V. Meanwhile, since we don’t have extreme 

negative values for adsorption free energy of OH in the zigzag edges, negligible water 

dissociation will happen on those sites and consequently they won’t have a strong effect 

on the I𝐺′′′/IG, I𝐺′′/IG, and I𝐺′/IG  trend. 

 

Figure 4-9  Raman peak intensities and position versus the applied potential for the PNG sample in O2 
saturated electrolyte. The single points disconnected from the spectra have been obtained without applying 
any potential. 

The analysis of intensity ratio changes between 0.00 V and -0.20 V for all of the peaks of 
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PNG (shown in Figure 4-10) reveals that there is no increase in any peak ratio in both N2 

and O2 saturated electrolytes (Except ID´/IG in N2 saturated electrolyte). This is due to the 

desorption of weakly adsorbed hydroxyl groups from the surface, which results in the 

increase of G peak intensity. However, when we compare the changes in intensity ratios 

in N2 and O2 saturated electrolytes, they are more pronounced in the O2 saturated 

experiment with I𝐺′′′/IG, I𝐺′′/IG, I𝐺′/IG, I2D1/IG, and I2D2/IG having the deepest drop. 

The overall higher drop percentage in the O2 saturated experiment shows that in addition 

to the desorption of weakly adsorbed OH groups, there is another desorption happening 

on the N-doped graphene in this potential range. This additional change can be the 

desorption of H groups by O2
- species. Observing the highest value of decrease for H/OH 

and strain sensitive peaks is in well agreement with this hypothesis.  

 
Figure 4-10 Raman intensity ratio change in percentage for PNG between 0.00 NS -0.20 V inside N2 
(green) and O2 (blue) saturated electrolyte 

The alteration in the adsorbed species on the samples, the applied potential, proceeding 

reactions and hence the changes in the concentration of the molecules in the Helmholtz 

layer, can affect the position of the peaks in the Raman spectra of graphene. Previous 

studies have shown that the G peak has a blue shift upon applying a negative voltage to 

the graphene [308]. This is due to the suppression of Kohn anomaly by charge carriers 

[154], [309]. When we study the position of the G peak (Gpos) for PNG in the O2 saturated 

electrolyte experiment, it has a general blue shift trend with two redshifts (Figure 4-9e). 

Both of these redshifts coincide with the potentials at which there is desorption of the 

negatively charged species from the sample. First, it happens between 0.00 and -0.20 V, 

where we have desorption of OOH-. Here the applied potential is low, so the Gpos is 

sensitive to the desorption of OOH-. In the rest of the procedure, we don’t see any redshift 

despite continuous desorption of OH- produced via ORR. This is due to the fact that the 
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effect of applied potential is dominant. At the potential region between -1.00 and -1.20 

V, again there is redshift. Despite the high negative applied potential, the number of 

strongly adsorbed OH- is high enough so that their desorption affects the Gpos. The 

significant blue shift of the Gpos in both N2 (Figure 4-11d) and O2 (Figure 4-9e) saturated 

electrolyte when comparing the results before and after immersing the sample inside the 

electrolyte, further approves the sensitivity of Gpos to the negatively charged species at the 

absence of any applied potential. Also, this shows that the amount of OH- adsorbed on 

the surface is higher than H, which is expected based on the fact that there are more sites 

for the adsorption of OH- in the armchair edges of Npydn doped graphene than the sites for 

H adsorption and also the concentration of available OH- species is higher than H species 

due to the pH of the electrolyte. Despite the absence of recombination between O2
- with 

Hads in the N2 saturated electrolyte experiment, there is still a slight red shift in the Gpos 

between 0.00 and -0.20 V (Figure 4-11d), which is due to the desorption of weakly 

adsorbed OH- groups. The effect of the desorption of these groups can also be seen in the I𝐺′′′/IG, I𝐺′′/IG, and I𝐺′/IG  plots in Figure 4-11a-c, where the ratios decrease but not as 

much as they do for O2 saturated experiment. Finally, at the potential range of -1.00 and 

-1.20 V, there is a red shift in Gpos in N2 saturated electrolyte which has the same origin 

as in O2 saturated electrolyte and is related to the desorption of strongly adsorbed OH- 

species.  
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Figure 4-11 a) IG´´´/IG, b) IG´´/IG, c) IG´/IG and d) Gpos versus applied potential in N2 saturated electrolyte for 
the PNG sample. The single points disconnected from the spectra have obtained without applying any 
potential. 

For the GNG sample, the adsorption of O2/O2
- species and desorption of OOH- produced 

by recombination of Hads with O2-, are not consecutive reactions. This is based on the 

previously performed theoretical adsorption Gibbs free energy calculations which 

introduce CA and CC shown in Figure 4-12, as the most favorable sites for the H and OH 

adsorption. Meanwhile, O2 prefers to adsorb on either CA or CB [310]. As a result, there 

are available sites for O2/O2
- adsorption (CB) while having H and OH on the surface.  

 
Figure 4-12 Schematic representation of GNG structure. The red atom is Ngrap and the neighboring C atoms 
are labeled based on their connection and distance from the Ngrap. 

As a result, not only there is no red shift for Gpos of GNG in the O2 saturated electrolyte 
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experiment between 0.00 and -0.20 V, but also the combination of a) applied negative 

potential, b) adsorption of O2 or O2
- (and initiation of ORR), c) reaction of Hads with O2

- 

(and desorption as OOH-), and d) desorption of weakly adsorbed OH- groups result in 

blueshift for Gpos (Figure 4-13d). However, in the N2 saturated electrolyte, the component 

(b) and (c) of above-stated parameters are not present. Hence, we have a redshift similar 

to the N2 experiment of the PNG sample. When we study the changes in -1.0 V to -1.20 

V potential region of the GNG sample, no redshift is observed for neither N2 nor O2 

experiment, which is in contrast with the trend seen for the PNG sample. This can be 

attributed to the stronger interaction of remaining OH adsorbates. 

 
Figure 4-13 a) IG´´´/IG, b) IG´´/IG, c) IG´/IG and d) Gpos versus applied potential in O2 (solid line) and N2 
(dashed line) saturated electrolyte for the GNG sample. The single points disconnected from the spectra 
have obtained without applying any potential. 

This is further approved when we compare the IGtot/IG ratio of GNG with the same ratio 

of PNG. Figure 4-14, shows that while we have a higher value of IGtot/IG before placing 

the sample inside the electrolyte and at 0.00 V for PNG, which is due to the presence of 

more suitable adjacent sites for H and OH adsorption and hence higher water dissociation 

rate, the GNG sample has higher values at -1.2 V. This reveals that OH groups are bonded 

to graphene more strongly and the applied potential is not high enough to disrobe them. 
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Comparing the I𝐺′′′/IG, I𝐺′′/IG, and I𝐺′/IG  plots and Gpos of GNG at higher potential 

range (Figure 4-13), we can see that H/OH related peak intensities drop in N2 experiment, 

but they increase in O2 experiment. Meanwhile, Gpos continues its blue shift in O2, but it 

becomes constant for the N2 experiment. These changes show that the required energy for 

the desorption of OH alters when the electrolyte is changed. This can be attributed to the 

presence of O2
- species in the inner Helmholtz layer of O2 saturated electrolyte 

experiment. 

Comparing the alterations in the IG´´´/IG. IG´´/IG and IG´/IG between 0.00 and -0.20 V in O2 

saturated electrolyte for GNG (Figure 4-13a-c) with the same peak intensity ratio changes 

in PNG (Figure 4-9a-c), it can be seen that there is an opposite trend. This can be 

attributed to the possibility of the adsorption of O2/O2
- on CB while CA and CC sites are 

covered with H and OH in GNG. Further progress of ORR on the CB site results in an 

increase in the IG´´´/IG, IG´´/IG and IG´/IG values.  

 
Figure 4-14 IGtot/IG versus applied potential for the PNG and the GNG samples. The single points 
disconnected from the spectra have obtained without applying any potential. 

In light of the above-mentioned analysis, it can be seen that the active site for ORR in 

Npydn and Ngrap doped graphene samples are not identical. However, there are some 

similarities between the two systems. The proposed site for the adsorption of O2
-
 is 

adjacent to a C bonded to OH molecule. As a result, there is a possibility that instead of 

well-known two-step 2e- or one-step 4e- pathways, O2
- interacts with OH and follows the 

pathway shown with Equation 4-9 to Equation 4-14. The adsorption and reaction sites 

which are mentioned inside the parentheses are attributed to the GNG sample. As a result 

of the interaction of O2
-
 with the adjacent OH, a single O will be produced on the CB and 
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CC for Npydn and Ngrap doped graphene, respectively. This single atom is shown by O´ in 

Equation 4-11. Due to the strong bonding between OH groups and C atoms on which the 

O´ is formed, we believe it would transform to OH via Equation 4-14 and will remain on 

this site until the next ORR reaction takes place. During this proposed pathway 4e- get 

consumed producing 4 OH-. So, from the transferred number of electrons and number of 

generated OH- point of view, it is not possible to distinguish this process from the pathway 

shown in equation 1 to equation 5. As a result, while SEC-Raman measurement does not 

provide direct evidence about the ORR pathway, it delivers a clear image about the 

alterations on the surface of graphene under bias, which can be used as a guideline to 

consider new pathways for the ORR.  𝑂2 + 𝑒−  →  𝑂2−   Equation 4-9 𝑂2−  +  𝐶𝐴(𝐶𝐵)  →  𝑂2(𝑎𝑑𝑠,𝐶𝐴(𝐶𝐵))−    Equation 4-10 𝑂2(𝑎𝑑𝑠,𝐶𝐴(𝐶𝐵))−  + 𝑂𝐻(𝑎𝑑𝑠,𝐶𝐵(𝐶𝐶))  →  𝑂𝐻− + 𝑂(𝑎𝑑𝑠,𝐶𝐴(𝐶𝐵)) + 𝑂′(𝑎𝑑𝑠,𝐶𝐵(𝐶𝐶))     Equation 4-11 

𝑂(𝑎𝑑𝑠,𝐶𝐴(𝐶𝐵))  +  𝐻2𝑂 + 𝑒−  →  𝑂𝐻− + 𝑂𝐻(𝑎𝑑𝑠,𝐶𝐴(𝐶𝐵))    Equation 4-12 𝑂𝐻(𝑎𝑑𝑠,𝐶𝐴(𝐶𝐵)) + 𝑒−  →  𝐶𝐴(𝐶𝐵) + 𝑂𝐻−     Equation 4-13 𝑂′(𝑎𝑑𝑠,𝐶𝐵(𝐶𝐶))  +  𝐻2𝑂 + 𝑒−  →  𝑂𝐻− + 𝑂𝐻(𝑎𝑑𝑠,𝐶𝐵(𝐶𝐶)) Equation 4-14 

 

4.2 Conclusion 

In conclusion, detailed investigation about the evolution of the Raman spectra of Ngrap 

and Npydn doped graphene revealed that prior to the ORR process, H/OH groups adsorb 

on different sites of N-doped graphene. These groups have a significant effect on the 

mechanism by which ORR proceeds and the reaction sites of ORR. While in Npydn doped 

graphene, the occupation of C atoms adjacent to Npydn and the presence of OH groups 

promote the outer sphere electron transfer mechanism, the reaction site on Ngrap is 

different. Hence, Raman spectra of Ngrap and Npydn doped graphene show different trends 

under cathodic potentials. Finally, our results revealed that in addition to the widely 

accepted ORR pathways suggested for the N-doped graphene, which are inspired by the 

finding about metallic electrodes, another 4e- pathway is also possible. The neighboring 

O2(or O2
-) and OH groups adsorbed on the N-doped graphene play the main role in this 
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mechanism. 
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Chapter 5:  

Effect of Structural Modifications on HER Activity of 

MoS2 

 

5.1 Introduction 

5.1.1 Structure, Properties, and Applications of MoS2 

TMDs are materials with similar dimensionality to graphene. One of the main differences 

between TMDs and graphene is the presence of ~1-2 eV bandgap in TMDs, while pristine 

graphene does not have any bandgap [201]. 

The structure of TMDs can be described by the formula MX2, where M and X are the 

transition metal and chalcogen, respectively. The layers of MX2 are hexagonal, with Mo 

and S atoms alternately located at hexagon corners. A monolayer of MX2 generally 

consists of a plane of M atoms sandwiched between two planes of X atoms. While inside 

the layers, there is covalent bonding between M atoms and the nearest X atoms, generally 

forming a metal-centered triangular prism or octahedral configuration [311], the 

interaction between the layers is mainly governed by Van der Waals interactions [312]. 

The structural type of the TMDs is classified based on the intralayer configuration and 

the interlayer distance is determined by interlayer interaction [201]. There are three main 

structural polytypes of MX2 layered structure: 2H (hexagonal symmetry, trigonal 

prismatic coordination, two layers in each repeat unit), 3R (rhombohedral symmetry, 

trigonal prismatic coordination, three layers in each repeat unit), and 1T (tetragonal 

symmetry, octahedral coordination, one layer in each repeat unit) [313]. These polytypes 

are shown in Figure 5-1. 
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Figure 5-1 Schematic representation of MX2 TMDs polytypes structure. The upper row shows the top 
view, and the bottom row shows the side view. 

One of the unique properties of MX2 is that their bulk form has an indirect bandgap, which 

can be dramatically tuned to a direct bandgap, when scaled down to monolayer. For 

instance, the maximum of the valence band of bulk MoS2, which locates at the Γ point, 

shifts downward to the K point of the Brillouin zone as it scales down to monolayer, 

leading to unique semiconductor properties [314]–[316]. 

Although the 2H is the most stable phase of TMDs at room temperature, it has been shown 

that this phase can be transformed to the metastable metallic 1T phase through chemical 

and electrochemical intercalation of alkaline ions [317]. Due to its metallic nature, 1T 

MoS2 has a very high electrical conductivity (10–100 S.cm-1) [5]. Additionally, 

hydrophilicity, large interlayer spacing upon restacking, large anionic polarizability, and 

negatively charged surface of 1T MoS2 have made it an excellent candidate for numerous 

applications such as electrochemical and photoelectrochemical catalysis, supercapacitors, 

batteries, and etc. [5]. However, due to its thermodynamical metastability, it gradually 

converts back to the 2H at room temperature [318]. The type and number of layers, edge 

morphologies, and degree of crystallinity are crucial factors that affect these materials' 

performance in various applications, including spintronic devices, thermal catalysis and 

electrochemical catalysis [319]. The determination of the nature of the different phases in 

MoS2 compounds is generally based on the filling of Mo d orbitals because the p orbitals 

of sulfur are at much lower energy than the Fermi level. The structure of MoS2 directly 

influences the filling of Mo d orbitals. Complete filling of orbitals gives rise to 

semiconducting behavior (2H), while partial filling results in metallic behavior (1T) 

[320]. 

Among the TMDs, group VIB metal dichalcogenides (i.e., molybdenum and tungsten 

disulfides (MoS2 and WS2) are the most studied candidates due to their moderate band 
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gaps of 1-2 eV, which are close to those of the conventional semiconductors such as Si 

and GaAs [321], [322]. The single and few-layered MoS2 has shown promising 

performance in many applications such as catalysis [323], [324], electronics [325], [326], 

solid lubricants [327], batteries [328], biological systems [329], [330] and so on. MoS2 is 

composed of S-Mo-S trilayer stacks, with weakly coupled layers and an interlayer space 

of approximately 3 Å. In addition to the four main crystal structures of MoS2 (1H, 1T, 

2H, and 3R) [331], intermediate distorted phases (such as 1T', 1T'', 1T'') can also be 

formed during the transformation of the main phases (Figure 5-2) [332]. 

 
Figure 5-2 Schematic representation of main and intermediate distorted MoS2 structures (side view) 

Many efforts have been devoted to developing single-layer MoS2 due to these appealing 

properties and potentials in various applications. The first investigations for obtaining 2D 

MoS2 were conducted based on the mechanical exfoliation method [333], [334]. Despite 

the feasibility of producing high-quality 2D MoS2 sheets, the low throughput limits this 

method in practical applications [27]. The liquid exfoliation [336]–[338] and 

electrochemical Li-intercalation [339] techniques have been used to synthesize large 

quantities of 2D MoS2. These liquid phase-based strategies can exfoliate MoS2 and 

stabilize the nanosheets due to their effect on the surface energy. However, 

inhomogeneous layer numbers, non-uniform size, and complex surface textures hinder 

the possibility of performing fundamental research on these sheets. 

In addition to these top-down methods, some bottom-up techniques have also been 

employed to prepare 2D MoS2. Wet chemistry-based synthesis methods such as 

hydrothermal and solvothermal reactions are the primary examples of these techniques. 

Previous studies have shown that the variation in the Mo and S precursors and the reaction 

parameters (such as temperature, time, and precursor concentration) affects the final 

product quality prepared by these methods. The samples synthesized by these methods 

are commonly low-quality MoS2 flakes with abundant active sites for electrocatalysis 

applications [340]–[343]. 

Compared with chemical exfoliation, the CVD method is more efficient in growing high-

quality monolayer MoS2 films on different substrates with controllable thickness [344]–
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[346]. Numerous CVD approaches have been tried to prepare monolayer and few-layered 

MoS2 by modifying the precursors for Mo and S, growth substrate, temperature, duration, 

and pressure. In most of these studies, the Mo precursor (mostly MoO3 powder) is placed 

inside the CVD chamber alongside S powder. The simultaneous or sequential 

vaporization of these powders and the reaction between MoO3 and S result in the 

synthesis of 2D MoS2 [50], [51], [54], [55]–[58]. In addition to this reaction, it is also 

feasible to trigger a reaction between pre-deposited Mo films and S vapor. For this 

purpose, it is possible to coat the desired substrate using PVD coating of metallic Mo 

[351] or transition metal oxide [353] or dip-coating of ammonium thiomolybdates [46]. 

However, the kinetics of growth and limitations in the deposition of thin continuous layers 

of Mo are major challenges for this strategy.  

5.1.2 HER on MoS2 

In determining the best HER catalyst, the candidate material that is simultaneously 

efficient, durable, and cost-effective would be an ideal choice. MoS2, is highly stable in 

many strong acids. However, the first HER activity studies of MoS2 showed modest 

activity [355]. This observation was contrary to the activity prediction made by Nørskov 

based on the Gibbs free energy of hydrogen binding [94]. Later, the computational results 

from Hinnemann et al. revealed that S atoms on the Mo edges of the MoS2 planes should 

be highly active for HER [356]. Following this finding, the race was on to improve the 

HER performance of MoS2. Multiple factors such as the low concentration of exposed 

catalytic sites and the semiconducting behavior can be the reason for the poor catalytic 

performance of pristine MoS2. Hence, it is essential to enhance the conductivity, elevate 

the intrinsic catalytic activity, and construct more active sites on MoS2 to improve its 

HER activity. 

Loading MoS2 films on different substrates such as carbon cloth [357], carbon nanofiber 

[358], carbon nanotube [359], graphene [360], Au [361], Ti [362], and Si/SiO2 [363] has 

been shown as an effective strategy to modulate its conductivity. The enhanced HER 

activity for the MoS2 films on these substrates is mainly due to the improved electron 

transfer rate during the electrochemical reaction [360]–[362]. 

The edge sites, vacancies, and the atoms in the phase boundaries are MoS2's intrinsic HER 

catalytic sites [123]. Historically, the S atoms at the edges were the first sites for which 

the high HER activity was revealed and different roots were developed to engineer their 

density to achieve high performance in the intrinsic activity of MoS2 [356], [364]. Vertical 
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alignment of MoS2 films on the substrate [363], creating defects on the films via post-

synthesis hydrogen annealing or oxygen plasma treatment [62], and optimizing synthesis 

parameters to prepare smaller MoS2 flakes [365], have been shown to be effective 

methods in increasing number of available edge sites. The S vacancies in the MoS2 

structure are acknowledged to improve the catalytic activity effectively. Hence, different 

methods, such as electrochemical reduction, [366] H2, [62] or H2O vapor etching [367], 

He plasma, [368] laser ablation, [369] and UV/ozone treatment [370] have been used to 

introduce these vacancies. The results obtained by Tsai et al. have shown that 12.5-

15.62% S vacancy containing MoS2 has the highest HER performance [366]. D. Voiry et 

al. have also studied the relationship between the amount of S vacancies and HER 

performance by heat-treating 2H-MoS2 sample [371]. Their results showed rapid 

improvement in the HER performance of the S vacancy-containing samples until the 

S/Mo atomic ratio decreased to 1.7. After passing this threshold, the undercoordinated 

Mo sites become exposed to the electrolyte. Further increase in the treatment temperature, 

which results in the S stripping from the basal plane, showed much less effect in HER 

activity enhancement.  

Phase and structural engineering are effective strategies to enhance catalytic performance 

through different mechanisms. The metallic 1T phase shows the highest HER 

performance among the 1T, 2H, and 3R phases, due to the faster charge transfer kinetics, 

improved H adsorption and activated S atoms in the basal plane [361], [372], [373]. 

Experimental results have revealed a significantly reduced Tafel slope from 110 mV.dec-

1 for 2H-MoS2 to 43 mV.dec-1 for 1T-MoS2 approaching that of Pt at 30 mV.dec-1 [317]. 

Thermodynamically the metallic 1T phase is unstable and gradually converts to the 

semiconducting 2H phase spontaneously [123]. As a result, besides multiple methods 

which have been used to synthesize 1T phase containing MoS2, several strategies, 

including making heterojunctions on the basal plane [374]–[376], synthesis under a high 

magnetic field [377], intercalation, etc., have been applied to stabilize the metallic 1T 

phase. The phase conversion of the MoS2 monolayer from 2H to 1T has been successfully 

traced by Suenaga et al. [306]. It has been shown that metastable distorted phases such as 

1T', 1T'', and 1T''' can be formed during phase conversion due to the atomic gliding [332]. 

They also suggested that these metastable distorted phases could be the actual catalytic 

sites during the HER reaction [306]. Some studies further confirmed this, where the 1T' 

phase was founded to be more active than the 1T phase, and 1T' would convert from the 
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1T phase during electrocatalysis to work as the actual active catalytic phase [378]. 

Multiple studies made by Jiang et al. have shown that the H adsorption on 1T-MoS2 

promoted structural transformation to the 1T' phase [379]. Also, they found that after a 

crossover H coverage of 25%, the 1T phase becomes more stable than the 2H phase [372]. 

The closest ∆GH∗ value to zero was achieved around 12.5% ~ 25% H coverage. Their 

mechanistic investigations revealed the Volmer-Heyrovsky pathway to be the 

energetically favorable HER root on 1T-MoS2, with Heyrovsky being the rate-

determining step. 

Most of the CVD synthesized MoS2 films contain a mixture of 1T and 2H (or 1H) phases. 

In contrast to the rather complicated 2H-2H (1H-1H) phase boundary where there is a 

possibility for the presence of different ring arrays (such as 4-6, 6-8, 5-7, and 4-4 rings) 

[380], the 1T-2H phase boundary is simply a region where the S atoms slide. This 

boundary can be either in zigzag or armchair form [381]. Investigating the HER activity 

of the interface between the phases is essential for revealing the intrinsic activity of CVD-

grown MoS2. Zhu et al. fabricated the 2H-2H domain and 2H-1T domain in monolayer 

MoS2 and compared the HER activities of these two domains [324]. Their theoretical 

results showed that the 2H-1T domain has superior activity with ∆GH∗ = −0.13 eV at the 

2H-1T boundary. This issue was further investigated in the computational study by Jiang 

and coworkers [381]. They showed that the HER mechanism in the basal plane of 1T-

MoS2 follows the Volmer-Heyrovsky route. However, in the "zigzag" and "armchair" 1T-

2H boundaries the Volmer-Tafel reaction on S atoms was energetically favorable which 

was partially in contrast with the results obtained in a previous study where the Volmer-

Heyrovsky route on S atoms was shown to be the favorable mechanism in 1T'-2H 

boundaries [382]. 

Doping has been extensively applied to activate MoS2, through various effects, including 

generating new catalytic sites, enhancing conductivity, and elevating reaction kinetics. 

While Re, Tc, and Mn dopants help to improve the catalytic activity of MoS2 by 

stabilizing the 1T phase [383], Zn dopants modulate the energy level and induce more 

active sites [384]. Moreover, doping 2H-MoS2 with metallic SWNTs improves the 

catalytic activity by enhancing its conductivity [287]. The incorporation of dopants in the 

MoS2 structure can enlarge the interlayer spacing, thus altering the d-band electronic 

structure and reducing the hydrogen adsorption free energy, facilitating the HER process. 

Doping MoS2 with Se has shown to be effective in modulating the bandgap and, hence, 
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improving the catalyst's conductivity for HER [385]. Previous studies have shown that 

doping MoS2 with nonmetal heteroatoms such as nitrogen, boron, or phosphorus has a 

dual function; it activates the S edges by modulating the electronic structure and elevating 

the kinetics of HER, and promotes rapid charge transfer. Xiao et al. studied the effect of 

the N dopants on edges and basal plane of MoS2 and found that N-doped MoS2 with ~8% 

N content have an excellent HER activity with exhibiting an overpotential of 121 mV 

(100 mA cm-2) and 41 mV dec-1 for the Tafel slope [386]. Another study shows that the 

P dopant activates the basal plane and reduces the valence charge on Mo atoms; therefore, 

S-edge sites become optimized at the same time [386]. Finally, P and O co-doped catalyst 

exhibited an onset overpotential of 130 mV with a 49 mV dec-1 Tafel slope [387]. 

Strain engineering can be mentioned as the last primary strategy to enhance the HER 

activity of MoS2. Due to the atomic thickness, strain can be introduced to achieve the 

lattice deformation of MoS2. The d-band electronic structure would be modulated and 

optimized to get closer to the Fermi level, thus prompting the electron-transfer rate in 

hydrogen adsorption and desorption. It has been shown that direct growth of MoS2 on a 

curved surface of gold could introduce the external strain into a continuous single-layer 

MoS2 film [388]. As a result, the S–Mo–S bonding angles change, thus causing a local 

semiconductor-to-metal transition in monolayer MoS2. Zheng et al. showed that the 

introduction of strain into the S vacancies of the monolayer 2H-MoS2 would result in the 

transition of valence bands created by the presence of S toward the Fermi level [389]. By 

implementing this strategy, they made the bandgap narrower and produced richer 

bandgap states near the Fermi level of MoS2. 

5.1.3 Aims of study 

Despite enormous efforts in advancing the HER activity of MoS2, there are still 

significant controversial results in the published reports. Additionally, some fundamental 

questions such as the exact active site and mechanism on different MoS2 structures are 

still far from being experimentally answered despite theoretical calculations. Moreover, 

the structural and chemical changes of crystallized monolayer MoS2 during HER are 

unclear. Recently, a series of operando techniques have been employed to investigate the 

intrinsic electrochemical behaviors of electrocatalysts [390]–[392]. Unfortunately, almost 

all of these studies have chosen amorphous MoS2 due to the presence of significantly 

more catalytic sites, which makes the operando investigation more feasible. However, the 

amorphous MoS2 has poor stability and it would spontaneously crystallize to form 2H-



 
Chapter 5: Effect of Structural Modification on HER Activity of MoS2 
 

90 
 

MoS2 [393]. This study aims to provide a deeper insight into the factors affecting the 

structural and electrochemical properties of MoS2. First, a systematic investigation was 

performed to reveal the possibility of manipulating the MoS2 phases and intrinsic 

properties during CVD synthesis. Then, the effect of N2 plasma on different phases of 

single-layer MoS2 and their HER activity is studied. Finally, the evolution of various 

structures under operando conditions was investigated.  

5.2 Experimental 

5.2.1 Synthesis and Transfer of MoS2 

CVD of MoS2 was performed inside a multitemperature-zone tubular furnace on 25μm 

thick Au foil as the substrate. Sulfur powder, placed outside the hot zone, was mildly 

sublimated at ~120 ºC with heating belts and carried by Ar gas (50 sccm) to the 

downstream growth zone. MoO3 powders (Sigma Aldrich, ACS reagent) and Au foils 

were successively placed on the downstream region of the quartz tube. After setting the 

total pressure to 0.8 mbar, the MoO3 powder was heated from room temperature to 530 

ºC with a heating rate of ~17 ºC/min. The growth time and temperature were set to 60 

min and 530 ºC, respectively. To study the effect of the precursor's distance on the 

structure of MoS2, the Au substrates were placed on a quartz sample holder with different 

distances from the MoO3 powder. 

Due to the HER activity of Au foil, it is necessary to transfer the MoS2 films onto arbitrary 

substrates such as FTO glass to ensure the reliability of the electrochemical results 

obtained while using Au as the substrate. The first step of the transfer process was to spin 

coat the samples with PMMA 2%. The coating time and speed were set to 30 seconds and 

2000 rpm, respectively. The wafers were then baked at 170 ºC for 10 min, followed by 

floating them on an etchant solution at 40 ºC for 12 h, while stirring very gently. The 

etchant solution was prepared by a mixture of KI : I2 : DI water = 10 g : 2.5 g : 150 ml. 

Finally, the films were rinsed and floated on DI water three times. FTO substrates were 

used to fish out the PMMA-capped MoS2 films, followed by heating at 170 ºC for four h 

at a 45° angle. This heating step is crucial to enhance the sticking of the films to the 

substrate. Finally, PMMA was cleaned from the top of MoS2 by soaking the films in 

absolute acetone. 

5.2.2 Doping MoS2 with Nitrogen 

The PECVD system was used to prepare N-doped MoS2. The N plasma was generated by 
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flowing 1.9 sccm of N2 gas while the chamber pressure was set to ~ 9.0 mTorr. The films 

were exposed to N2 plasma with 10 W power for 40 s. After the treatment at room 

temperature, the system was switched off, and the flow rate of N2 was increased to 50 

sccm. The samples were kept under this atmosphere for 30 minutes to ensure that their 

surface has stabilized. 

5.2.3 Physical Characterization 

XPS measurements were performed in a laboratory system (Thermo K-alpha) equipped 

with a monochromatized Al K-alpha X-ray source. The XPS binding energies were 

referenced to the Au 4f peak. The phase composition of the films and the concentration 

of N in N-doped samples were determined by the quantitative analysis of Mo 3d, S 2p, 

and N 1s XPS spectra. Sensitivity factors (1.676 for N 1s, 6.51 for Mo 3d, and 1.881 for 

S 2p) that took photoionization cross-section and kinetic energy dependent inelastic mean 

free path of electrons into account were used in the quantification. Raman spectroscopy 

(Renishaw INVIA) investigations were performed by setting the laser excitation 

wavelength at 532 nm and 252 μW. 

5.2.4 Electrochemical Characterization 

All the electrochemical measurements were carried out using a Biologic SP-200 

potentiostat in a standard three-electrode cell at room temperature. The three-electrode 

cell configuration consisted of a Pt spiral wire as a counter electrode, an Ag/AgCl in 4 M 

KCl as a reference electrode, and MoS2 samples on Au foil or FTO substrate as the 

working electrode. The cyclic voltammetry (CV) measurements were performed in 0.5 M 

H2SO4 electrolyte solution at room temperature from 0.15 to -0.32 V vs. RHE with a scan 

rate of 20 mV/s. All potentials reported here are vs. RHE. To have a standard parameter 

in comparing the onset potential for the different samples, the required potential to reach 

-10 mA.cm-2 (η10) was calculated. The double-layer capacitances (CDL) were estimated 

by plotting anodic and cathodic current density differences (Δj) against the potential scan 

rate. The slopes of such plots were assumed to be twice of CDL and used to represent the 

samples' electrochemical surface area (ECSA). Tafel analysis was performed to 

determine the kinetic parameters of the HER. The “b” parameter in the Tafel equation (η 

=a+b log(j)) was specified at the potential range before and after onset potential. 

5.2.5 SEC-Raman Characterization 

SEC-Raman measurements were carried out using a homemade electrochemical cell 

setup attached to a Renishaw INVIA Raman spectrometer while setting the laser 
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excitation wavelength at 532 nm. The electrochemical cell setup, attached to a Biologic 

SP-150 potentiostat, had a three-electrode configuration similar to the one used in 

electrochemical measurements. The chronoamperometry (CA) was measured by setting 

potentials with 0.05 V intervals from 0.15 V to -0.25 V (vs. RHE) for 3 minutes. The 

corresponding Raman spectrum was recorded after keeping the sample at a constant 

potential for 1 minute.  

5.3 Enhanced HER Activity of MoS2 through Structural Modifications 

Raman spectroscopy can be used to identify the number of layers [394] and different 

phases of MoS2 [319]. Theoretical calculations predicted four first-order Raman active 

modes for crystalline trigonal bulk MoS2 [395]. These modes include E2
2g (at ~32 cm-1), 

E1g (at ~286 cm-1), E1
2g (at ~383 cm-1), and A1g (at ~408 cm-1). The E2

2g mode arises from 

the vibration of an S–Mo–S layer against adjacent layers. Due to the presence of this peak 

in the vicinity of Rayleigh scattering, it is difficult to observe it with conventional Raman 

spectrometers. The other three Raman active modes are mainly induced by the intralayer 

atomic vibrations. The E1g is attributed to the in-plane vibration modes and is forbidden 

in the back-scattering experiment on a basal plane. The in-plane E1
2g mode results from 

the breathing mode vibration of two S atoms with respect to the Mo atom, while the A1g 

mode is associated with the out-of-plane vibration of only S atoms in opposite directions 

[394] (Figure 5-3). 

 
Figure 5-3 Schematic representation of the four first-order Raman active vibration modes for MoS2 

In addition to these modes, some second-order peaks promoted by strong electron-phonon 

couplings can be observed too. The most prominent second-order mode is around 460 

cm-1 and is due to a process involving the longitudinal acoustic phonons at the M point 

(LA(M)) [394]. The frequency, intensity, and width of the peaks of E1
2g and A1g modes 

are strongly dependent on the number of layers [348]. Among these variations, the most 

consistent and observable change is the frequency alteration with respect to the number 
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of layers. The interlayer van der Waals (vdW) interactions, which suppress atomic 

vibrations, vanish as the layer number decreases. This results in a redshift in out-of-plane 

A1g mode frequency induced by lower force constants [394]. On the contrary, the in-plane 

E1
2g mode shows a blueshift as MoS2 becomes thinner. This is attributed to stacking-

induced changes or a decrease in long-range Coulombic interlayer interactions affecting 

the atomic vibrations [397], [398]. In addition to E1
2g and A1g modes, the symmetry 

differences in 1T-MoS2 result in several additional Raman vibrational modes. These 

modes are assigned as J1 (~160 cm-1, attributed to the in-plane shear mode vibration), J2 

(~225 cm-1, attributed to the slip of the S atoms layer relative to the Mo atoms), and J3 

(~330 cm-1, related to the elongation of the one side of the zigzag chains relative to the 

other side) [270], [351], [352]. The presence of these peaks can be correlated to the 

existence of a superlattice. Due to the wave-vector conservation, Raman spectra typically 

contain peaks corresponding to zone-center modes only. However, upon formation of a 

superlattice, the Brillouin zone is reduced, and zone-boundary points of the original 

system can be combined with Г' of the additional zone. Raman scattering events may then 

involve zone-edge phonons without violating wave-vector conservation [318]. So, Raman 

spectroscopy can be used to determine the structural phase of MoS2. However, it is not 

easy to obtain an accurate quantitative analysis of the phase composition from the Raman 

spectra alone due to the weak Raman response of these modes and variation in scattering 

cross-section. 

In order to study the structure of the MoS2 samples synthesized at different distances (8, 

10, 12, 14, 16, 18, 20, 22, and 24 cm) from the MoO3 precursor, the samples were 

characterized by Raman spectroscopy. Henceforth, these samples will be mentioned as 

Mo-X (X: distance of the substrate from the Mo precursor in cm). The presence of J2, 

E1
2g, and A1g modes for the MoS2 samples on Au foil can be seen in Figure 5-4a. The 

peak at ~190 cm-1 corresponds to the interference of A1g and longitudinal acoustic (LA) 

vibrations at M point [401]. Despite difficulties in quantitative analysis of MoS2 Raman 

spectra, the results can be compared qualitatively. Due to the identical structural 

parameters between 1H-MoS2 and 2H-MoS2 [352], the 1H phase is generally overlooked 

in the literature. However, some studies have shown that there is a significant difference 

in the frequency of A1g modes in 2H-MoS2 (~410 cm-1) and 1H-MoS2 (~403 cm-1) [353]. 

Although both phases show semiconducting behavior, there is an increase in bandgap and 

transition from indirect to direct bandgap when transforming 2H-MoS2 to 1H-MoS2. The 



 
Chapter 5: Effect of Structural Modification on HER Activity of MoS2 
 

94 
 

results obtained in our study revealed the A1g modes at ~403 cm-1 (Figure 5-4a), 

confirming the presence of the 1H-MoS2 phase. Due to the alteration in Mo-Mo bonds 

strength and length when converting 1H-MoS2 to 1T-MoS2, the in-plane vibrations 

related to the E1
2g peak would be sensitive to the phase composition of MoS2. Hence, the 

intensity of the A1g mode is taken as the reference point, and intensity ratio analysis has 

been performed based on the intensity ratio of the J2 and E1
2g peak to the A1g mode. The 

blue curve in Figure 5-4b shows the disappearance of J2 to A1g intensity ratio (𝐼𝐽2/𝐼𝐴1𝑔) 

by increasing the distance of Au substrate from MoO3 powder. Meanwhile, the intensity 

ratio of E1
2g to A1g (𝐼𝐸2𝑔1 /𝐼𝐴1𝑔) shows an inverse trend with increasing distance. These two 

trends reveal the distance dependent phase transformation in MoS2 structure. While the 

Mo-8 sample has 1T@1H-MoS2 structure, the samples become pure 1H at the distances 

above 16 cm. Another important trend for the Raman spectra showed in Figure 5-4a is 

the decline in the total intensity of the peaks with increasing distance. Our analysis about 

the distance between the E1
2g and A1g peak positions (showed in Figure 5-4c) revealed 

that it varies between ~19 and 20 cm-1 with changing the samples position. This range is 

in agreement with previously reported values for monolayer MoS2 films on Au substrate 

[298], [354]. As a result, the thickness of the films does not change with modifying their 

synthesis position. Hence, the decline in overall Raman intensity can be correlated with 

the synthesis of smaller flakes of MoS2 at distances far from the Mo precursor. In addition, 

there is a slight redshift in the position of E1
2g and A1g modes at distances higher than 16 

cm. This can be due to the softening of the Mo-S bond promoted by the formation of in-

plane S vacancies [355]. 

 
Figure 5-4 a) Raman spectra of samples synthesized on the Au substrate placed at different distances from 
the Mo precursor, b) the J2 to A1g intensity ratio (blue curve) and E1

2g to A1g intensity ratio (red curve) with 
respect to the synthesis distance, and c) the alteration in E1

2g and A1g peak positions versus the distance of 
the sample from Mo precursor. 

A more detailed investigation about the phase transformation is possible through XPS 
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analysis. XPS scan from Mo 3d region of pure 2H-MoS2 usually reveals two peaks around 

230.0 and 232.5 eV, corresponding to photoelectrons from the Mo4+ 3d5/2 and Mo4+ 3d3/2 

states, respectively [271], [357], [358]. These two peaks can be seen at ~229.0 and ~232.2 

eV for 1H-MoS2 in Figure 5-5a (red peaks). The XPS scans were taken while the samples 

were on the Au foil substrate. The combination of the contradictory effects of the metallic 

substrate with the wider bandgap in 1H-MoS2, compared to 2H-MoS2, results in a slight 

shift towards lower binding energies. Another doublet (shown with blue in Figure 5-5a) 

at ~227.8 and 231.4 eV can be seen for the Mo-8, Mo-10, Mo-12, and Mo-14 samples. 

These peaks are assigned to Mo4+ 3d5/2 and Mo4+ 3d3/2 states of 1T-MoS2 [374]. The lower 

binding energy of 1T related peaks compared to 1H related ones indicate higher electron 

density around Mo atoms in the 1T phase [357]. As a result, the same observation for the 

phase transformation with the distance change discussed above can be seen here. The 

green peak at ~226.5 eV is attributed to the S 2s electrons [357]. To further investigate 

these observations, the S 2p spectra of the samples were analyzed (Figure 5-5b). The red 

peaks at ~162.1 and 163.3 eV indicate S2- state in 1H-MoS2 (S 2p3/2 and S 2p1/2, 

respectively). Meanwhile, the blue peaks at ~160.2 and 161.4 are assigned to the same 

state in 1T-MoS2 [359]. The 1T-MoS2 phase-related peaks in S 2p spectra vanish 

simultaneously with the Mo 3d peaks correlated to this phase. The peak at ~166.1 eV can 

be assigned to the [SO3]2- groups [408], which can be due to the oxidation of the 

unsaturated S atoms in the boundaries under ambient conditions. The disappearance of 

this peak for the Mo-18 and Mo-20 samples can be due to the greater extent of 1H phase 

purity, which results in the lower amount of phase boundaries. Also, it can be seen that 

the overall signal count for both Mo 3d and S 2p regions decreases with increasing the 

distance. This is in agreement with the Raman peak intensities reduction observed in 

Figure 5-4a. As a result, XPS analysis confirms the transformation of 1T phase to 1H 

followed by a shrinkage in the size of the synthesized MoS2 flakes as the synthesis 

distance increases. 
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Figure 5-5 Deconvoluted high-resolution XPS spectra of a) Mo 3d region and b) S 2p region for the samples 
synthesized at different distances from the Mo precursor. 

For the samples at higher distances, a small peak attributed to the Mo6+ evolves at ~235.0 

eV (Figure 5-5a). This can represent the partial oxidation of Mo atoms due to the presence 

of S vacancies. On the other hand, in the S 2p spectrum of the Mo-24 sample, a new peak 

at ~168.8 emerges. This peak is correlated to the [SO4]2- groups [408]. The appearance of 

this peak coincides with the emergence of a doublet at ~164.1 and 165.3 eV (shown with 

green in Figure 5-5b), which can be ascribed by the S2− neighboring oxidized S species 

[409]. Similar observations can be made by studying the O 1s spectra of the samples 

shown in Figure 5-6c. Unfortunately, due to the significant overlap, it is not possible to 

clearly distinguish the contribution of oxidized S and Mo atoms on O 1s spectra. 

However, it can be clearly seen that the overall intensity of O 1s first drops by increasing 

the distance (and hence decreasing the density of phase boundaries) and reaches to 
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minimum for Mo-16. Then it starts to increase, and the total O content gets maximized 

for the Mo-24 sample. These observations indicate that while the flakes synthesized at 

higher distances are smaller than the closer ones, they are also different from the other 

samples in having S vacancies and oxidized S groups. Quantitative analysis on Mo 3d 

peaks of 1H and 1T phases revealed that the composition of the Mo-8 sample contained 

~65 at. % 1T phase (Figure 5-6a). This value drops to 50 at. % for the Mo-14 and becomes 

almost zero for the rest of the samples. While according to XPS results, the samples 

synthesized at distances higher than 16 cm do not contain 1T phase, the atomic percentage 

of the 1H-MoS2 never reaches beyond 97%. This is due to presence of Mo-O groups, with 

maximum amount of 5.78% for the Mo-24 sample. Using Mo 3d and S 2p peaks, the 

S/Mo ratio has been calculated and the results for different samples are shown in Figure 

5-6b. It can be clearly seen that the S/Mo ratio is almost equal to the stochiometric value 

of MoS2 up to the 16 cm. However, at higher distances, this ratio falls rapidly, reaching 

to a minimum of S/Mo:1.15 for the Mo-24 sample. This decrease in the S/Mo ratio is in 

agreement with the prediction of the presence of S vacancies based on Figure 5-5b. It can 

also be stated that while Mo-18 and Mo-20 samples contain mainly single S vacancies, 

for the Mo-22 and Mo-24 samples, the undercoordinated Mo atoms become exposed to 

the ambient conditions and electrolyte and hence get oxidized. In a recent study, the 

S/Mo: 1.7 was introduced as the threshold for the exposure of undercoordinated Mo atoms 

to atmospheric oxygen [371].  

 
Figure 5-6 a) Phase composition evolution of the samples based on XPS Mo 3d region versus the synthesis 
distance and, b) The variation in the S/Mo atomic ratio with respect to the synthesis distance, and c) O 1s 
spectra of the samples synthesized at different distances. 

The HER activity of the samples was investigated by studying CV scans obtained from 

them (Figure 5-7a). According to the previous characterization results and the overall 
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trend in CV scans, the samples can be divided into three main group. The red group (with 

low synthesis distance) contains the samples with 1T phase component in their structure. 

Due to the presence of this phase, it is expected to have a partially active basal plane for 

this group [374], [382]. The CV results and η10 values (shown in Figure 5-7b) are in 

agreement with this expectation. The overpotential and current density of the samples in 

this group worsen as the 1T phase concentration decreases by increasing the distance. The 

blue group, which includes Mo-16, Mo-18, and Mo-20 samples, shows the weakest HER 

activity among all other samples. Due to the absence of the 1T-MoS2 phase and defects, 

the number of available active sites is minimum among this group, resulting in higher 

overpotential and lower current density. Finally, the green group is attributed to the 

samples synthesized at the most extended distances from the Mo precursor (Mo-22 and 

Mo24). The smaller flake size and the presence of vacancies in the samples of this group 

results in a higher number of available active edge sites. This can be confirmed by 

comparing the CVs and η10 values of this group with the blue and red groups. The only 

sample with similar activity to the green group is the Mo-8 sample, which contains more 

than 60% metallic 1T phase. A decrease in the activity was observed during recording 

consecutive CV cycles for all of the samples. The alteration in the η10 values of Mo-8, 

Mo-22, and Mo-24, is presented in Figure 5-7c. While the η10 values for all samples 

increase by increasing the number of the CV cycles, it follows a faster trend for the Mo-

8. The quicker reduction in the activity of Mo-8 can be due to the transformation of 1T-

MoS2 to 1H-MoS2. 

 
Figure 5-7 a) CV scans taken from the samples synthesized at different distances, b) the variation of the 
η10 values with the synthesis distance and, c) the change in the overpotential value of Mo-8, Mo-22, and 
Mo-24 samples by increasing the number of the CV scans. 

To study the change in HER kinetics with varying synthesis distances, the Tafel slope for 

all samples was calculated, and the plots are shown in Figure 5-8a. Depending on the 

overpotential range in which the Tafel slope is determined, its value can show significant 
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variation. In order to rule out the possibility of reporting misleading values for the Tafel 

slope, it is calculated at two overpotential regions. These regions were chosen at the 

vicinity of the onset overpotential; one was before the onset potential (shown with the 

half-filled circles in Figure 5-8b), and the other was after the onset potential (indicated 

with the filled squares in Figure 5-8b). A volcano shape plot can be revealed for both 

regions, where the Mo-8, Mo-10, Mo-22, and Mo-24 have the lowest Tafel slopes. This 

indicates lower kinetic barriers for these samples compared to the others, confirming 

earlier discussed electrochemical results.  Experimentally, the Tafel slope is viewed as an 

intrinsic property of electrocatalysts, which is determined by the rate-limiting step and 

allows for the distinction of possible mechanisms for HER. The HER kinetic models 

suggest a Tafel slope of about 120, 40, or 30 mV.dec-1 for the Volmer, Heyrovsky, and 

Tafel steps being the rate-determining reaction, respectively [410]. Based on the results 

shown in Figure 5-8b, the Volmer-Heyrovsky mechanism with the Heyrovsky reaction as 

the rate-determining step can be introduced as the HER pathway for the samples in the 

peak of the volcano plot. However, depending on the chosen potential region for the Tafel 

slope calculation, the prediction about HER mechanisms of the samples in the downhill 

of the volcano plot can vary. The presence of various HER active sites with different 

proposed HER mechanisms on a single sample, makes it impossible to have a definite 

judgment about the HER mechanisms of these samples based on their Tafel slope values.  

As it has mentioned in chapter two, the ECSA of the samples can be qualitatively 

compared based on the double layer capacitance (CDL) value. Figure 5-8c and Figure 5-8d 

show how this quantity changes among the samples. For the 1T@1H-MoS2 films (the red 

group), the main electrocatalytically active sites are the basal plane of the 1T phase and 

the 1T-1H phase boundaries [324]. The decline of the ECSA among the red group proves 

that the number of both sites decreases by increasing the distance. After obtaining the 

minimum CDL value for Mo-16, there is an enhancement in ECSA for the other samples 

of the blue group. This trend aligns with the trend in the S/Mo ratio seen in Figure 5-6c, 

clearly confirming the role of S vacancies in the improvement of the HER activity of these 

samples. Despite the better electrochemical activity of the Mo-22 and Mo-24, they pose 

low ECSA. This can be due to the significantly lower MoS2 flake coverage on the Au foil 

and hence lower geometric surface area for these samples. 
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Figure 5-8 a) Tafel plot, b) variation of Tafel slope versus synthesis distance, c) the variation in the 
difference between cathodic and anodic current versus scan rate, and d) the CDL value alteration with respect 
to the synthesis distance, obtained from calculating the slope in part (c). 

The high current density obtained from Mo-22 and Mo-24 contrasts with the low 

geometric area and small flake size confirmed by Raman and XPS and low ECSA values 

of these samples. Since underlying Au foil has HER activity, it is necessary to evaluate 

the electrocatalytic activity of the samples on FTO to ensure about the effect of Au on the 

results reported in Figure 5-7 and Figure 5-8. Figure 5-9 shows the CV scans obtained 

from the same set after transferring onto FTO substrate. As it can be seen, the general 

trend is similar to the trend observed when performing the same experiment on the Au 

foil. However, due to the significantly lower electron coupling between the samples and 

FTO compared to Au foil, both current density and overpotential worsened [346]. Hence, 

the electrochemical measurements performed on Au foil are also reliable and can be used 

to compare the activity of the samples. 
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Figure 5-9 CV scans taken from the samples synthesized at different distances on FTO substrate 

As mentioned earlier, one of the main strategies for enhancing the HER activity of MoS2 

is to dope nonmetal heteroatoms such as N into its structure. The main techniques to 

prepare N-doped MoS2 are hydrothermal methods, calcination, and N2 plasma. To the 

best of our knowledge, most of the hydrothermally prepared N-doped MoS2 samples 

reported in the literature suffer from low N concentrations. On the other hand, the 

employment of high temperatures in the calcination, results in the transformation of 1T 

phase to 1H/2H [411]. Hence, N2 plasma has been used in this study to prepare N-doped 

MoS2 from Mo-8 and Mo-24, which will be called Mo-8-N and Mo-24-N, respectively. 

The structural alterations of MoS2 after N doping were studied by obtaining Raman map 

from an area of 400 μm2 with 0.5 μm step size on the Mo-8 and Mo-24 samples before 

and after N doping.  

The majority of the studied area for both Mo-24 (Figure 5-10a) and Mo-24-N (Figure 

5-10b) samples had an A1g to E1
2g peak distance between 19.7 and 21.4 cm-1. The 

similarity in the peak distance for the two samples reveals that the exposure of N2 plasma 

did not severely affect the thickness of the samples. In addition to the information 

obtained from analyzing the distance between the peaks, the peak position changes can 

provide useful information about the alterations in the bond stiffness. In order to study 

the peak position changes of the samples, the spot with similar A1g to E1
2g peak distances 

have to be compared. For this purpose, the spots with a A1g to E1
2g peak distance between 



 
Chapter 5: Effect of Structural Modification on HER Activity of MoS2 
 

102 
 

20.6 and 21.0 cm-1 were selected. Figure 5-10c and Figure 5-10d show the peak position 

of the E1
2g and A1g modes, respectively. It can be seen that there is ~1.5 cm-1 blueshift in 

both peak positions for most of the spots after N-doping. The blueshift of the E1
2g mode 

suggests that a compressive strain is generated in the Mo-24-N structure due to the 

presence of Mo−N bonding [412]. In addition to the effect of compressive strain, charge 

doping effects are likely to contribute to the measured Raman signal [411], [413]. This 

effect is observed as the blueshift in the A1g peak position, consistent with the p-type 

doping of MoS2 given by substitutional N. 

 
Figure 5-10 Raman maps for the peak position distance between A1g and E1

2g peak of a) Mo-24 and b) Mo-
24-N obtained from a 400 μm2 area. Histogram for the distribution of c) E1

2g and d) A1g peak positions in 
Mo-24 (green bars) and Mo-24-N (purple bars) at the spots with similar A1g to E1

2g peak position distance.   

According to the previous studies, N doping does not promote 1H/2H to 1T phase 

transition. To evaluate this issue, the Raman maps for the 𝐼𝐽2/𝐼𝐴1𝑔ratio of Mo-8 and Mo-

24 samples were recorded. Figure 5-11a and Figure 5-11b show this ratio for the Mo-8 

and Mo-8-N, respectively. As it can be seen in these maps and their corresponding 
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histograms shown in Figure 5-11c and Figure 5-11d, N doping had a dual effect of both 

increasing the area covered with red or white-colored spots (𝐼𝐽2/𝐼𝐴1𝑔  higher than ~0.35) 

and also making most of the red spots darker (i.e. increasing number of the points with 𝐼𝐽2/𝐼𝐴1𝑔  higher than ~0.6). However, it is worth mentioning that while almost all of the 

red covered region has become darker upon N doping, the total number of the red spots 

increased only by 15% compared to the Mo-8 sample. As a result, the strain induced in 

the structure by N doping seems to promote the distortion, resulting in the conversion of 

1H-MoS2 to the 1T phase. However, doping is more effective in distorting the 1T-MoS2. 

This increase in the 𝐼𝐽2/𝐼𝐴1𝑔ratio upon N doping is in agreement with a recent report where 

the ratio changes from ~0.5 to higher than 1 by increasing N plasma duration [414]. 

 
Figure 5-11 Raman maps for the IJ2/IA1g ratio of a) Mo-8 and b) Mo-8-N samples and (c-d) their 
corresponding histograms.   

The same analysis was performed on the Mo-24 and Mo-24-N samples. The 𝐼𝐽2/𝐼𝐴1𝑔  

Raman map of Mo-24, shown in Figure 5-12a, agrees with our previous results, where no 

1T phase was observed. However, in contrast to Mo-8, there is no significant increase in 

the intensity of the J2 peak in the Mo-24 samples after doping with N (Figure 5-12b). It 

is noteworthy that due to the smaller flake size, the total intensity of the A1g band for the 

Mo-24 and Mo-24-N samples is almost twenty times smaller than the intensity of this 

peak for Mo-8 and Mo-8-N. As a result, it is possible that at some spots, the intensity of 
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the noise in the J2 frequency region results in a 𝐼𝐽2/𝐼𝐴1𝑔  ratio as high as 0.1. This effect 

becomes more pronounced on the N-doped samples, where the overall Raman intensities 

drop. The histograms of Mo-24 (Figure 5-12c) and Mo24-N (Figure 5-12d) show that the 

majority of the spots had negligible 𝐼𝐽2/𝐼𝐴1𝑔  ratios. With these observations, it can be 

stated that the N-doping does not lead to 1H/2H to 1T phase transition in a sample without 

initial 1T phase. In other words, the compressive strain induced by N doping in 1H-MoS2 

is not enough to convert it to the 1T phase. This agrees with the structural alteration of 

the Mo-8 sample upon N doping. Hence, it can be assumed that the room temperature 

low-power N2 plasma only promotes the 1H to 1T phase transition in the phase 

boundaries, and no phase transition happens in the absence of the boundaries. 

 
Figure 5-12 Raman maps for the IJ2/IA1g ratio of a) Mo-24 and b) Mo-24-N samples and (c-d) their 
corresponding histograms. 

The composition of the samples and the presence of N dopants in the structure were 

further analyzed by XPS. The presence of 1T-MoS2 and enhancement in its amount after 

N doping can be observed from the Mo 3d spectrum of Mo-8-N (Figure 5-13a). 

Meanwhile, the only difference between Mo-24 and Mo-24-N is the increase in the 

intensity of the peak at ~235.0 eV (Figure 5-13d). This peak can be assigned to both Mo-

O [415] and Mo-N [411] groups. The same trends (i.e., increase in the intensity of 1T-

MoS2 and oxide component related peaks) can be seen by comparing the S 2p spectra of 
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Mo-8 and Mo-24 before and after N doping. The quantitative analysis has shown a ~13% 

increase in the 1T-MoS2 component of Mo-8-N compared to Mo-8. This is in agreement 

with our finding from the 𝐼𝐽2/𝐼𝐴1𝑔  ratio Raman map analysis. The most reliable evidence 

for the successful doping of N into the MoS2 structure, is by studying the N 1s spectra 

which are shown in Figure 5-13c and Figure 5-13f. The blue peak which is appeared at 

~395.0 eV is attributed to the Mo 3p3/2 [416]. The peak at ~399.0 eV can be assigned to 

Mo-N bonds [417]. All of the peaks related to Mo or S states of Mo-8-N and Mo-24-N 

have a shift toward higher bonding energy and slight broadening compared to their 

counterparts in the pristine Mo-8 and Mo-24 samples. This confirms the electron 

interaction between N, Mo, and S atoms and implies the decrease in electron density on 

the Mo and S atoms [417]. The creation of N 2p – Mo 3d – S 2p orbital hybridizations 

and transfer of electrons towards N with higher electronegativity can be the reason for the 

decrease in the electron density of Mo and S atoms [386]. 

Finally, the quantitative analysis revealed a similar N content of ~8 at. % in both Mo-8-

N and Mo-24-N. In parallel, the S/Mo ratio for both samples decreased upon the 

introduction of N, suggesting preferential removal of sulfur. So, N doping proceeds with 

substituting S atoms with N, followed by the creation of N-Mo bonds. This observation 

has previously been confirmed by first-principles calculations [418]. However, the 

decrease in S concentration is higher than the amount of N introduced to the structure. 

Hence, it can be concluded that N2 plasma has a dual effect of both substituting S with N 

and creating S vacancies. Also, despite the equal atomic percentage of N dopant in Mo-

8-N and Mo-N-24, the S/Mo ratio decrease compared to Mo-8 and Mo-24-N is not the 

same for the two samples. While Mo-8-N has a S/Mo ratio of ~1.6 (~16% less than Mo-

8), this value for Mo-24-N is ~0.86 (~25% less than Mo-24-N). This shows that creating 

S vacancies by plasma is more efficient on a sample with more edge sites and initial 

vacancies.   
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Figure 5-13 Deconvoluted high-resolution XPS spectra of a,d) Mo 3d, b,e) S 2p, and c,f) N 1s regions for 
Mo-8 and Mo-8-N (upper row) as well as for Mo-24 and Mo-24-N (lower row).  

The N doping effect on the HER activity of Mo-8 and Mo-24 was studied by comparing 

the CV scans of these samples with the results obtained from Mo-8-N and Mo-24-N 

(Figure 5-14a). Previous studies have shown that N dopants enhance the HER activity of 

both S-edges and Mo-edges on MoS2 [386]. This results in an improved onset potential 

and current density, clearly seen in Figure 5-14a. Figure 5-14b shows that the Tafel slope 

for both Mo-8 and Mo-24 decreases after doping with N, confirming lower kinetic 

barriers for Mo-8-N and Mo-24-N. The strong Mo 3d – S 2p – N 2p hybridizations at the 

Fermi level, which uniformly spread conducting charges over the basal plane and promote 

rapid charger transfer for the HER process, might be the main reason for this kinetic 

improvement [386]. Despite significant enhancement in the recorded current density from 

CV scans upon N doping, the CDL values have decreased for both samples. In comparing 

ECSA of the samples through their CDL values, the effect of surface roughness on the 

calculated CDL has to be considered carefully. The formation of vacancies and defects on 

the basal plane of MoS2 induced by N2 plasma changes the morphological surface 

properties of the films. In addition, due to the single-layer property of the films 

synthesized in this project, there is a chance to partially remove MoS2 film and expose 
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the Au substrate to the electrolyte by applying plasma. All these alterations affect the 

calculated CDL values [175]. The variation of the η10 value versus CV cycles for the Mo-

24-N has a similar trend to the Mo-24. However, the Mo-8-N shows a much more rapid 

increase in the η10 value compared to Mo-8 and reaches the same overpotential value after 

nine cycles. This can imply that the mechanism by which N doping improves the HER 

activity of the 1T phase is not stable.  

 
Figure 5-14 a) CV scans, b) Tafel plot and, c) potential scan rate dependent variation of current density in 
non-faradaic region obtained from Mo-8 and Mo-24 samples before and after N doping. d) The variation 
in the required overpotential to reach -10 mA.cm-2 over CV scan cycles for Mo-8 and Mo-24 samples before 
and after N doping. 

As it was concluded from XPS deconvolutions and quantitative analysis, the exposure of 

Mo-8 to N2 plasma had the dual effect of promoting 1T phase coverage and introduction 

of S vacancies. Raman spectra obtained from the single spot of Mo-8 and Mo-8-N before 
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and after taking nine cycles of CV scans revealed that the J2 peak vanishes after CV 

(Figure 5-15). This can be attributed to the conversion of the 1T phase to 1H during 

electrochemical measurement. As a result, the trends observed in Figure 5-7c and Figure 

5-14d can be explained by this conversion. Consequently, as a result of sliding S atoms 

of the Mo-8 sample under operando conditions it contains only 1H-MoS2 phase after nine 

CV cycles. In the case of Mo-8-N, despite the presence of S vacancies and having a lower 

S/Mo ratio than Mo-8, following the conversion of 1T phase to 1H, the η10 value equals 

the overpotential of Mo-8. Recent theoretical studies have shown that the presence of S 

vacancies on 1T'-MoS2 does not positively affect its HER activity [419].  

 
Figure 5-15 Raman spectra of a) Mo-8, and b) Mo-8-N before (black lines) and after (grey lines) obtaining 
CV 

In order to further investigate the phase transition of the Mo-8-N sample during 

electrochemical measurement, the SEC-Raman experiment was performed on this 

sample. Raman spectra were taken by 0.05 V intervals, starting from a positive potential 

region. The selection of this region is based on the results reported in previous SEC-

Raman investigations on MoS2, where it is shown that MoS2 goes through an “activation” 

process prior to HER onset potential. During this activation stage, H adsorbs on the 

electrochemically active S atoms of MoS2 [420]. This provides a unique chance to study 

the structural modifications of MoS2 induced by H adsorption. Figure 5-16a and Figure 

5-16b show the data obtained from Mo-8-N for the J2 peak and the E1
2g/A1g peaks regions, 

respectively. While there is no significant change in the properties of E1
2g and A1g peaks, 

the intensity, and position of the J2 peak show sensitivity to the applied potential. The 

variation of 𝐼𝐽2/𝐼𝐴1𝑔  ratio and J2 peak position with respect to the applied potential can be 

seen in Figure 5-16c. Despite slight changes, both variables can be considered constant 

up to 0.00 V. Immediately after applying negative potential, the 𝐼𝐽2/𝐼𝐴1𝑔  ratio starts to 

drop, which resembles the 1T to 1H phase conversion. Between -0.05 and -0.20 V 
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potential region, where the rate by which the 𝐼𝐽2/𝐼𝐴1𝑔  ratio drops started to decrease, the 

J2 peak shows a red shift. This can be attributed to the weakening of the Mo-Mo bond in 

the remaining 1T-MoS2 component due to the H adsorption. According to our previous 

electrochemical measurement results, the onset potential for the Mo-8-N sample is ~-

0.215 V. Applying potentials more negative than this potential results in having a further 

decrease in both 𝐼𝐽2/𝐼𝐴1𝑔  ratio and J2 peak position, confirming further phase conversion 

and Mo-Mo bond weakening. Due to the generation of a vast amount of H2 bubbles, 

hindering the Raman signals, it was not possible to continue the experiment at more 

negative potential values. Additionally, Raman spectra were collected before and after 

the experiment, without applying any potential. These spectra are shown with red and 

dark cyan lines in Figure 5-16a and Figure 5-16b. Also, the 𝐼𝐽2/𝐼𝐴1𝑔  ratio for these two 

Raman spectra are shown with purple circles in Figure 5-16c. Interestingly, both 𝐼𝐽2/𝐼𝐴1𝑔  

ratio and J2 peak position recover after stopping the application of potential. However, it 

is important to consider that this is a partial recovery, and the initial and final values do 

not match precisely.  

 
Figure 5-16 SEC-Raman results of Mo-8-N sample in a) J2 peak and b) E1

2g/A1g peaks regions. c) The 
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variation in IJ2/IA1g and J2 peak position with respect to the applied potential. The red and dark cyan spectra 
and the purple circles show the data obtained from the sample without applying any potential. 

The partial recovery of the J2 peak after SEC-Raman measurement looks contradictory 

with its disappearance after taking nine cycles of CV, shown in Figure 5-16b. Hence, XPS 

measurements on the Mo-8-N sample after one and nine CV cycles were performed to 

investigate the compositional change of the samples. Figure 5-17 compares the obtained 

results with Mo-8 and Mo-8-N in Mo 3d, S 2p, and N 1s XPS regions. The spectra for the 

sample after one and nine CV cycles are named Mo-8-nC1 and Mo-8-NC9, respectively. It 

is clearly shown in N 1s XPS spectra that N atoms entirely leave the structure after 

performing one cycle of CV. This is accompanied by the decrease of the 1T-related peaks 

in the Mo 3d and S 2p spectra. Hence, it can be concluded that the elimination of N groups 

after the first CV cycle results in the conversion of the 1T component induced by the 

presence of N back to 1H. The remaining 1T phase can be the origin of the J2 peak in the 

Raman spectrum after the SEC-Raman experiment. Upon performing nine consecutive 

CV cycles, the initial 1T phase also gets converted to 1H. The XPS Spectra of Mo-8-NC9 

are very similar to the purely 1H covered samples such as Mo-16 and Mo-18 with a small 

Mo6+ peak in the Mo 3d spectrum, attributed to the Mo-O groups. The absence of 1T-

related peaks in XPS results for the Mo-8-NC9 agrees with the disappearance of the J2 

peak in Figure 5-15b. 

 

Figure 5-17 Deconvoluted high resolution XPS spectra of a) Mo 3d, b) S 2p, and c) N 1s regions for Mo-

8, Mo-8-N, Mo-8-NC1 and Mo-8-NC9 samples. 

5.4 Conclusion 

In summary, it has been shown that it is possible to engineer the phase, composition, flake 

size and defect density of MoS2 by modifying its synthesis parameters. The best HER 
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activity was obtained from the samples which had either highest metallic 1T phase or 

semiconductor phase with small flake size and high number of vacancies. The Volmer-

Heyrovsky mechanism with Heyrovsky step and the rate-determining step was suggested 

as the HER mechanism of these samples. The activity of the samples was further 

enhanced by introducing ~8 at. % N dopants into the MoS2 structure using room 

temperature low power N2 plasma. While this treatment did not have any effect on the 

thickness of the samples, it induced compressive strain in the MoS2 structure by 

substituting S atoms with N. This strain resulted in the further conversion of 1H phase to 

1T. The SEC-Raman and ex-situ XPS measurements revealed that adsorption of H on 1T-

MoS2 causes 1T to 1H phase transformation during HER which results in significant 

activity loss for this sample after recording consecutive LSV scans. 
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Chapter 6:  

The Effect of Compositional Stability of Nickel Sulfides 

on their HER Activity  

 

6.1 Introduction 

6.1.1 Structure, Properties, and HER Activity of Nickel Sulfides 

Nickel-based dichalcogenides, consisting of sulfides, selenides, and tellurides, have been 

attracted the electrochemical research society due to their promising properties. Among 

these, nickel sulfides are the most studied form for electrocatalytic hydrogen generation. 

Ni-S has a relatively complicated phase diagram compared to other TMDs. NiySx can 

have different polymorphs such as Ni3S2, Ni7S6, Ni9S8, NiS, Ni3S4, and NiS2 [421]. The 

insolubility of all these polymorphs in water makes them suitable candidates for neutral, 

near-neutral, and alkaline water splitting electrocatalysis. However, they dissolve readily 

in a strong acidic medium [422]. Numerous synthesis methods have been developed for 

the facile and straightforward synthesis of nickel sulfides. But it is challenging to control 

chemical composition and morphologies of nickel sulfide in most of these methods. 

Recent studies with relatively better compositional controlled synthesis methods have 

shown a difference in HER activity of various nickel sulfide polymorphs [423]–[429]. 

Zhu et al. have reported a remarkable HER activity for the NiS microspheres prepared on 

Ni foam with an overpotential of 158 mV for delivering 20 mA.cm-2 in 0.1 M KOH 

electrolyte [428]. In another study, the Ni3S2 electrode on Ni foam showed a higher 

overpotential (200 mV) [430] than that of the NiS microspheres prepared by Zhu et al. 

[428]. Tang et al. [431] investigated the HER activity of the pyrite type NiS2 polymorph. 

This electrode showed promising activity, demanding 243 mV at 10 mA.cm-2. Due to the 

sensitivity of the overpotential value to the cathode loading amount, chosen substrate, 

Ni:S stoichiometric ratio, and morphological differences, it is not possible to have a 

distinct comparison between the HER activity of nickel sulfide polymorphs based on 

these studies [422], [432]. For instance, pure NiS2 in different morphologies displays 

varying activities in alkaline media, with overpotentials between 67 and 220 mV [425]. 
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Recently, Manjunatha et al. [421] synthesized NiS, Ni3S4, and NiS2 hydrothermally and 

investigated the OER activities of these polymorphs. Their results revealed the lowest 

onset overpotential for NiS electrodes with cubic morphology. However, this finding can 

be misleading since the morphology of synthesized polymorphs was not identical. 

Even in the case of studies with the same Ni:S stoichiometric ratio or similar morphology, 

the overpotential value may have been drastically affected by the current normalization 

method (i.e., whether it has normalized based on ECSA or geometric surface area or 

specific surface area). To overcome these uncertainties, Jiang et al.[426] performed a case 

study where a series of nickel sulfide nanoparticles were prepared with varying 

stoichiometries such as NiS, NiS2, and Ni3S2. It was found that these nickel sulfide 

nanoparticles exhibited HER activity in the following order: Ni3S2 > NiS2 > NiS. The 

higher ECSA and electrical conductivity of Ni3S2 were introduced as the origin of this 

superior activity. The results of this study contradict the earlier studies discussed above. 

In light of outstanding findings in the electrochemical activity of metal-rich TMDs, 

numerous studies have been performed on Ni3S2 and Ni9S8 polymorphs [433], [434]. 

However, despite the high HER activity of the cubic pyrite-phase NiS2, there is a lack of 

comprehensive investigation about their stability and degradation during HER. Operando 

studies performed by Zhu et al. [435] on CoP2 revealed the surface composition 

transformation during electrochemical experiments. According to their findings, the 

reactive species are metallic cobalt (for HER) and cobalt oxyhydroxide (for OER), not 

the initial phases. Recently, Karakaya et al. studied the surface composition and structure 

transformation of mesoporous NiS2 electrocatalyst during HER in alkaline media by ex-

situ characterizations. According to their results, while the presence of S on the surface is 

critical for the stimulation of HER activity, partially hydroxylated, under-coordinated Ni 

sites formed upon amorphization along with sulfurous ions leaching out provide the most 

active surface for the HER [436]. 

Theoretical calculations have suggested the high electronegativity of S as the origin of 

elevated activity of nickel sulfides in weak acidic electrolytes [437]. Other studies 

propose that both S and Ni sites on (001) terminated NiS2 could be active with the 

relatively smaller free energy of H adsorption on Ni sites [438]. These findings are similar 

to the results of investigations on other TMDs, where under coordinated metal sites have 

been pointed out to have an essential role in determining the electrochemical activity 

[434], [439].  
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All these contradictory experimental results, albeit the presence of detailed theoretical 

studies, show the importance of performing experimental investigation about the details 

of HER mechanism and electrode evolution under operando conditions. Such a study 

would be possible only on a pure electrode with stable and reproducible morphology. 

6.1.2 Aims of Study 

Here we report a facile one-step S treatment and hydrothermal synthesis of nickel sulfide, 

which result in different phases with 2D and 3D structures. Due to the high number of 

available active sites of the 2D structures, these samples showed superior electrochemical 

HER activity. Different dynamic behavior was observed in the HER activity of the 

samples based on their composition and morphologies. The CA-Raman and CA-XPS 

experiments revealed the alterations in the composition of the samples during 

electrochemical measurements and confirmed the importance of the co-existence of 

hydroxylated and sulfurized Ni groups in enhancing the HER activity. 

6.2 Experimental 

6.2.1 Synthesis of Nickel Hydroxide 

For the synthesis of Ni(OH)2, which was used as the Ni precursor in the nickel sulfide 

synthesis procedure, two different methods based on the presence of surfactant were used 

[440], [441]. For the preparation of surfactant-free exfoliated Ni(OH)2 nanosheets (SF-

Ni(OH)2), 30 mL of 0.75 M NaOH was added to 50 ml of 0.35 M Ni(NO3)2.6H2O solution 

dropwise with an addition rate of 0.5 ml.min-1. The solution was then centrifuged at 8000 

rpm for 5 min, followed by washing with deionized water (DI water) four times. The 

precipitated green solid part was transferred to a 1000 ml beaker, and 800 ml DI water 

was added. The mixture was stirred for 20 h with a stirring rate of 300 rpm to exfoliate 

the flakes mechanically. In the end, a homogeneous green solution was obtained. To 

eliminate the aggregated nanosheets, the solution was centrifuged at 10000 rpm for 30 

min, and the supernatant part was collected as exfoliated Ni(OH)2.  

The surfactant-assisted exfoliated nanosheets (S-Ni(OH)2) were synthesized in two steps 

[442]. First, 1.2 mmol of nickel nitrate hexahydrate (Ni(NO3)2.6H2O, Sigma Aldrich, 

99.9% purity), 3.0 mmol of sodium dodecyl sulfate (SDS) (NaC12H25SO4, Sigma Aldrich, 

99.00% purity), and 7.2 mmol of Hexamethylenetetramine (HMT) (C6H12N4, Sigma 

Aldrich, 99.00% purity) were dissolved in DI water, and the volume of the solution was 

set to 60 ml. The mixed solution was hydrothermally treated at 90 ºC for 24 h inside a 

sealed Teflon vessel. During the heating process, slow hydrolysis of HMT occurs, 
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releasing OH- ions [443]. As a result of the reaction between Ni ions with these anions, 

octahedral structures with OH- vertices form. The edge-sharing of these octahedrons 

creates two-dimensional sheets stacked by hydrogen bonding [443]. The intercalation of 

dodecyl sulfate between these sheets weakens the hydrogen bonding due to the 

hydrophobic tail groups [444]. Then, the solution was centrifuged at 10000 rpm for 30 

min to collect the green precipitation, which was washed with DI and ethanol in turn for 

three times with shaking and centrifugation. Finally, the precipitated nanosheets were 

dried at room temperature overnight. In the second step, 60 mg of the synthesized 

nanosheets were dispersed in 50 ml of formamide (Sigma Aldrich, 99.5%). The carbonyl 

functions of the highly polar formamide molecules interact strongly with the OH-groups 

of intercalated water molecules and Ni(OH)2 [445]. The strong interaction of the 

positively charge Ni(OH)2 backbone and formamide and swelling hydration shell of 

formamide, due to its high hydration enthalpy, promote the exfoliation and lamination of 

the flakes [446]. The solution was stirred at 200 rpm for 4 days to obtain a translucent 

solution. Then, it was centrifuged at 2000 rpm for 10 min. The exfoliated Ni(OH)2 

nanosheets were obtained by collecting the supernatant part of this solution. The 

schematic representations for the synthesis procedures of SF-Ni(OH)2 and S-Ni(OH)2 are 

shown in Figure 6-1 upper and bottom panel, respectively.  

 
Figure 6-1 Schematic representation for the synthesis procedure of SF-Ni(OH)2 (upper panel), and S-
Ni(OH)2 (bottom panel). 

6.2.2 Synthesis of Nickel Sulfide 

The 2D NiS2 nanosheets were synthesized inside a multitemperature-zone tubular 

furnace. The nickel precursors were prepared by two different methods. In the first 

method, the SiO2/Si or FTO substrates were dip-coated by diluted (100 times) solutions 

of SF-Ni(OH)2 and S-Ni(OH)2 nanosheets for 160 times, followed by drying overnight at 
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room temperature. In the other method, the solution of SF-Ni(OH)2 nanosheets was 

freeze-dried at -48 ºC for 24 h to obtain 0.01 g of these nanosheets in powder form. Both 

forms of nickel precursors were placed on the downstream region of the quartz tube. 

Meanwhile, the S powder, placed outside the hot zone, was mildly sublimated at ~150 ºC 

with heating tape and carried by N2 gas (100 sccm) to the downstream growth zone. The 

growth process was initiated by increasing the temperature of the hot zone of the tube to 

350 ºC with a heating rate of ~10 ºC/min under ambient pressure. The growth time was 

set to 4h. The samples obtained from this method are henceforth mentioned as 2D-S 

(prepared using S-Ni(OH)2) and 2D-SF (prepared using SF-Ni(OH)2). 

Additionally, nickel sulfide nanoparticles were synthesized by the hydrothermal method. 

The freeze-dried SF-Ni(OH)2 nanosheets were used as nickel precursors and were mixed 

in a 1:3 mole ratio with thiourea, as the S precursor, in 60 ml DI water. The mixture was 

then placed inside a sealed Teflon vessel. The synthesis was performed at 210 ºC for 7h. 

The black precipitation was then washed with DI water and ethanol in turn for 5 times by 

centrifuging the solution at 10000 rpm for 10 min. Finally, the black paste was dried at 

50 ºC for 6h to obtain nickel sulfide nanoparticles (3D sample). The different synthesis 

procedures of nickel sulfide are depicted schematically in Figure 6-2. 

 
Figure 6-2 Schematic representation of nickel sulfide synthesis. 

6.2.3 Physical Characterizations 

XRD patterns were obtained by BRUKER D8 advanced X-ray diffractometer for 2θ 
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values between 10 and 85º. A Thermo K-alpha laboratory XPS system equipped with a 

monochromatized Al K-alpha X-ray source was used to perform XPS measurements. The 

XPS binding energies were referenced to the C 1s peak at 284.5 eV. Raman spectroscopy 

(Renishaw INVIA) investigations were conducted by setting the laser excitation 

wavelength at 532 nm and the laser power to 20.3 mW. The morphology of the nanosheets 

was studied by a "Bruker Dimension Icon" AFM system equipped with a "Bruker 

ScanAssyst-Air" tip.  

6.2.4 Electrochemical Characterizations 

All electrochemical measurements were carried out using a Biologic SP-200 potentiostat 

in a standard three-electrode cell at room temperature. The three-electrode cell 

configuration consisted of a Pt spiral wire as a counter electrode, an Ag/AgCl in 4 M KCl 

as a reference electrode, and nickel sulfide samples on FTO glass as the working 

electrode. 0.1 M KOH was chosen as the electrolyte solution. The LSV measurements 

were performed at room temperature from 0.05 to -0.42 V vs. RHE with a scan rate of 10 

mV/s. All potentials reported here are vs. RHE. The double-layer capacitances (CDL) were 

estimated by plotting anodic and cathodic current density differences (Δj) against the 

potential scan rate. The slopes of such plots were assumed to be twice CDL and used to 

represent the ECSA. The EIS measurement was carried out at -0.4 V for frequencies 

between 0.1 Hz and 100 kHz. 

6.3 Compositional Transformation of Nickel Sulfide During HER  

Due to the different crystallographic structures of various nickel sulfide forms, they can 

be distinguished by XRD. The obtained XRD pattern from nickel sulfides synthesized by 

S treatment of S-Ni(OH)2 and SF-Ni(OH)2  nanosheets on FTO substrate (2D-S and 2D-

SF, respectively), reveal identical results. The XRD pattern acquired from 2D-S, which 

is shown in Figure 6-3a matches the pure NiS2 pyrite phase (COD 9012538). The extra 

peaks in the XRD pattern of this sample (labeled with "F") are attributed to the FTO 

substrate [447]. In order to make sure about the attribution of these extra peaks to FTO 

and eliminate them, the XRD pattern of 2D-SF synthesized by S treatment of the freeze-

dried SF-Ni(OH)2 powder was studied. The pattern consists of only pyrite NiS2 phase-

related peaks (Green pattern in Figure 6-3a) and no additional peak is observed. These 

results confirm the feasibility of synthesizing pure NiS2 phase by S treatment of Ni(OH)2 

flakes, regardless of the preparation procedure of those flakes. On the other hand, the 

hydrothermally synthesized nickel sulfide (henceforth 3D) contains different phases. The 
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presence of NiS2, Ni3S4, and NiS in this sample was confirmed by the XRD pattern shown 

in blue in Figure 6-3a. Comparing the results of 2D-S, 2D-SF, 3D with the XRD pattern 

obtained from SF-Ni(OH)2 (grey pattern in Figure 6-3a) confirms the full conversion of 

Ni(OH)2 to nickel sulfide in all methods. The peak positions and attributed diffraction 

planes for NiS2, NiS, Ni3S4, and Ni(OH)2 are shown in Table 6-1. According to the 

Reference Intensity Ratio (RIR) method [165], the compositional percentage of the NiS2, 

Ni3S4, and NiS phases in 3D are 28.0, 20.3, and 51.7, respectively. 

The compositions of all three samples were also studied using Raman spectroscopy. 

According to group theory analysis, five Raman active modes Ag + Eg + 3Tg are expected 

for the NiS2 phase [24]. However, experimentally it is not possible to observe the Tg(2) 

mode, which is expected to have a peak at ~340 cm-1 wavenumber. This absence has often 

been interpreted as the result of the coupling between the rotational and stretching 

vibrations of S2 dimers [449]. The remaining four modes result in a doublet in the lower 

wavenumber (~280 cm-1) and another in the higher (~470 cm-1) region. These peaks can 

be seen in the Raman spectra attributed to 2D-S and 2D-SF samples in Figure 6-3b. The 

in-phase and out-of-phase stretching vibrations of the S-S pairs result in Tg(1) and Ag 

modes at ~488 cm-1 and ~478 cm-1 wavenumber, respectively [450]. The low-frequency 

doublet is attributed to the rotational modes of S2 dimers and is scribed by Eg (~284 cm-

1) and Tg(3) (~274 cm-1) [449]. As was expected from the XRD results, in addition to the 

NiS2 related peak, the NiS and Ni3S4 related peaks can also be seen in the Raman spectrum 

of the 3D sample. The NiS phase has eight Raman active modes; however, due to the 

experimental limitations and the presence of other phases, six of them can be resolved in 

the spectrum presented in Figure 6-3b. These are A1(1) (~370 cm-1), E(1) (~351 cm-1), 

A1(2) (~301 cm-1), E(2) (~247 cm-1), E(3) (~233 cm-1), and E(4) (~189 cm-1) peaks [449]. 

There are hexagonal and rhombohedral polymorphs for the NiS. The peak position of the 

E(1) and E(2) modes, as well as the intensity ratio of E(3) to E(4), can be used to 

determine these polymorphs [451]. All these quantities confirm the presence of 

rhombohedral β-NiS. Finally, among five Raman active vibration modes of Ni3S4, the 

A1g, T2g(1), and T2g(3) can be seen at ~386, ~337, and ~205 cm-1, respectively. The 

absence of the T2g(2) and Eg modes is due to the vibration frequency overlap of these 

modes with the modes attributed to the NiS and NiS2 phases. 

Due to the 2D nature of S treated samples (2D-S and 2D-SF), it is beneficial to investigate 

their properties with a surface-sensitive method, such as XPS, and compare them with the 
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hydrothermally synthesized 3D nanoparticles. Figure 6-3c shows the Ni 2p XPS spectra 

of the 2D-S, 2D-SF, and 3D samples. The Ni 2p spectra of different nickel sulfide phases 

are very similar [427], hence, all three samples show Ni 2p3/2 and Ni 2p1/2 at the same 

binding energies and it is not possible to distinguish them. The broad satellite peak visible 

at ~859.0 eV is also attributed to nickel sulfide. Additionally, the Ni-O related Ni 2p3/2 

and Ni 2p1/2 peaks can be seen at 586.0 and 587.7 eV, respectively [452], [453]. These 

peaks can be attributed to either oxidation or hydroxylation of nickel in the ambient 

conditions. Among the three samples, 2D-SF looks more prone to this 

oxidation/hydroxylation. For the 2D-SF samples with a high concentration of surface Ni-

O species, three additional satellite features are visible at ~861.1, ~864.2, and ~875.2 eV 

[453]. In order to further investigate the nature of these groups, the O 1s spectra of the 

samples were analyzed. Unfortunately, since the stock solution of S-Ni(OH)2 is very 

dilute, the prepared 2D-S sample is very thin and there is a significant contribution of 

oxide groups attributed to FTO to the O 1s spectrum of this sample. Hence, it was not 

possible to distinguish the oxidized/hydroxylated Ni groups. The O 1s spectra of 2D-SF 

and 3D are shown in the inset of Figure 6-3a, and Figure 6-3b, respectively. For both of 

the samples, the O 1s spectrum was consisted of two peaks; the low binding energy peak 

(shown with red), which is attributed to O-Ni, and the high binding energy (shown with 

blue), which is attributed to O-H [454]. This analysis clearly shows that while the peak at 

856.0 eV of Ni 2p spectrum for 2D-SF is mainly attributed to the Ni(OH)2, the same peak 

for 3D samples is due to the presence of surface oxide groups.  The S 2p spectra for the 

samples are shown in Figure 6-3d-f. The main peaks (shown with blue) at ~161.5 162.3 

and ~162.7 163.5 eV are attributed to S 2p3/2 and S 2p1/2 states of S2
2- dimers. There is 

also a double at ~168.7 eV (shown with red) which arises due to the surface oxidation in 

ambient condition. The high binding energy doublet (162.3 and 163.5 eV) which is 

apparent in the S 2p spectrum of the 3D sample with purple, can be related to S2-. 
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Figure 6-3 a) XRD pattern, b) Raman spectra of 2D-S on FTO (red curves), 2D-SF (green curves), and 3D 

(blue curves). c) XPS spectra of Ni 2p region, and deconvoluted spectra of S 2p region for d) 2D-S on FTO, 

e) 2D-SF, and f) 3D samples. The insets in e) and f) show deconvoluted O 1s XPS spectra of 2D-SF and 

3D, respectively. 

 

 

Table 6-1 XRD peak positions and assigned diffraction planes for NiS2, NiS, Ni3S4, and Ni(OH)2 

NiS2 
2θ 27.1 31.4 35.2 38.7 45.0 53.3 55.9 58.4 60.9 

Plane 111 002 012 112 022 113 222 023 123 
NiS 

2θ 18.4 30.3 32.2 35.7 37.4 40.5 48.8 50.1 52.6 56.3 57.4 59.7 67.4 72.6 75.7 
Plane 110 011 030 021 220 121 131 140 041 231 330 012 060 132 341 

Ni3S4 
2θ 26.6 31.3 38.0 54.9 

Plane 022 113 004 044 
Ni(OH)2 

2θ 19.2 33.1 38.6 52.0 59.2 62.8 
Plane 001 010 011 012 110 111 

The morphology of 2D nanosheets of 2D-S and 2D-SF samples were investigated using 

AFM. Figure 6-4a-b and Figure 6-4g-h show the SF-Ni(OH)2 and S-Ni(OH)2 flakes, 



 
Chapter 6: Effect of Compositional Stability of Ni Sulfides on Their HER Activity 

121 
 

respectively. While line scan profile of both flakes, shown in Figure 6-4e, and Figure 

6-4k, reveal a similar thickness of 2-3 nm, the lateral size of the S-Ni(OH)2 sample is ten 

times larger than the SF-Ni(OH)2 and has a diameter of ~1μm. The AFM images of the 

same samples after S treatment can be seen in Figure 6-4c-d and Figure 6-4i-j. The bright 

spots on the flakes and the increased roughness (which can be detected by line scan 

profiles shown in Figure 6-4f, and Figure 6-4l) are signs of the conversion of the 2D 

Ni(OH)2 to NiS2. The smaller diameter of the 2D-SF samples, which results in a higher 

edge to the basal plane ratio, explains the greater extent of oxidation at ambient conditions 

reported in Ni 2p XPS spectra (Figure 6-3c). 

The morphology of 3D samples was investigated by SEM. The SEM images in Figure 

6-4m, and Figure 6-4n, which have been obtained with 8000 and 17000 magnifications, 

respectively, show the presence of spherical structures with average diameter of 200-250 

nm. 

 
Figure 6-4 AFM images of SF-Ni(OH)2 a-b) before and c-d) after S treatment. The same images for the S-
Ni(OH)2 g-h) before and i-j) after S treatment. The line scan profile for (b), (d), (h), and (j) are shown in 
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(e), (f), (k), and (l), respectively. SEM images taken from 3D samples with m) 8000x, and n) 17000x 
magnification. 

The electrochemical activity of the 2D samples and the hydrothermally synthesized 

sample towards HER were investigated by taking seven consecutive LSV scans. After 

recording the last LSV scan, the samples were kept inside the electrolyte for 3 minutes, 

followed by a new consecutive LSV scan set. The LSV scan number (x) and the number 

of run (y) to which this scan belongs to, are shown using Rx-Sy coding in Figure 6-5. The 

HER activities of both 2D-SF and 2D-S samples decline gradually by increasing the LSV 

scans (Figure 6-5a, and Figure 6-5b). This decline can be clearly seen by studying the 

onset potential and current densities. However, there is a slight difference between the 

trends of these two samples. Comparing the required potential to reach -5.0 mA.cm-2 (η5) 

for these two samples helps to better realize this difference. The plot for the variation of 

η5 value over different scans are shown in the insets of Figure 6-5. There is a linear decline 

in the HER activity for the LSV scans in each run of 2D-SF, and almost identical steps 

can be seen for the η5 change between the last LSV of each run with the first LSV scan of 

the next one. This type of repeatable trend is missing for the 2D-S.  

On the contrary, increasing the scan number in the first LSV run results in an 

improvement in the activity of the 3D sample (Figure 6-5c). The first scan of the second 

run reveals significant enhancement; however, the trend is similar to the 2D samples for 

the rest of the scans, and the activity diminishes. Stopping the experiment and running it 

for the third time causes further enhancement in the recorded LSV scan followed by a 

similar trend seen in the second LSV run of this sample. Hence, it can be stated that all 

of the samples experience a dynamic alteration during the electrochemical measurements. 

However, the effect of this alteration on electrochemical activity and probably its nature 

for the 3D sample is different than the 2D samples.  
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Figure 6-5 Consecutive LSV scans obtained from a) 2D-SF, b) 2D-S, and c) 3D samples. 

To evaluate the evolution of dynamic HER activity of the samples over long-time 

exposure to high negative potentials, the LSV and EIS scans, as well as the CDL value of 

the fresh samples, were compared to the same results obtained from them after keeping 

under the constant potential of -0.5 V for 1000 s. Figure 6-6a-c reveals similar results to 

the general trends observed in Figure 6-5; a decline in the activity of 2D-SF and 2D-S 

and an increase in the HER performance of 3D. While the onset potential of fresh 2D-SF 

and 2D-S were recorded as -0.200 and -0.259 V, respectively, these values shifted to -

0.226 and -0.272 V after 1000 s of -0.50 V application. The same alteration can be 

observed for the η10 values of these two samples. The η10 of 2D-SF and 2D-S, shifted 

from -0.331 to -0.379 V and from -0.346 to -0.403 V, respectively. Meanwhile, the 

inferior activity of the 3D sample with an onset potential of -0.365 V improves, and it 

reaches -0.246 V. The significantly lower current density of 3D compared to 2D-SF and 

2D-S can be due to the different loaded catalyst amounts. Also, the 2D nature of the 2D-

SF and 2D-S samples provides more available active sites resulting in higher recorded 

current density. The EIS measurement was performed to study the charge transfer 

resistance (Rct) variation of the electrodes. Upon applying cathodic potential, there is an 

increase in the Rct value of 2D-SF and 2D-S (Figure 6-6d, and Figure 6-6e). The same 

treatment causes a decline in the Rct of the 3D sample (Figure 6-6f). This is congruent 

with the HER activity enhancement seen in the LSV scans of this sample. Finally, 

comparing the CDL values of the samples shown in Figure 6-6g, Figure 6-6h, and Figure 

6-6i reveals similar results; enhancement for the 3D and diminution for 2D-SF and 2D-

S. Both Rct and CDL values of the 3D sample after keeping inside the electrolyte are 

significantly better than the initial values for the 2D-SF and 2D-S samples. Hence, the 

above-stated lower current density value of 3D seems to be mainly affected by the amount 
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of loaded catalyst. 

 
Figure 6-6 a-c) LSV scans, d-f) EIS measurements, and g-i) CDL analysis obtained from 2D-SF, 2D-S, 
and 3D samples in their fresh forms and after keeping under -0.50 V for 1000 s.  

A set of CA-Raman and CA-XPS experiments were designed and performed to better 

understand the compositional alteration of the samples under operando conditions. The 

samples were subjected to cathodic voltage for 100 s and then characterized by Raman 

spectroscopy and XPS. Figure 6-7 shows results obtained for 2D-SF. The Raman, Ni 2p, 

,S 2p, and O 1s XPS spectra related to α-Ni(OH)2 are also shown as a reference. Previous 

studies have introduced four Raman active vibration modes for α-Ni(OH)2. The 

corresponding peaks for these vibrations can be detected at 460 cm-1 (lattice vibrations), 

1075 cm-1 (second-order lattice transitions), 1620 cm-1 (O-H bond bending) and 3647 cm-

1 (O-H bond stretching) [455], [456]. It is expected to detect nitrate groups vibration 

related peaks in Raman spectrum of α-Ni(OH)2 synthesized using Ni(NO3)2 as precursor. 
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These peaks are ν1 at 1048 cm−1 (A′1), ν2 at 831 cm−1 (A′′2) ν3 at 1390 cm−1 (E′), and ν4 at 

720 cm−1 (E′) [457]. Among all nickel hydroxide and nitrate-related peaks, only the ones 

at 460 cm-1, 3647 cm-1 (for nickel hydroxide), 1050 cm-1, and 1390 cm-1 (for nitrate 

groups) are strong enough to be detected in dilute and thin samples. Since the electrodes 

studied in the CA-Raman experiments were wet and due to the large water background 

in the wavenumbers higher than ~1250 it was not possible to observe the peaks in this 

region. Immediately after immersing the 2D-SF electrode inside the electrolyte (t = 0 s), 

NiS2 related Raman active modes, which were detected as two doublets at around 280 

cm-1 (Tg(3) and Eg) and 470 cm-1 (Tg(1) and Ag), start to diminish (Figure 6-7a). In parallel 

with this diminishing, the intercalated nitrate ions vibrations related peak at ~1045 cm-1 

wavenumber appears. Also, instead of the higher wavenumber Raman doublet of NiS2 

(~480 cm-1) a single peak at ~465 cm-1 can be detected. This peak can be attributed to the 

A1g vibration mode of Ni(OH)2 lattice. Applying a small cathodic potential of -0.05 V 

results in a further decrease of NiS2 related peaks and enhancement of the modes 

attributed to Ni(OH)2. Hence, it can be concluded that 2D NiS2 gets converted to Ni(OH)2. 

This conversion is very fast, and it starts to propagate after inserting the sample inside the 

electrolyte. This trend can be traced by studying the Ni 2p, and S 2p XPS spectra (Figure 

6-7b, and Figure 6-7c). The immersion inside the electrolyte significantly affects the Ni 

2p3/2 and Ni 2p1/2 peaks and results in the oxidation of a notable portion of the S groups. 

While minute NiS2 related peaks can be seen in the Raman spectrum of 2D-SF after 

applying -0.05 V, there is no S2
2- attributed peak in the S 2p spectrum, and the Ni 2p 

spectrum matches the reference Ni 2p spectrum of Ni(OH)2. This inconsistency between 

Raman and XPS spectra indicates that after conversion of NiS2 at the surface of the 

electrode, the formed Ni(OH)2 layer on the sample prevents the deeper parts from further 

conversion.  

Considering the consecutive LSV trend for this sample, it can be stated that the conversion 

of the sample to Ni(OH)2 after immersion inside the electrolyte and the progress of this 

conversion during LSV measurements is the reason for the weakening of HER activity. 

The conversion of NiS2 to Ni(OH)2 progresses more after each LSV scan, and at the third 

run of consecutive LSV scans, the sample contains only Ni(OH)2. Consequently, the LSV 

scans started to become constant. 
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Figure 6-7 a) Raman spectra, b) Ni 2p, and c) S 2p XPS spectra of Fresh 2D-SF, after immersing inside 
electrolyte and after applying -0.05 V for 100 s. The bottom spectra in each part are obtained from α-
Ni(OH)2. 

Due to the larger lateral dimensions of the 2D-S sample, the ex-situ Raman investigation 

was performed on the edges and center of this sample separately. Figure 6-8a, and Figure 

6-8b show the Raman spectra obtained from the edge and center of the flakes, 

respectively. In the Raman spectra obtained from the edge of the flakes, the NiS2 Tg(3) 

and Eg vibrations related doublet at ~280 cm-1 disappears after performing CA at -0.25 V. 

simultaneously with this disappearance, the redshift of the peak at ~480 cm-1 to ~465 cm-

1 can be detected. The same changes can be seen on the Raman spectra obtained from the 

center, but at higher cathodic potential (-0.35 V). The difference in the potential at which 

the alterations of Raman peaks happen, suggests that the hydroxylation starts from the 

edges and propagates towards the center of the flakes. The Ni 2p and S 2p spectra obtained 

from 2D-S after performing CA at -0.25 V confirm partial conversion of the samples to 

Ni(OH)2. It is noteworthy that according to Figure 6-7c, and Figure 6-8d, a significant 

amount of sulfate groups are formed on both 2D-S and 2D-SF samples after conversion 

to the Ni(OH)2. Hence, the final state of 2D-S and 2D-SF consist of a mixture of nickel 

hydroxide and nickel sulfate rather than pure hydroxide phase. 

The gradual NiS2 to Ni(OH)2 conversion of the 2D-S samples can be the main reason for 

having an inconsistent trend in the LSV scans of this sample shown in Figure 6-5. There 

is a high possibility of having a mixture of NiS2 and Ni(OH)2 throughout the initial LSV 

scans. The similar trend in the third LSV run of this sample to the LSV runs of 2D-SF 

can indicate the completion of the NiS2 to NiSO4/Ni(OH)2 conversion. 
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Figure 6-8 Raman spectra from the a) edges and b) center of the 2D-S flakes after applying CA at different 
potentials. c) Ni 2p, and d) S 2p XPS spectra of α-Ni(OH)2, Fresh 2D-S, and after applying CA at -0.25 V. 

Performing ex-situ Raman and XPS analysis on 3D revealed a different trend than 2D-S 

and 2D-SF. As it was shown in Figure 6-3, the 3D sample was composed of NiS2, Ni3S4 

and NiS. Due to the low signal-to-noise ratio of the sample used for the CA-Raman 

experiment, it is not possible to distinguish all characteristic peaks in Figure 6-9a. 

However, the E(2) mode of NiS at ~247 cm-1 (shown with a blue arrow) and the Tg(3) 

(~274 cm-1), Tg(1) (~488 cm-1), and Ag (~478 cm-1) modes of NiS2 (shown with black 

arrows) can be detected. The peak at ~284 cm-1 (shown with green arrow) can be 

attributed to either Eg vibration mode of NiS2, A1(3) vibration mode of NiS, or T2g(2) 

vibration mode of Ni3S4 [449]. After performing CA at -0.25 V, the Ni(OH)2 attributed 

peak at ~1045 cm-1 wavenumber appears, and the peak at ~480 cm-1 starts to show a 

redshift similar to the case of 2D-S. Also, characteristic Raman peaks of NiS become 

more pronounced and visible. These peaks are shown with blue arrows in Figure 6-9a. 
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The Raman spectrum obtained after performing CA at -0.45 V contains only Ni(OH)2 and 

NiS related peaks. The XPS spectra related to this state of the 3D sample confirm the co-

presence of nickel sulfide and Ni(OH)2. The small shoulder at ~852.1 eV of the Ni 2p 

spectrum (Figure 6-9b) and the S2- related peaks in the S 2p spectrum (Figure 6-9c) show 

that in contrast with the sulfur-rich NiS2 phase, the NiS phase has better stability and does 

not convert to Ni(OH)2. The higher stability of the Ni-rich sulfide phases has been 

previously predicted based on their lower DOS at the Fermi level [449]. 

These results reveal that the 3D sample is the only sample that contains nickel sulfide 

during electrochemical measurement. Hence, the different LSV trend observed for this 

sample is a result of the co-existence of sulfide and nickel hydroxide. Previously, it has 

been shown that the presence of surface OH groups in a Ni-based sample that contains S 

groups results in dynamic LSV behavior similar to the one detected for the 3D sample in 

Figure 6-5c [436].   

 
Figure 6-9 a) Raman spectra, b) Ni 2p, and c) S 2p XPS spectra of Fresh 3D and after applying CA at 
different potentials as well as Ni 2p and S 2p XPS spectra of α-Ni(OH)2. 

Due to the partial or complete conversion of 2D-S, 2D-SF, and 3D to Ni(OH)2, observed 

in CA-Raman experiment, the surface roughness alteration after this conversion should 

also be considered in interpreting the CDL measurement results reported in Figure 6-6g-i. 

Normalizing the LSV results reported in Figure 6-5a-c with respect to the CDL values 

(shown in Figure 6-10a-c) reveals a different trend for the HER activity of the samples. 

Hence, it can be concluded that both ECSA and roughness have effect in the observed 

CDL changes. Unfortunately, it is not possible to distinguish the effect of these two, using 

the characterization methods of this study. However, designing a preparation and 

characterization method which enables microscopic investigation of the flakes before and 

after the electrochemical reactions, can elucidate the actual electrochemical surface 
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changes upon nickel sulfide to nickel hydroxide conversion. 

 
Figure 6-10 LSV scans obtained from a) 2D-SF, b) 2D-S, and c) 3D samples in their fresh forms and after 
keeping under -0.50 V for 1000 s normalized with respect to the corresponding CDL values. 

6.4 Conclusion 

In conclusion, it has been shown that CVD synthesis yields pure NiS2 with a 2D structure. 

The lateral dimensions of this 2D structure can be controlled by modifying the preparation 

method of Ni(OH)2. While the unique form of 2D films provides a high number of 

available sites for better electrochemical performance, the ex-situ CA-Raman and CA-

XPS experiments revealed that the NiS2 phase is not stable and converts to Ni(OH)2. This 

conversion is the main reason for the diminution of the HER activity of 2D NiS2 

electrodes. In contrast, performing additives and surfactant-free hydrothermal synthesis 

methods results in multi-phase nickel sulfide. After applying cathodic potential on a 

hydrothermally synthesized sample, the metal-rich phases show better stability than the 

NiS2. The presence of hydroxylated Ni simultaneously with Nickel sulfides promotes the 

HER activity of the electrode by increasing its ECSA and decreasing the charge transfer 

resistance. 
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Chapter 7:  

Conclusion and Future Perspectives 

The electrochemical activity of 2D materials including graphene, MoS2 and nickel 

sulfides was investigated in this thesis. Possible modifications for enhancement of the 

activity of these materials were suggested. Additionally, some fundamental aspects such 

as electrochemical reaction mechanisms, the active sites and alterations of the structure 

and composition of the electrodes under operando conditions were investigated using 

cross-examined physical/electrochemical characterizations.  

The role of N dopant configuration on the electrochemical activity of bilayer N-doped 

graphene towards the ORR was investigated by modifying content and configuration of 

N in CVD grown graphene structure via adjusting N2 plasma exposure time and power. 

It was shown that Npydn-rich bilayer graphene exhibits electrochemical activities toward 

ORR superior to Ngrap-rich graphene with lower onset potential, higher electrochemical 

current density, and lower Tafel slope. XPS, N and C K-edge XES, and Raman 

spectroscopy investigations reveal that Npydn and Npydn' enhance the metallicity of N-

doped graphene by inducing stronger interlayer interactions via an increased π-π orbital 

overlap. These modifications results improve the ORR activity by promoting electron 

transfer kinetics between layers. Moreover, the formation of Npydn and Npydn' leads to a 

significant increase in the active sites. 

The mechanism for ORR activity of single layer N-doped graphene was investigated by 

performing SEC-Raman measurements. It has been shown that the presence of H/OH 

groups, which adsorb on the surface of N-doped graphene prior to ORR process has a 

significant effect on the ORR mechanism and the reaction sites. Different evolution of 

Raman spectra of Npydn and Ngrap-doped graphene revealed that there are different ORR 

sites for these two structures based on the distance of the reaction site with respect to the 

N dopants. Finally, considering SEC-Raman investigation results, a new 4e- pathway 

which produces 4 OH- was proposed as possible mechanism on the N-doped graphene. 

2D MoS2 flakes with controlled phase composition, size and defect density were 

synthesized by modifying the distance of Mo precursor from the substrates. The HER 

activity of the samples synthesized at different distances were compared and it has been 
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shown that the sample with highest metallic 1T phase (the closest to the precursor) and 

the samples with small flake size and high number of vacancies (the furthest from the 

precursor) have the best activity. After investigating the HER mechanism and the rate 

determining step, the activity of the samples was further improved by applying N2 plasma. 

It has been shown that the induced compressive strain in the MoS2 structure by 

substituting S atoms with N results in further conversion of 1H phase to 1T phase in the 

sample with initial 1T component. The SEC-Raman and ex-situ XPS measurements 

revealed that adsorption of H on 1T-MoS2 causes 1T to 1H phase transformation during 

HER which results in significant activity loss for this sample after recording consecutive 

LSV scans. 

nickel sulfide samples with 2D and 3D structures and different compositions were 

synthesized using CVD and hydrothermal methods. The 2D films obtained from CVD 

were composed of a single phase (NiS2). The performed physical and electrochemical 

experiments showed that these structures had a significant initial HER activity owing to 

the high number of available active sites. However, this remarkable activity diminishes 

after exposing the samples to the electrolyte and high cathodic potential for long time. It 

has been proposed that the fully conversion of NiS2 phase to Ni(OH)2 is the main reason 

for this negative change in the activity. 

In contrast, the 3D structures, which were composed of NiS, Ni3S4 and NiS2 and initially 

were almost inactive, show better activity after applying cathodic potential. While the 

NiS2 compartment of these samples had a similar conversion as the 2D samples, the 

metal-rich phases showed better stability and was preserved throughout the 

electrochemical experiment. The presence of hydroxylated Ni simultaneously with nickel 

sulfides promotes the HER activity of these electrodes by increasing their ECSA and 

decreasing the charge transfer resistance. 

Considering the contradictory results between theoretical and experimental investigations 

regarding role of N configurations in N-doped graphene, performing SEC-Raman 

investigation on bilayer N-doped graphene could provide new insights about this issue. 

Also performing in-situ XPS, XES or XAS measurements could provide more detailed 

information regarding the active site and ORR mechanisms on single layer and bilayer 

N-doped graphene. Tracking the structural differences between MoS2 samples 

synthesized at different distances and their alterations after electrochemical measurement 

can be helpful in better understanding the results reported in this thesis. 
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