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Motivation 

Usage of conventional fossil fuel in our daily life endangers the environment of 

the whole planet through unavoidable global warming [1]. Additionally, the 

shortage and predicted extinction of fossil fuel calls for an even bigger threat. 

These circumstances advise us to deviate towards a more clean and sustainable 

energy harvesting processes such as conversion of solar, wind, ocean, 

hydropower or geothermal energy. Utilization of biofuels and hydrogen can add 

a greater margin of remedy [2]. Stored energy in the chemical bonds lays the 

scientific framework for designing efficient energy conversion circle but the 

sustainability of the whole approach depends largely on the constituent 

processes [1, 3]. Coupling solar, wind or hydropower like renewable resources 

to an efficient electrolyzer composes one of the strings of chemical energy 

conversion in this circle. However to materialize the approach, a sustainable 

large scale water oxidation catalyst is essential which is principally taken under 

consideration in this thesis. The electrochemical decomposition of water 

provides the constituent breathable oxygen and flammable hydrogen. The 

former product contributes in many technologies such as electro winning, 

electroplating, photo electrochemical water splitting and the latter to low 

temperature fuel cells [6,7]. In this thesis, the research work is structured to 

answer whether carbon materials or carbon materials coupled with heteroatom 

provide a sustainable energy solution for electrocatalytic water splitting [4]. The 

electrochemical stability of carbon puts it as prime choice for electrode materials 

for water electrolysis. However, this heterogeneous chemical reaction is quite 

tedious and troublesome from standard operation point of view and therefore, 

the electrocatalytic process can be assisted by coupling a catalyst with carbon [4, 

5]. The role of the catalyst is to promote the heterogeneous kinetics by lowering 

necessary potential energy barrier for the whole reaction. In order to achieve 

such hetero atom modification, carbon material first undergoes the 

functionalization step where anchoring sites are created. To utilize the scope of 
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functionalization, the effects of electrochemical oxidation and atmospheric 

pressure plasma treatment on carbon materials are investigated. Among the long 

list of reported water splitting catalysts, Manganese was elected for its 

multivalency, different crystalline phases and also because of its contribution in 

the most efficient water splitting catalyst that exist in photosystem II. The 

composite catalyst is prepared by following a sequence of process starting with 

functionalization of carbon electrodes leading to Manganese catalyst deposition. 

Atomic layer deposition was implemented as the synthesis method for 

depositing MnOx on functionalized carbon. The goal of this sequential synthesis 

method is to evaluate the impact of covalent interaction between the catalyst 

constituents (carbon and MnOx) on their combined electrochemical performance 

for the oxygen evolution reaction. The research work was solely directed 

towards developing fundamental understanding of the water splitting process 

and utilization of sustainable measures to achieve the demand. 
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Summary 

Stability is one of the key issues that determine the applicability of catalysts in 

industrial application. In this thesis, a composite heterogeneous catalyst was 

synthesized and its stability was scrutinized in electrocatalytic water splitting 

conditions. The conventional preparation of drop coating the electrocatalyst on 

glassy carbon was interchanged with Atomic layer deposition (ALD) to 

incorporate covalent interaction of the electrocatalyst with the carbon substrate. 

Manganese oxide was chosen for the Atomic layer deposition process to 

constitute the composite electrocatalyst. Prior to ALD process, the carbon 

substrates were functionalized where the functional groups act as the anchoring 

group for the ALD precursor. The main framework of the thesis was perceived 

to unify the concepts of carbon functionalization and ALD to improve the 

stability of the whole electrocatalyst system. Initially, the functionalization of 

glassy carbon substrate was explored by means of atmospheric pressure plasma 

treatment. A plasma admixture of Oxygen with Helium in comparison pure 

Helium was found to be beneficial for producing oxygen functional group on the 

glassy carbon surface and studied in detail afterwards. From the results, it could 

be comprehended that plasma induced functionalization is modulated by an 

etching process which dominates with longer duration of plasma treatment. 

However, the plasma modified carbon appeared to be unstable and experience 

further changes under the electrocatalytic condition of oxygen evolution reaction 

(OER). Considering such outcome, the alteration of pristine glassy carbon under 

the electrocatalytic condition was investigated. The experimental work included 

the influence of different electrochemical parameters (pH and potential) on the 

structural and chemical properties of glassy carbon. The results indicated that 

acidic pH is favorable than alkaline pH for producing oxygen functional group 

on the glassy carbon surface. Moreover, the study revealed that high oxidation 

potential such as 1.8 VRHE and above is capable of affecting the structure of 

glassy carbon in acidic medium. For analyzing the atomic layer growth of 
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Manganese oxide, Silicon substrate was considered first. Although the initial 

film thickness analysis demonstrated an ideal self-saturated ALD growth of 

Manganese oxide on Silicon substrate, but later the results from the dissolution 

method revealed the co-existence of physisorbed Mn (less than 10%) with the 

ALD deposited MnOx. In case of carbon substrate, the ALD deposition of MnOx 

displayed no effective chemical interaction with functional group of carbon 

substrate. This was supported by multiple analyses such as TG-MS, TEM and 

ICP-OES. Under these circumstances, an additional step of post deposition 

annealing was implemented to re-establish the covalent link between the ALD 

deposited MnOx catalyst and carbon support. Acknowledging different 

functionalization and post deposition annealing techniques, multiple synthesis 

strategies were examined for electrochemical characterization. Among the 

considered strategies, it was found that the composite electrocatalyst synthesized 

by the synergistic method (A pre-functionalized carbon is further modified with 

a post deposition annealing after ALD deposition) performed better than the 

others. But in the stability measurement, the electrochemical performance gets 

degraded regardless of the synthesis routes of the electrocatalysts. Overall, the 

electrochemical results demonstrated that MnOx suffers from inevitable 

detachment from the carbon electrode surface during the electrochemical 

process. This was further confirmed by post analysis of the electrocatalysts. In 

conclusion, it can be stated that the change of synthesis strategy merely slows 

down the detachment process but is not capable of complete prevention. The 

lack of immobilization of MnOx on the carbon surface is mainly attributed to 

such deterioration. The complied research work of this thesis substantiates that a 

composite electrocatalyst consisting of MnOx and carbon is considerably distant 

from performing as a sustainable electrocatalyst for oxygen evolution reaction. 

The inability of the electrocatalyst however stems from the both carbon and 

ALD deposited MnOx as both of them are unstable in the harsh electrochemical 

condition of OER.  
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Zusammenfassung 

Stabilität ist einer der wichtigsten Faktoren der die Verwendbarkeit eines 

Katalysators für industrielle Anwendungen festlegt. In dieser Arbeit wurde ein 

heterogener Kompositkatalysator  hergestellt und seine Stabilität unter den 

Reaktionsbedingungen der elektrokatalytischen Wasserspaltung untersucht um 

ein grundlegendes Verständnis des Prozesses zu erlangen. Die konventionelle 

Präparation von Elektrokatalysatoren auf Glaskohlenstoff mithilfe von 

Tropfenbeschichtung wurde durch eine Beladung mithilfe von 

Atomlagenabscheidung ersetzt um eine kovalente Wechselwirkung zwischen 

dem Elektrokatalysator und dem Kohlenstoffsubstrat zu erreichen. Für die 

Atomlagenabscheidung wurde Manganoxid zur Erzeugung des 

Kompositelektrokatalysators ausgewählt. Vor der Atomlagenabscheidung 

wurden die Kohlenstoffsubstrate funktionalisiert, damit die funktionellen 

Gruppen auf den Kohlenstoffsubstraten sowohl als Ankergruppen für den 

Präkursor der Atomlagenabscheidung dienen als auch die Stabilität des 

gesamten elektrokatalytischen Systems verbessern. Der grundlegende Rahmen 

dieser Arbeit ist die Vereinigung der Konzepte von 

Kohlenstofffunktionalisierung und Atomlagenabscheidung. Anfänglich wurde 

die Funktionalisierung von Glaskohlenstoffsubstrat durch Plasmabehandlung bei 

Atmosphärendruck untersucht. Dabei konnte herausgefunden werden, dass die 

Zugabe von Sauerstoff zu einem Helium Plasma im Vergleich zu einem reinen 

Helium Plasma vorteilhaft für die Bildung von funktionellen Gruppen auf der 

Glaskohlenstoffoberfläche ist, was anschießend im Detail untersucht wurde. Aus 

den Ergebnissen konnte erkannt werden, dass die plasmainduzierte 

Funktionalisierung durch einen Ätzprozess moduliert wird, welcher bei längerer 

Dauer der Plasmabehandlung dominiert. Der plasmamodifizierte Kohlenstoff 

schien jedoch instabil zu sein und zeigte weitere Veränderungen unter der 

elektrokatalytischen Bedingung der Sauerstoffbildungsreaktion. Unter 

Berücksichtigung dieser Ergebnisse wurde die Veränderung von unbehandeltem 
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Glaskohlenstoff unter den elektrokatalytischen Bedingungen untersucht. Die 

experimentellen Arbeiten umfassten den Einfluss verschiedener 

elektrochemischer Parameter (pH-Wert und Potential) auf die strukturellen und 

chemischen Eigenschaften von Glaskohlenstoff. Die Ergebnisse deuteten darauf 

hin, dass ein saure pH-Wert für die Bildung von funktionellen 

Sauerstoffgruppen auf der Oberfläche des Glaskohlenstoffs günstiger ist als ein 

alkalische pH-Wert. Darüber hinaus zeigte die Studie, dass ein hohes Potenzial 

wie 1,8 VRHE und höher die Struktur von Glaskohlenstoff in saurem Medium 

beeinflussen kann. Für die Analyse des atomaren Schichtwachstums von 

Manganoxid wurde in erster Linie ein Siliziumsubstrat verwendet. Die 

anfängliche Schichtdickenanalyse zeigte zwar ein ideales selbstgesättigtes 

Atomschichtwachstum von Manganoxid auf dem Siliziumsubstrat, aber später 

zeigten die Ergebnisse eines Lösungstests die Koexistenz von physisorbiertem 

Mn (weniger als 10%) und chemisch gebundenem MnOx auf  dem 

Siliziumsubstrat. Im Falle des Kohlenstoffsubstrats zeigte die 

Atomlagenabscheidung von MnOx keine effektive chemische Wechselwirkung 

mit den funktionellen Gruppen des Kohlenstoffsubstrats. Dies wurde durch 

mehrere Analysen wie TG-MS, TEM und ICP-OES unterstützt. Unter diesen 

Umständen wurde ein zusätzlicher Schritt des Ausheizens nach der Abscheidung 

durchgeführt, um die kovalente Verbindung zwischen dem 

Atomlagenabgeschiedenen MnOx-Katalysator und der Kohlenstoffoberfläche 

herzustellen. Unter Berücksichtigung verschiedener Funktionalisierungs- und 

Modifizierungstechniken wurden mehrere Synthesestrategien für die 

elektrochemische Charakterisierung untersucht. Unter den in Betracht 

gezogenen Strategien hat die synergistische Methode (vorfunktionalisierter 

Kohlenstoff wird weiter modifiziert mit einem Ausheizen nach der 

Atomlagenabscheidung) besser als die anderen funktioniert, aber schlussendlich 

verliert die Probe bei Stabilitätsmessungen langsam ihre elektrochemische 

Aktivität. Insgesamt zeigten die elektrochemischen Ergebnisse, dass MnOx unter 
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der unvermeidlichen Ablösung von der Oberfläche der Kohlenstoffelektrode 

während des elektrochemischen Prozesses leidet. Dies wurde durch eine 

Analyse nach der Elektrokatalyse weiter bestätigt. Zusammenfassend kann 

festgestellt werden, dass die Änderung der Synthesestrategie den Ablöseprozess 

lediglich verlangsamt, aber nicht vollständig verhindert werden kann. Das 

Problem mit der mangelnden Immobilisierung von MnOx auf der 

Kohlenstoffoberfläche wird hauptsächlich auf diesen Zerfall zurückgeführt, 

welcher damit eindeutig die Stabilität des Elektrokatalysators kontrolliert. Die 

durchgeführte Forschungsarbeit belegt, dass ein Kompositelektrokatalysator, der 

aus MnOx und Kohlenstoff besteht, weit davon entfernt ist, als nachhaltiger 

Elektrokatalysator für die Sauerstoffbildungsreaktion zu fungieren. Das 

Unvermögen des Elektrokatalysators ist jedoch sowohl auf den Kohlenstoff als 

auch auf das Atomabgeschiedene MnOx zurückzuführen, da diese unter den 

harschen elektrochemischen Bedingungen instabil sind. 
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1.0 Introduction 

Researchers have tested and discovered catalytic properties of various 

materials for electrochemical water splitting (EWS) [6]. Several investigations 

concluded that the electrocatalyst materials also show distinguished performance 

depending on their preparation technique, surface crystallinity, oxidation state, 

composition and morphology. Considering all these factors, many potential 

catalysts are already proposed but among them the d-block and precious metals 

show the best catalytic performance for water splitting. The reason for these 

materials having higher activity than others is also under a lot of debate. 

However, the high conductivity, chemical stability and ability to form complex 

ligand under aqueous medium are often regarded as their advantages over other 

catalysts. The best reported catalytic performance for precious metals for 

hydrogen evolution reaction (HER) is Platinum (Pt) and for oxygen evolution 

reaction (OER) is Ruthenium (Rh) and Iridium (Ir) oxides [6]. In figure 1.1, the 

benchmarking of around 18 HER and 26 OER catalysts are shown where they 

were tested with identical electrodes and electrolytes (acidic and basic pH). It 

was also revealed that very few bimetallic alloy catalysts can compete with 

precious metals. Metal oxides in some cases fulfill the necessity of bifunctional 

catalyst for EWS but none of them surpasses the precious metals. 

 

 

 

 

  

 

 

 

Figure 1.1 The array represents the examined overpotential at 10 mA/cm
-2

 of various potential 

electro catalysts in electrolyte of different pH for OER and HER [6].  
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Another method of comparing the performance of different catalyst is the 

volcano plot as shown in figure 1.2 (a) [7]. Here, some metal oxides are 

considered where the theoretical overpotential is plotted against the standard 

free energy change ΔGO* - ΔGHO*. The term ΔGO* - ΔGHO* represents the free 

energy change of adsorption of O and OH species at the surface. The area near 

the vertices of the plot triangle shows the best catalytic performance with 

minimal overpotential. This volcano plot demonstrate that some metal oxide 

catalyst such as RuO2, Co3O4, IrO2, Mn2O3 possess favorable electrochemical 

conditions to enhance the intermediate reaction of the OER process. Here the 

favorable electrochemical condition allows optimum binding energies of O* and 

HO* for the heterogeneous reaction to sustain. In figure 1.2 (b) the catalytic 

activity of  a Manganese oxide (MnOx) supported on a glassy carbon electrode is 

compared with Pt, Ir, Rh nanoparticle modified glassy carbon electrodes [8]. 

From the figure, it can be considered that MnOx can serve as an OER catalyst 

with comparable activity to precious metals. The active site of the enzyme of 

photosystem II (PS-II) consists of a Ca-Mn cluster which is very well 

understood and serves as model system for perfect catalytic system for water 

splitting [9]. Extensive research was performed to synthesize a biomimetic 

Manganese oxide but they often suffer from low activity. 

 

 

 

 

 

 

 

 

Figure 1.2 The volcano plot (a) encompasses some of the perovskites like rutile, anatase, 

Co3O4, MnxOy oxides. The negative values of theoretical overpotential ηthe were plotted 

(b) (a) 
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against the standard free energy change ΔGO* - ΔGHO* [7]. (b) OER activities of Mn oxide 

thin film, nanoparticles of Pt, Ir and Ru supported on glassy carbon and the bare glassy carbon 

substrate. The Mn oxide thin film shows good activity for both the ORR and the OER. The 

horizontal line denotes the benchmarking of 10 mA/cm
-2

 and 3 mA/cm
-2

 for assessing the 

OER and ORR characteristics of any catalyst material [8]. 

Some key issues as well as their solutions have been identified for 

synthetic Manganese oxide in terms of water electrolysis which will be 

discussed in the next paragraph. Inherently, EWS process is inefficient since 

thermodynamically and energetically it runs opposite to the nature. During the 

EWS process, hydrogen is produced at the cathodic side and oxygen in the 

anodic side of the electrochemical cell. Theoretically, the free energy change 

from one molecule of water to one molecule of hydrogen and half molecule of 

oxygen is 237.2 kJ/mol and in Nernst equation it is E
0 

= 1.23 VRHE [9]. The 

whole electrochemical process is schematically shown in figure 1.3.  

 

 

 

 

 

 

 

Figure 1.3 Schematic representation of water splitting process where hydrogen evolution 

reaction takes place at the cathode side and oxygen evolution reaction at the anode. The 

concept of overpotential and four intermediate steps (four electron transfer pathway) during 

the OER are adopted from reference [7] to explain the mechanism. In the intermediate 

reactions, * represent surface species  
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In theoretical terms applying 1.23 VRHE at the anode side should 

supposedly lead to oxygen evolution but in real case the process consumes more 

energy which is characterized by the overpotential of the whole system [7]. The 

proposed four electron transfer pathways shown in the figure 1.3 explain how 

OER commences on the catalyst surface. The main limitation of the process is 

the heterogeneity itself which can be simplified into two different type of 

overpotential. The complex mechanism of OER imparts troublesome charge 

transfer and sluggish kinetics called activation overpotential [5]. For example in 

case of the metal oxide OER catalysts, theoretical calculation predicts that the 

2
nd

 step of the proposed four electron transfer pathway is one of the crucial steps 

and often determines the performance of the catalyst. The difference of 

concentration of reactants and products adds a mass transport limitation within 

the OER process. The crowding of reaction product molecular oxygen at the 

surface is capable of saturating as well as blocking the active sites of the catalyst 

and these issues are collectively termed as concentration overpotential [5]. The 

most alarming problem is the susceptibility of electrode to corrosion and the 

detachment of catalysts which gets enhanced by the highly oxidizing 

electrochemical conditions during the OER [8, 10]. Regarding the catalytic 

activity of MnOx, some technical drawbacks are also identified such as improper 

adhesion and stability. 

The environment friendliness and earth abundance of Manganese pulls a 

great deal of motivation but the downsides of using MnOx need to be 

comprehend also [8]. Theoretically, various phases of MnOx are possible to form 

and these phase transformations are also related to production route [11]. The 

existing phase can be altered easily by thermal treatment. Manganese can exhibit 

multiple oxidation number as well as mixture of them for example Mn3O4 

(MnO+Mn2O3) [8]. MnOx can be deposited by many methods but 

inhomogeneity of oxidation state and phase is encountered in almost every 

method. However, the crucial of all the issues of MnOx is its bulk insulative 
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character. As explained earlier, efficient electron transfer is a major requirement 

for any heterogeneous catalysis process and that is why MnOx catalyst with 

large physical dimension will certainly pose as insulating barrier for the OER 

process to continue. This clarifies the inefficiency of synthetically prepared 

MnOx catalyst for water splitting compared to PS-II where MnOx operates as a 

part of a molecular complex.  

The shortage of the electrical conductivity of MnOx can be resolved by 

preparing a very low dimensional MnOx particle or single atomic sites with a 

combination of a conductive support. In such way, electron transfer during the 

heterogeneous reaction might prevail by a tunneling path while catalyzing the 

electrochemical decomposition of water at the same time. This strategy brings us 

closer towards the PS-II system and provides the possibility to circumnavigate 

the insulative property of synthetic MnOx which can be compensated by 

graphitic carbon. The functional groups can be utilized to chemically bind MnOx 

to electrode surface through covalent interaction. This is how the combination of 

carbon and Manganese forms the full catalytic system where they each 

contribute in the process. This sort of chemical immobilization of catalyst can 

mediate the detachment of catalyst during OER process and enhance the 

electrochemical stability of the composite electro-catalyst. In order to satisfy the 

two conditions described above, a very specific synthesis method should be 

selected. Atomic layer deposition is a method by which selective deposition can 

be accomplished with chemisorption of metal precursors. It serves as a perfect 

approach to achieve the requirement as well as to deposit a very low 

dimensional catalyst material. Through these considerations, numerous issues 

such as electrochemical instability of catalyst, design of composite electro-

catalyst, control of catalyst deposition, size and loading of catalyst can be 

investigated. The susceptibility of electrochemical corrosion of carbon materials 

under OER conditions are also well known, therefore it is imperative to develop 

a detail fundamental understanding how the respective electrochemical 
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conditions affect the carbon electrode. This is one of the fundamental aspects of 

this thesis where different carbon electrodes are characterized within the OER 

conditions to analyze how the different carbon structures interact with such 

conditions. Moreover, the anchoring sites derived from the functionalization 

step also need to survive the OER conditions to be effective. The prospect of 

adherence and stability enhancement with the application of a composite 

electrocatalyst is the main focused topic here. 
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1.1 Background of the thesis 

1.1.1 Carbon materials 

The bonding nature among carbon atoms initiates vast difference in its structural 

and chemical properties signifying the contrast between diamond and graphite 

[4, 12]. The discovery of fullerenes have added a new dimension in carbon 

research by deriving many nano-structured carbon materials such as carbon 

nanotubes, carbon nano-onions, carbon nano dots etc [13]. This has extended the 

consideration of carbon materials in various field of research including catalysis. 

Recently, the gaining interest of carbon materials is accredited to its utilization 

as a cheap catalyst and also as an efficient support [14, 15]. The possibility of 

tuning crystallinity, morphology and porosity in carbon materials adds great 

value to its multi-disciplinary application [16]. However, the fundamental 

reason for electing carbon in this scheme is due to its complementary role as a 

conductive support for the synthesizing the combined heterogeneous electrode. 

Additionally, the attributes of graphitic carbon is well understood with enriched 

literature and of course it’s low cost, availability, recyclability offers great future 

perspective to the research work [17]. Here, some of the most important 

nanostructures of graphitic carbon are discussed in the table below. 
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Table 1.1 Comparison of different nano structures of graphitic carbon 

 

Highly ordered pyrolytic graphite (HOPG) represents the highest form of three 

dimensional ordering and crystalline perfection among all the allotropes of 

graphitic carbon. The lamellar structure of HOPG consists of two 

interpenetrating plane of graphene each being one carbon atom thick [12, 24]. 

The variation of physical properties such as thermal and electrical conductivity 

along the graphene plane (Basal Plane) and perpendicular to the graphene plane 

(edge Plane) is quite recognizable. Due to superior crystalline perfection and 

 Structural attributes Synthesis method 

 Highly Oriented Pyrolytic Graphite 

(HOPG) is the single crystal of graphite. 

Density 2.26 g/cm
3
 

Lattice constants 141 pm and 335 pm 

Resistivity  3.5E-5 and 0.15 ohm-cm 

Pyrolysis + stress 

enhanced 

recrystallization[17] 

 Natural graphite contains smaller grains 

than HOPG with random orientation but 

physical and chemical properties are 

same 

Pyrolysis, Thermal 

cracking [17, 18] 

 Concentric tubes with multiple 

graphene walls to create carbon 

nanotubes. The number of tubes may 

vary  

Arc discharge, Laser 

ablation, Chemical 

vapor deposition [12] 

 A highly stable but randomly 

distributed 3D network of graphitic 

ribbon. It is often used as electrode in 

RDE setup.  

Low temperature 

Pyrolysis + heat 

treatment [19-21] 

 Poly-condensated structure mixed with 

amorphous carbon but the structure is 

unstable in electrochemical condition 

Hydrothermal 

synthesis at low 

temperatures [22, 23] 
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stability, HOPG is widely used as monochromatic crystals in X-ray optics and 

calibrating scanning probe microscopy. The high cost of synthesis process and 

delicate mechanical strength of HOPG limits its further application.  

Graphite on the other hand is one of the most largely produced materials in 

commercial scale which clarifies its cheaper cost and quality. By virtue of its 

properties it has permeated into various industries such as refractory materials, 

chemical, nuclear, mechanical, electrical etc. In spite of lacking of the perfect 

crystalline orientation like HOPG, it maintains the identical physical properties 

with minute turbostatic ordering [25].  

The birth of carbon nano tube (CNT) is conjoined with discovery of fullerene 

though electric arc discharges of graphitic cathode. The CNTs are concentric 

graphene sheets of sp
2
 bonded carbon atoms and their physical dimensions 

including number of the walls can be regulated effectively by synthesis routes 

[26]. The cylindrical nanostructure of CNTs imparts enormous surface area 

which symbolizes its vast utilization in catalytic reactions. It is also a potential 

candidate as a membrane material for batteries and fuel cells, anode for lithium 

ion batteries, capacitor and chemical sensors/filters.  

Glassy carbon is another remarkable carbon allotrope which is not fully 

graphitized [21]. It shows a shortage of pure graphitic density yet shows 

superior chemical stability in acid and comparable electrical conductivity to 

graphite. Due to low calcination temperature (500-1100
°
C) it lacks the long 

range atomic order compared to graphite. Glassy carbon consists of entangled 

graphitic ribbons and should not be mixed up with amorphous carbon. It is well 

known for its mechanical hardness, extreme resistance to chemical attack and 

impermeability to gases and liquids [27]. The high hardness of glassy carbon 

takes away its lubrication properties but makes it compatible for mirror 

polishing which gives a very uniform isotropic surface. Additionally, the 

convenience of using glassy carbon as an electrode can be referred to its 
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chemical inactivity over a large potential window in electrochemistry [10]. Such 

reputation promotes glassy carbon pellets to be widely used as electrode of 

rotating disc electrodes for electrocatalysis.  

Hydrothermal carbonization is a one‐pot synthesis technique of carbonaceous 

materials using biomass (carbohydrates, agricultural residues, wood crops) or 

other carbon sources (glucose, sugar) as a precursor that is carried out in 

aqueous medium at mild temperatures (130–250°C) under self‐generated 

pressure [23]. The process often yields a powdery solid residue which is called 

the hydrothermal carbon (HTC) and the color of carbon is variant with the pH 

of the hydrothermal medium [28]. The advantage of using HTC is its flexibility 

of feedstock material and the adaptation of a green production route. Another 

inherent characteristic of HTC is its morphological feature; it forms a spherical 

structure and can be tuned by changing the fabrication parameters. The 

disadvantage of HTC is the absence of sufficient conductivity which can be 

reasonably assigned to the non-graphitization state of the sample. Therefore, 

often an additional step of annealing at 900°C in inert atmosphere is performed 

to develop the conductivity of HTC. In many occasions it was found that 

exposing these premature structures to the OER condition leads to disintegration 

of the pellet. Hence HTC is not evaluated as a stable electrode material for detail 

investigation despite of their renewable precursors.  

Stability and performance are the main requirements of any highly 

efficient catalyst system for EWS [6, 10, 29]. By definition the substrate need to 

demonstrate reasonable chemical inertness and electrical conductivity for 

reflecting minor interference in the heterogeneous reaction at the same time. But 

in practical terms, almost all carbon electrode materials participate through 

background processes such as electrochemical oxidation or physical detachment 

[10, 29]. Such outcome can certainly go in a negative way regarding the overall 

catalytic process. Considering the requirements, only very graphitic carbons 
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among the enlisted carbon materials of table 1.1 qualify for EWS process since 

there is some evidence in literature about the electrochemical stability of HOPG, 

Graphite and Glassy Carbon in the potential range of OER [10]. The following 

carbon materials offer good electrical conductivity to sustain the electron 

transfer during the electrocatalytic process but glassy carbon was mainly 

examined in this study [15, 30]. The structural motif of carbon nano tubes is 

capable of providing remarkable aspects in the current scheme but it is not 

considered for avoiding the application of binder [12]. As graphitic carbon 

possesses the necessary electrochemical stability of catalyst system, it 

simultaneously hinders any further chemical attachment of catalyst material. 

Therefore, the bonding of the Manganese catalyst requires the surface 

functionalization of carbon which defines the core of this investigation. This 

enables the carbon electrode to covalently connect with the ALD deposited 

MnOx with it. The strategy is based on resolving issues like fragile stability and 

inconsistent performance of the catalyst as seen by peeling off, dissolution, 

shortage of dispersion, inhomogeneity. Therefore, the hypothesis of building 

anchoring groups on carbon material through functionalization and chemically 

attach MnOx can possibly remedy the problems. In the next sections, the eligible 

techniques for functionalizing glassy carbon support material are described in 

detail.  
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1.1.2 Functionalization of Carbon materials by Plasma treatment 

Plasma treatment of carbon is utilized to generate functional groups on carbon 

substrates and the procedure can be stated as simply exposing carbon substrates 

to reactive species of plasma. In literature, plasma treatment is considered to be 

one of the popular methods to functionalize glassy carbon or rather to improve 

the wetting of the surface [31, 32]. Numerous gases were analyzed for 

functionalizing glassy carbon surface by radio frequency plasma treatment and 

their efficiency was rated as O2>H2O>CO2>NH3 [33]. Many papers concluded 

that O2 plasma treatment resulted in better adhesion, hydrophilic surface and 

compatibility for successive deposition of material [34]. A realization of the 

conceived idea of this thesis can be grasped from these works. A sophisticated 

model of the dynamics of plasma treatment can be found in the works of Izumi 

and Saitoh [35]. They proposed a plausible scheme of plasma induced absorbed 

species along with the persistence of functional groups on the surface with time. 

The report concludes that surface functional groups at the glassy carbon surface 

are stable until 30 days with a consistent O/C ratio. However, the highly 

energetic particles of plasma induce surface damage hence it hinders the ability 

to control the process [36]. These limitations can be certainly overcome by 

atmospheric pressure plasma jet where the particle density is significantly lower 

than other plasma configurations [37]. Moreover, the plasma device is designed 

to emit cold gas stream from the nozzle to modify any surface which makes it 

very easy to handle as well as to control the treated area [38]. Atmospheric 

pressure plasma can provide several advantages over the above mentioned 

contemporary methods such as systematic modification and good compatibility 

for the application in electrocatalysis. By proper controlling of the plasma power 

as well as the exposure time it can be channeled to produce the surface 

functional groups on carbon materials. A thorough post treatment 

characterization is mandatory to analyze the emerged functional groups and 
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understand the dynamics of the treatment. The electrochemical stability of the 

plasma treated carbon under the OER conditions is also a crucial factor. 

1.1.3 Functionalization of Carbon materials by electrochemical treatment 

Electrochemical treatment is another approach to functionalize the carbon 

substrate. This treatment is defined as oxidizing the surface of carbon electrode 

electrochemically and can be achieved by putting a periodic potential or a 

potential stress [39]. The variables involved in this step are the pH of the 

electrolyte, potential and time. All these variables contribute in different way 

during the treatment such as choosing a higher potential may create etch pits on 

the surface or treating in different pH affect the property of functional group of 

the carbon surface [15]. For maintaining the integrity of the carbon material, the 

oxidation potential needs to selected intelligently so that the process does not 

trigger detachment of electrode material. Electrochemical pretreatment of glassy 

carbon is established roughly on the same concept of surface oxidation to attain 

functional group similar to plasma treatment [40]. It was reported that creating 

functional groups on the surface of graphitic carbon can be interpreted by 

drawing more oxygen atoms to the surface to enhance the charge transfer 

kinetics [41]. Upon electrochemical oxidation, the generated functionalization 

groups are assumed to be carboxyl, quinone, carbonyl and hydroxyl on glassy 

carbon [42]. The morphological changes can be observed according to the 

treatment. From the works of Y Yi et al, morphological changes of glassy 

carbon can be inspected after prolonged oxidation in alkaline and acidic media 

[15]. The results demonstrated that the morphological change could be 

controlled by the electrolyte rather than the potential and specifically when the 

pH of electrolyte is far from 7.0 [40]. A comparison of both the 

functionalization process can be also studied and could also emerge as a good 

scientific outcome of the work. 
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1.2 Atomic Layer Deposition 

ALD is understood as a film deposition technique based on sequential use of 

self-terminating gas–solid reactions [43-45]. The ALD growth process consists 

of repeating the following characteristic four steps and the underlying 

mechanism is schematically represented in figure 1.5.  

 

 

 

 

 

Figure 1.5 Schematic presentation of the progress of Atomic Layer Deposition using 

sequential exposure of two precursors. The figure shows the time elapsed with different gas 

species (X axis) and the sequence of gas species from top to bottom (Y axis) during the 

propagation of ALD film growth.    

1) A self-terminating reaction from the pulse of first reactant: Reactant A. In 

this step the precursor chemisorbs on the surface functional group.  

2) A purge or evacuation to remove the non-reacted reactants and the 

gaseous reaction by-products. 

3) A self-terminating reaction from the pulse of second reactant: Reactant B 

to activate the surface again for the reaction of the first reactant. 

4) A purge or evacuation to remove the non-reacted reactants and the 

gaseous reaction by-products. 

Reaction steps 1–4 constitute one ALD cycle where reactant A is usually the 

metal precursor and reactant B is water for depositing a metal oxide. Steps 1 and 

3 are sometimes referred to as half reactions of an ALD cycle. Each cycle 
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deposits a certain amount of material depending on the amount of functional 

groups which is referred to as the growth per cycle (GPC). To grow a material 

layer of material, ALD cycles are repeated until the desired amount of material 

has been deposited. 

One of the most basic techniques for thin film deposition is physical vapor 

deposition (PVD). Here, a target of the desired composition is evaporated with 

an electron beam or sputtered to deposit on substrates. The usual disadvantage 

with this method is that it operates based on a line-of-sight deposition. 

Therefore, PVD techniques can only achieve low aspect ratios (<5:1) and 

struggles to cover substrate with non-planner morphology. Similarly in 

molecular beam epitaxy (MBE) the deposition relies on controlling the flux of 

molecular beam onto a surface. In general, PVD techniques are limited by the 

uniformity and homogeneity of the deposited film. Chemical vapor deposition 

(CVD) is a method where these issues can be resolved by using molecular 

precursors with higher vapor pressure. This is why, CVD overcome the problem 

of coating larger surfaces as well as the high aspect ratios structures. Despite all 

these advantages, it is unable to control of film thickness especially in high 

aspect ratio structures. For sake of nano-metric control of deposited film a more 

sophisticated deposition technique is adequate and ALD satisfies such 

requirements [43]. The name ALD was coined later; previously it was 

recognized as Atomic Layer Epitaxy (ALE) given by the inventor “Tuomo 

Suntola” from Helsinki, Finland in 1970 [44]. A short comparison among 

different deposition technique is listed in the following table 1.2. Considering 

the table 1.2, ALD can recover all the limitations of other deposition methods 

and it is the only method that has successfully demonstrated uniform film 

thickness irrespective of the architecture of the substrate. In comparison to other 

techniques, ALD only suffers from the demerits of low throughput [43]. 
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Table1.2 Advantages and disadvantages of different deposition processes 

 

ALD is capable of depositing metals, alloys and even complex oxides. 

Typically, for ALD growth to propagate two processes should take place; they 

are nucleation and growth [44]. Nucleation is defined as the chemisorption of 

precursor molecule at the surface in an energetically favorable condition. Here 

the energetically favorable condition dictates the circumstances under which 

reactant A or metal precursor react with surface of the substrate [45]. This 

requirement is fulfilled by thermal energy of the surrounding. Therefore 

regulating the temperature during the ALD process is one of the key factors to 

acquire a good quality ALD film. This temperature dependent precursor 

chemistry designate the term “ALD window” as explained in figure 1.6 [46]. In 

general, the ALD precursors are prone to decompose at high deposition 

Method Advantage Disadvantage 

Physical Vapor Deposition 
Low impurity 

contamination 
Poor step coverage 

Metal Organic chemical 

vapor deposition  

Good step coverage 

Low process 

temperature 

High impurities 

contamination 

Low density Gas phase 

reaction 

Low Pressure chemical 

vapor deposition  
Good step coverage 

High process 

temperature 

Atomic Layer Deposition 

Low process 

temperature 

Low impurities 

contents 

Good step coverage 

Accurate thickness 

control 

Self-limitation 

Low throughput 

(deposition rate) 
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temperature. On the other hand, low temperature may induce condensation or 

cannot perform the required chemisorption resulting in lower growth rates. The 

combination of timing sequence of the ALD cycle and high pressure gradient 

contributes a certain amount of material on the substrate. In ideal ALD 

conditions, the reproducible yield of chemisorption deposits one monolayer 

every cycle and explained as the atomic layer control in ALD. For such 

advantages, ALD provides the best cycle dependent control over film thickness 

which is very rare. The ideal ALD conditions vary with deposition temperature, 

precursor reactivity and most importantly precursor-substrate interaction.  

 

 

 

 

 

 

 

Figure 1.6 The figure shows the change of the precursor chemistry with the influence of 

growth temperature of ALD[46]. This window is different for different precursors and can be 

sensitive to substrates also. 

1.2.1 Challenges of conventional ALD  

The merits of ALD have guided it into vast scientific research and industrial 

application. Within the development of scientific understanding, ALD has 

spread its reach in almost all elements of periodic table [44]. ALD of metal 

oxides, including binary and ternary oxides has been widely used in the field of 

microelectronics such as gate oxides, memory capacitors and ferroelectrics. 

Despite such contribution, a few issues related to ALD are still yet to be 

understood in a comprehensive manner. Some of them are presented in a very 

brief manner in the following points.  
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Technical issues- The conventional ALD process is mostly suited for planner 

substrates in terms of thickness control and homogeneity of the film. However, 

coating porous substrates, particles or powder materials with ALD are always 

challenging. In order to achieve a homogenous chemisorption of precursor, the 

loaded powder materials are often rotated inside a tumbler. Since the heating 

element cannot be associated with the wall of the tumbler, the motion of the 

tumbler induces a gradient of reaction temperature on the high surface area of 

powder substrate. For this reason, the control of deposited material on powder 

substrates are often difficult to control by ALD and in literature there are 

countless proof of such phenomenon [47, 48]. The evidence is reported in many 

cases mostly because of considerable deviation of growth rate. According to the 

definition, growth rate of any respective ALD process is firmly controlled by 

precursor chemistry and reaction conditions. On the contrary, many groups 

concluded many different growth rate of the same ALD system which certainly 

indicates that ALD process on porous substrates still requires a lot of insights.  

Surface diffusion- This is a more serious problem since it operates in the first 

few cycles and is capable of deviating subsequent growth process. If the 

favorable thermal conditions are provided, the first half cycle of ALD initiates 

the chemical interaction between the precursor and surface functional group of 

the substrate. In numerous cases, it was found that in such conditions the 

chemisorbed atoms joined together to produce agglomeration [49]. This 

phenomenon asks a very important question about whether the chemisorption is 

actually a mere adsorption or it is just an artifact. If ALD is explained as robust 

chemical bonding between the substrate and the precursor molecule then the 

lateral surface diffusion should be absent. Aside from this, substrates with high 

surface area are more susceptible to such deterioration with the added difficulty 

of temperature distribution.     
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Separating ALD from CVD- The distinguished advantage of ALD over all the 

other deposition technique is its self-saturating, time independent, homogeneity 

and conformality. The efficiency of the ALD reactions (figure 1.5) controls the 

growth process which can be analyzed by some in-situ characterization. The 

cycle dependent film thickness defines the ultimate control of ALD process. In 

comparison to ALD, the film thickness is controlled by time in case of CVD. 

Quartz crystal micro-balance is capable of measuring the mass deposited in 

every cycle even in nano gram scale [44]. However, it fails to provide any 

qualitative information regarding the completion of above mentioned two 

reactions in every cycle. In some in-situ IR characterization it was observed that 

incomplete ligand exchange reaction gives rise to the CVD component during 

the ALD process [50]. Scientific efforts dedicated to separate these components 

are still missing in the field of ALD research. This means that still a lot of 

fundamental research need to be undertaken to elucidate the mechanism of ALD 

process.  

1.3 Manganese oxide deposited by ALD 

1.3.1 Preparation of MnOx catalysts by Atomic Layer Deposition 

So far the deposition of MnOx is demonstrated through Pulsed layer deposition 

method [51], Chemical vapor deposition [52], Electrochemical deposition [53]. 

However, ALD is often preferred as it is capable of producing a conformal 

protective layer on the electrode material as well as serving the purpose of 

catalysis. A liquid precursor with high vapor pressure is always convenient for 

ALD operation. Solid precursor requires additional heating procedure and most 

of the time provides low working pressure. There is also an influence of the 

oxidizing source on the ALD window which can be water, oxygen, ozone or 

even reactive species such as plasma. In literature, there are various sets of 

precursor available to deposite MnOx thin films by ALD. Among them Bis-

ethylcyclopentadienyl Manganese Mn(CpEt)2 as the metal precursor and water 
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as the second precursor are the most studied ALD process of MnOx [8, 54]. The 

preference of choosing this set of precursor is attributed to their physical state, 

wide ALD window (100-300°C), ability to produce stoichiometric oxides [54]. 

These precursors show a deposition rate of 1-1.2A° per cycle on Si substrate 

with a temperature range from 100 to 250°C [8, 54]. Aside from this 

information, one of the most important factors for ALD growth to continue is 

the considered substrate. The importance of the substrate selection can be 

addressed by the chemistry of its surface functional groups of the substrate. Poor 

chemical interaction of the surface functional groups with the ALD precursors 

can inhibit the self saturative ALD growth even though the rest of the conditions 

are favorable. The reports considered above are in case of Si substrate and 

similar characterization data for carbon substrates are still unavailable. Here 

once again it needs to be signified that step of functionalization is the added 

measure to achieve a self saturative ALD on carbon materials. Some reports can 

be found in literature regarding ALD on different carbon nano structures [49, 55, 

56]. However, the data regarding the chemical interaction of surface functional 

group with ALD precursors are still not understood in scientific manner. The 

approach adopted in this thesis deals with such issues.  

1.3.2 Different phases of MnOx 

A brief review of different phases of MnOx is presented here. In literature, 

various phases of1 MnOx are reported and among them the mostly studied 

phases are derived from MnO2 [57, 58]. In the work of Frey and Kurz, a detailed 

and proper classification of different phases of MnOx can be found which is 

based on structural motifs (table1.3) [11]. According to their classification, the 

ranges of MnOx phases can be sub divided into three categories but they contain 

the same basic structural unit [MnO]6 octahedrons. Different agglomeration of 

these octahedrons gives rise to different structural motifs which plays an 

important role in their catalytic activity. The first category consists of 

Manganosite, Marokite, Hausmannite and Bixbyite which are achievable from 
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pure MnOx without any secondary cations. They are all dense 3D networks and 

only Bixbyite is the active phase for OER in this category. The second and third 

segments of classification give tunneled and layered oxides. Their accessible 

structural motifs allow intercalation of secondary cations as well as hydration. 

Among all these identified and enlisted phases, Birnessite is reported to be the 

most active phase for OER.  

Table1.3 classification of different phases of MnOx based on their structural motifs 

Structure motif Corresponding phases Average oxidation 

state of Mn 

3D network  

(pure MnOx) 

Manganosite, Marokite, 

Hausmannite, Bixbyite 

+2 to +3  

Tunnel Pyrolusite, Ramsdellite, 

Cryptomelane Hollandite, 

Todoroktie 

+3 to +4 

Layered Birnessite, Vernadite +3.5 to +4 

1.3.3 Change of Mn oxidation states 

This section outlines one of the controlling aspects of MnOx for studying its 

performance in water oxidation and its interrelation with corresponding 

crystalline phase. Before going into the detail, it needs to be addressed that a low 

temperature deposition process such as ALD in general produces an amorphous 

film with no specific phases or crystal orientation. Although in some case it was 

encountered that ALD is capable of preparing crystalline phases [59]. A post 

deposition step can be strategically done to regulate the oxidation state of Mn 

[60]. But the difficulty mainly arises from the characterization and confirmation 

of oxidation state of Mn. Determination of oxidation state of MnOx derived from 

the XPS is misleading in many ways because of the complexity of Mn2p peak. 

According to several literature, it is reported that the multiplet splitting of Mn3s 

provides a pattern for Mn oxidation site [61]. The hypothesis tells that the 
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oxidation state of Mn is higher if the Mn3s multiplet splitting energy is lower 

and vice versa. Aside from this analogy, some similar methodologies are also 

cited in literature to resolve this issue [8, 62]. The difference between the 

Mn2p
3/2

 peak binding energy and the lowest binding energy component of 

oxygen spectra (expressing Mn-O-Mn bond) follow a linear relation [63]. A 

correlation to Mn oxidation state can be found after analyzing these reports but 

still NEXAFS is proposed as the most reliable mean for identifying oxidation 

state of MnOx in literature. In most cases, the ALD deposited MnOx found to 

have a mixed oxidation states[64]. 

 1.4 ALD deposited MnOx as a catalyst for OER  

In this section, the electrocatalytic performance of ALD deposited MnOx will be 

surveyed with correlation to variables such as oxidation state, morphology and 

phases. Firstly it needs to be pointed out that ample amount of scientific reports 

can be accessed in literature where MnOx was employed as an electrocatalysts 

for OER. As illustrated in the beginning of section 1.3.1, there are also various 

synthesis routes for preparing MnOx. In the published report of Mette et al [65], 

wet impregnation and chemical symproportionation precipitation was applied to 

synthesize a nano structured MnOx electrocatalyst by coupling it with 

commercial CNT. It was found that the synthesis techniques also had great 

influence on their oxidation state. From NEXAFS analysis, the MnOx 

electrocatalyst prepared by wet impregnation showed only +2 oxidation state. 

On the other hand, the chemical symproportionation method showed a mixture 

of +2 and +3 in the as prepared state. The research further confirmed that the 

oxidation state of Mn can be also changed by a post thermal treatment where the 

controlling parameters are temperature and oxygen partial pressure. These same 

synthesis techniques were further utilized by Bergmann et al [66] to comprehend 

the fundamental aspects of MnOx keeping OER in focus. The link of the MnOx 

structural motif with synthesis method was investigated in detail. The in-depth 
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X-ray spectroscopy study concluded that the MnOx electrocatalyst prepared by 

chemical symproportionation contains a layered structure similar to δ-MnO2 

while in case of the wet impregnation the MnOx displayed a mixture of tunneled, 

3D cross-linked (similar to β-MnO2) and defective γ-MnO2 structures. 

Electrochemical characterization revealed that the layered structural motif 

evolved from chemical symproportionation exhibits a higher tafel slope than the 

latter. The OER activity enhancement was explained by having abundant di-μ-

oxo-bridged Mn ions in the layered structural compared to the 3D cross-linked 

structures. Moreover, the post analysis of these electrocatalysts demonstrated 

that these structural motifs stay unchanged during the OER process but the Mn 

oxidation state increases to +4 for both electrocatalyst. A more comprehensive 

and detailed research is performed by Frey and Kurz et al [11] which gives the 

full overview of different crystalline structures, oxidation state, morphology as 

well as catalytic activity. The classification of different MnOx structural motif 

was discussed in section 1.3.2 therefore other features are evaluated here. ATR 

IR spectroscopy on different MnOx structural motif showed pronounced water-

related IR features in the tunneled and layered MnOx. A huge range of surface 

area 1-250 m
-2

g
-1

 was found in the variety of MnOx structural motifs by BET 

investigation. From the BET measurement, the crystalline MnOx with 3D 

structural motifs had very low surface area, the tunneled MnOx possessed higher 

surface area compared to 3D structure. The layered MnOx showed the highest 

surface area in the BET measurement. The morphological study was done by 

SEM of all the MnOx showed different features for different MnOx structural 

motifs. The nano structural features in the tunneled and layered MnOx structural 

motifs was clearly observed by the SEM image analysis and this further 

supported their high surface area as well as water absorbed IR bands. One of the 

main conclusive remarks of the study was identifying an effective Mn oxidation 

state which is between +3 and +4. Alongside these characterizations, catalytic 

activities of MnOx with different structural motifs and crystalline phases were 



1 . 4  A L D  d e p o s i t e d  M n O x  a s  a  c a t a l y s t  f o r  O E R  | 36 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

statistically measured where the tunneled and layered MnOx performed with the 

best OER activity. The trend was interpreted with the availability of higher 

number of active sites in the mentioned structures such as Birnessite that assists 

the water adsorption as well as catalytic oxidation of water. It was also 

demonstrated that the incorporation of a second cation such as Ca
2+

 or K
+
 into 

the structure is also capable of further enhancing the catalytic activity. When the 

evolved oxygen rate of the prepared electrocatalysts are normalized with the 

BET surface area, then it was found that some crystalline structures like 

Bixbyite, Marokite can possess comparable catalytic activity to MnOx layered 

structures. The overall investigation summarize that the crystalline phase along 

with its structural motifs is an essential aspect for studying the MnOx 

electrocatalyst. Alongside, there is certainly a favorable oxidation state of Mn is 

required for extracting maximum OER activity out of it. There are many other 

authors whose works can be corresponded to the above mentioned conclusions 

[67]. Since the study attempted in this thesis encompass mainly ALD deposited 

MnOx, therefore the review will converge further into this direction. In the two 

papers published by Pickrahn et al [8, 64] similar research work can be found 

where ALD deposited MnOx was deposited on glassy carbon and was 

thoroughly examined for OER process. For better understanding and comparison 

some data from these papers are considered here. In figure 1.7 (a), the cyclic 

voltammetry of two ALD deposited MnOx on glassy carbon support where a 

single sweep is performed between 0.06 to 1.1 VRHE in N2 saturated solution [8]. 

Here the as deposited MnOx by ALD on glassy carbon is compared with a post 

deposition annealed MnOx on glassy carbon at 450°C for 18 hours in air. From 

the data, it can be observed that both the oxides show similar peak positions 

denoted by (i) and (ii). The SEM study revealed a high surface area effect on the 

post deposition annealed MnOx which explained the high capacitance in cyclic 

voltammetry at the peak position (i) and (ii). For measuring the OER 

performance, the anodic sweep of the first cycle of the both MnOx catalysts are 
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shown in figure 1.7 (b). From the data, it can be seen that both MnOx catalysts 

on glassy carbon support shows similar OER activity but the annealed MnOx 

catalysts is a bit more active than the as deposited MnOx catalysts. The analysis 

from the tafel plot in figure 1.7 (c) confirms such conclusion. Primarily, this 

electrocatalytic performance in case of annealed MnOx catalysts was explained 

by the evolution of higher surface area originating from the thermal treatment of 

the oxide. But the tafel plot analysis suggests that the activity is rather inherent 

to the oxide. This phenomenon supports the investigation from other researchers 

mentioned above where a post thermal treatment can be utilized to alter the 

oxidation state of Mn. However, it also needs to be taken under consideration 

that the oxidation state of Mn gets readily changed in the electrochemical 

process. 

 

 

 

 

 

 

 

Figure 1.7 (a) Cyclic voltammetry of MnOx and annealed MnOx on glassy carbon support and 

voltage is varied between 0.06 and 1.1 VRHE with a scan rate of 20 mV/s in N2 saturated 0.1M 

KOH electrolyte. The oxidative characteristics are denoted by peak (i) and (ii) during the 

sweep. (b) The first anodic sweep of different catalyst materials with bare glassy carbon 

where the potential window is 0.1 to 1.9 VRHE with a scan rate of 20 mV/s in the same 

electrolyte. (c) The tafel plot with dashed line indicating the scaled performance meaning both 

the catalyst materials are compared with equal active sites [8]. 

  A well-organized experimental database can be found in the second report 

of Pickhran et al [64] where an accurate methodology is adopted to trace the 

oxidation state change. It is well known that NEXAFS data is very sensitive to 
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the oxidation state of the material. As pointed earlier at the end of last section, 

NEXAFS spectra at Mn L edge of different MnxOy can be utilized as a reference 

for identifying the oxidation states of Mn (figure 1.8 (a)). This approach is 

capable of capturing the oxidation state alteration of Manganese oxides in the 

OER conditions. The viewgraphs of figure 1.8 (b) and (c) shows the measured 

total electron yield (TEY) and Auger electron yield (AEY) in the unannealed 

and annealed MnOx. AEY is more surface sensitive compared to the TEY where 

the signal mostly originates from the surface regions. 

 

 

 

 

 

 

Figure 1.8 NEXAFS measurement at Mn2p L edge (a) of as purchased oxides of Manganese 

with different oxidation state. The total electron yield (TEY) of MnO, MnOOH, Mn3O4, 

Mn2O3, α-Mn2O3 looks completely different from each other. The measured TEY of the 

unannealed and annealed MnOx samples before and after electrochemical characterization are 

compared in figure (b) and (c). In both graphs of (b) and (c), the AEY data of the 

corresponding samples are plotted together with a black solid line to have a comparison 

between the surface and sub-surface region [64]. 

 By comparing TEY and AEY data, it can be clearly observed that the as 

deposited sample had a surface with a relatively higher oxidation number than 

the bulk. This gives an experimental proof of presence of mixed oxidation state 

in MnOx catalysts [54]. However from the comparison of NEXAFS spectra from 

both samples, only the annealed sample appears to have a higher portion of +3 

oxidation state. The TEY measured after OER reveals that the as deposited 

sample undergoes severe oxidation and transforms to Mn
4+

 state. Confirmation 

of deeper oxidation during the OER condition is also found by analyzing the 
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AEY signal as they show the same profile. The shoulder at 643eV is attributed 

to surface appearance of MnO2 and evident in both samples. Aside from this 

formulation, it can be also noticed that the annealed MnOx catalysts is less 

influenced by the electrochemical oxidation. In a separate study, it was also 

demonstrated that annealing stabilizes and enhance the robustness in the 

electrodeposited MnOx which hinders the shifting of oxidation state through the 

electrochemical process [68].  
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2.0 Experimental section 

2.1 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a crystal structure sensitive method which often used 

to characterize catalyst materials. When the atoms are arranged in a periodic 

manner, the interaction the monochromatic x-ray photons with the electron shell 

of atoms gives rise to diffraction patterns. These diffraction patterns refer to the 

corresponding crystal lattice and are governed by Bragg’s law.  

 

 

 

 

 

 

 

Figure 2.1 Schematic representation of x-ray diffraction with the atomic planes of fixed 

spacing. 

Figure 2.1 illustrates the occurrence of diffraction of x-rays by crystal planes. 

The corresponding lattice spacing’s of crystal can be calculated using the 

Bragg's law nλ=2dsinθ. In the equation of Bragg's law; n is an integer called the 

order of reflection, λ is the wavelength of x-rays, d is the characteristic spacing 

between the crystal planes of a given specimen and θ is the angle between the 

incident beam or reflected beam and the lattice plane. By measuring the angle θ, 

the interplanar spacing’s “d” of every single crystallographic phase can be 

determined. X-ray diffraction pattern of samples were measured with Bruker D2 

Phaser diffractometer with Cu Kα (1.5406 A°) source. The lattice parameters 

were obtained from the Braggs equation from assigned diffraction reflections. 
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2.2 Scanning electron microscopy (SEM) and Energy dispersive x-ray 

spectroscopy (EDX) 

Scanning electron microscopy (SEM) is a very important imaging technique for 

capturing the surface morphology. SEM allows the survey the topology and 

texture of the sample surface and is widely used in any scientific research. A 

high energy electron beam is directed toward the probed surface which forces 

the surface atoms to eject electrons. The two detectors scan the surface 

simultaneously during the irradiation to provide information about the sample 

depending on their type. Electrons with low kinetic energy are captured in the 

detector situated close to the sample surface and the image capturing mode is 

termed scanning mode (SE). Images taken in scanning mode is usually regarded 

to be surface sensitive and reflects the morphological information of the probed 

surface. The other mode is called back scattered electron (BSE) mode where the 

emitted electron is sensed in a circular detector plate with four individual 

quadrants. An image taken in BSE mode contains deeper information compared 

to SE and is dependent on the sample. Sometimes the combination of SE and 

BSE modes are used to analyze samples. The Electron Microscope images 

enclosed in this thesis were captured on a Hitachi S-4800 field emission 

scanning electron microscope, working in the kV range 0.1 to 30. For this work, 

typical morphology studies are undertaken at low voltages 1.5 kV and a 

relatively close working distance of 3 mm. An Energy Dispersive X-ray (EDX) 

was coupled within the SEM to inspect the distribution of atoms on the sample. 

The fluorescence resulting from the incidence of the high energy electron beam 

on the sample surface is acquired in the EDX detector and often represented as a 

map. EDX maps were detected applying a SDD (silicon drift detector) in Bruker 

EDX System. EDX is capable of tracing a spatially resolved elemental 

composition of a designated region in the surface. The working distance for 

detecting x-rays was optimized to 10 mm. 
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2.3 Transmission electron microscopy (TEM) and small area electron 

diffraction (SAED) 

Transmission electron microscopy (TEM) is one the most advanced and 

powerful electron microscopy technique utilized in modern scientific research. 

The working principal of TEM is an electron in electron out process but the 

instrumentation is very complicated. Therefore, it is discussed in brief in here. 

The resolution of the modern TEM can go up to 1 nanometer therefore it is 

capable of capturing atomistic structure of materials. To undergo TEM 

investigation, the sample thickness has to be in order of 200 nm as it has to 

ensure transmission of the incident electron beam. To fulfill such requirement, a 

lamella of 80-100 nm thickness is prepared form the carbon pellets using a field 

ion beam of FEI HELIOS Nanolab G3UC. An image of this lamella is shown in 

figure 2.2 below. Prior to the lamella cutting process, Platinum was deposited on 

top the surface which helps in further handling of the lamella.  

 

 

 

 

 

 

Figure 2.2 Microscopic image of a lamella prepared from a glassy carbon pellet for TEM 

investigation. Platinum was deposited by electron beam first and later with ion beam on the 

top of the lamella. TEM image was taken from the thin part of the lamella.  

TEM imaging was conducted in Cs-corrected FEI Titan 80-300 

microscope with acceleration voltage of 80 kV coupled with a Gatan Ultrascan 



2 . 0  E x p e r i m e n t a l  s e c t i o n  | 43 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

1000 camera. Small area diffraction (SAED) is performed on the lamella at the 

same time during the TEM investigation. SAED provides the same information 

as XRD but in this case the electron beam from TEM used to achieve the 

diffraction pattern. The coupled electron diffractometer measures the structure 

sensitive electron diffraction of the lamella with 40 µm small area aperture at 

265 mm camera length. 

2.4 Raman spectroscopy 

Raman spectroscopy is categorized as a technique for vibration spectroscopy 

alongside infrared spectroscopy. It provides information about the vibration 

modes and crystal symmetry of molecules of the probed materials. The 

measurement is performed by directing a laser of known frequency to the 

sample surface. Upon irradiation with a monochromatic photon source of 

frequency ν0, the interacted molecules shift into a virtual vibrational energy 

state.   The interaction is pictorially presented in figure 2.3.   

 

 

 

 

 

 

Figure 2.3 Schematic representations of energy transition levels during the Raman laser 

excitation. 

Considering the scattering of the incident photons there are two possible 

outcomes. When the incident radiation is scattered without a change of its 

energy or in other words when it scatters in an elastic manner, it is identified as 

Rayleigh scattering. In most scattering events in vibration spectroscopy 
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Rayleigh scattering constitute majority of the phenomena. However, a very 

small number of scattering events do it inelastically where the scattering light 

deviate in its incident frequency. The emitted photons with lower frequency than 

the incident photon (ν0–ν) contribute to stokes component of the scattered 

radiation. Similarly, the emission of photon with higher scattered energy (ν0+ν) 

gives the possibility of antistokes scattering. Raman vibrational spectroscopy of 

molecules consists mainly of stokes scattering which varies with the examined 

sample and wavelength of light used. A Thermo-Fisher Scientific DXR Raman 

laser of 532 nm wavelength and power from 0.1 to 5 mill watt was utilized to 

record the Raman spectra of the samples. The top mounted microscope with a 

50x magnification was used for mapping and tracing the damage inflicted by 

laser on the sample surface. Different fitting protocol such as 3 or 5 peak fitting 

procedures were applied to deconvolute the measured Raman spectra of 

different sample.      

2.5 Contact angle measurement 

Contact angle measurement reflects the chemical environment of the surface. 

Theoretically at a solid liquid interface, the angle between the surface of the 

liquid droplet and the outline of the contact surface is considered as the contact 

angle.  

                (Young’s equation) 

 

 

 

 

Figure 2.4 Schematic representations of the equilibrium of surface tension at a solid, liquid 

and gaseous interface. The contact angle is measured between the solid and liquid droplet 

boundary indicated by θ.  
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Young's equation describes the relationship among the contact angle θ, the 

surface tension of the liquid σl, the interfacial tension σsl between liquid/solid 

and the surface free energy σs of the solid [69]. Figure 2.4 explains the 

interaction of surface energy among a solid, liquid and gaseous interface. In this 

thesis, contact angle analysis plays a key role since it is correlated with the 

surface energy of carbon which reflects the chemical environment of the carbon 

surface. When the carbon undergoes surface functionalization process, it readily 

changes the surface chemical properties and influences the contact angle values. 

During the functionalization process water contact angle measurements were 

done with KRÜSS drop shape analyzer 1.9-01. The pressurized dropping unit is 

capable of dropping reproducible droplets of same volume on any surface. A 

sessile drop of 2 micro liter of water was used for wetting the surface of the 

glassy carbon. The coupled μ Eye cockpit camera captures the wetting 

interaction of the water. The periphery of the water droplet is fitted with 

ellipsometric function to finally determine the contact angle. 

2.6 X-ray photoemission spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface sensitive characterization 

technique, it is also known as electron spectroscopy for chemical analysis 

(ESCA). XPS is used to study the elemental composition, oxidation state, and 

electronic structure of the surface. During XPS, the surface is illuminated with 

monochromatic light which cause the emission of photo electron from the 

illuminated surface. The monochromatic source of light can be the commercial 

laboratory based X-ray sources such as Mg Kα (1253.6 eV) or Al Kα (1486.6 

eV). Another source of monochromatic X-ray is synchrotron radiation where a 

range of monochromatic X-ray can be obtained according to the requirements. 

XPS techniques are very surface sensitive due to the low attenuation length of 

photoelectrons. The attenuation length depends on the photon energy hence the 

synchrotron radiation enables the analysis of the electron from different depth 

from the surface of the material. In a simplified picture, when the surface is 
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irradiated with monochromatic light (X-rays) of energy hυ (h is Plank’s constant 

and υ is the frequency of the light) the electron from the surface will be ejected 

with certain kinetic energy (Ek). The analyzer of XPS instrument measures the 

kinetic energy of the emitted electrons. The binding energy (EB) of the electrons 

(core levels) can be determined by the following equation 

           

   is the work function of the material. 

The binding energy is the finger print of the atomic orbital of the sample. 

In this thesis, XPS measurements were performed by with a Specs GmbH 

Phoibos 150 NAP-XPS instrument using Al Kα (1486.6 eV) as source. The 

spectrometer was calibrated by setting the Au4f7/2 binding energy of sputter 

cleaned gold foil to 83.98 eV.  The spot size for all measurements was 350 

micron with a takeoff angle of 45°. The core level spectra of carbon and oxygen 

were taken with a step width of 0.05 eV to ensure a high resolution. The sample 

was heated via illuminating the back side of the sample holder with an infrared 

laser. The temperature was measured via a type K thermocouple spot welded to 

the stainless steel sample holder. Utilizing the highest safe laser power XPS 

measurement can be performed at maximum 1240K (~960°C). 

2.7 Thermogravimetric mass spectrometry (TG-MS) 

Thermogravimetric analysis (TGA) is a method in which temperature enhanced 

chemical reactions are detected as well as interpreted by monitoring the mass 

changes of a sample. The most studied chemical reactions through TG are 

chemisorption and decomposition in addition to some physical phenomenon’s 

such as phase transition. For a more advanced characterization of these chemical 

changes, a mass spectrometer can be coupled with the TG balance and the 

combined arrangement is termed as Thermogravimetric mass spectrometry (TG-

MS). In this thesis, the created functional groups on carbon surface are 
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quantified through TG-MS measurements. A STA 449 F3 Jupiter VR QMS4 

from Netzsch with an Ar gas flow of 70 ml/min was used for the TG-MS 

analysis. In general, a linear heating profile is used for TG-MS analysis but an 

isothermal steps can be further utilized to decompose the functional groups in a 

controlled way. It allows a clear identification and a quantitative analysis of the 

functional group of carbon [70]. During the isothermal steps, the decomposed 

functional groups are captured in the mass spectroscopy as CO and CO2. The 

applied heating rate was 20 k/min between the isothermal steps.  

2.8 Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

Usually can be quantified Inductively coupled plasma optical emission 

spectroscopy (ICP-OES) is a good quantitative analysis method for 

characterizing trace amounts of metals in an aqueous solution in the range of 

ppb level. In this method, the metal containing solution can be fed to inductively 

coupled plasma by a peristaltic pump though a nebulizer. The nebulizer sprays 

the solution into a quartz tube. The plasma is generated at the end of a quartz 

tube connecting the nebulizer chamber which vaporize as well as ionize the trace 

metals. The plasma is ignited with the aid of a coil with high frequency alternate 

current and a laminar flow of argon gas. Due to the thermic energy taken up by 

the electrons, they reach a higher "excited" state. When the electrons drop back 

to ground level energy is liberated as light (photons). Each element has an own 

characteristic emission spectrum that is measured with an optical spectrometer. 

The light intensity on the wavelength is measured and compared with the 

calibration file to calculate the concentration of the trace metal. Here, the ICP-

OES method was used to quantify dissolved Manganese in different solution. 

The dissolution method for quantifying Mn content is described below. 

Dissolution method- MnOx deposited on piece of Si wafers of known area or 

functionalized MWCNT are dissolved in solution of different pH to measure the 

Mn content. Hydrochloric acid (37% conc.) and Millipore water was used for 
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the dissolution purpose. These chemicals were specifically chosen since conc. 

HCl dissolves all the Mn revealing the total Mn content of the sample. On the 

other hand, Millipore water only dissolves physically adsorbed Mn. The 

comparison between these dissolved content shows the chemisorbed Mn content 

which signifies the ALD Mn. The mixture is centrifuged after 72 hours with 

occasional shaking which is the standard procedure but for extended dissolution 

method the dissolution time was extended to 10 days. 75-100 μl of the 

supernatant was added to 1000 μl 0.01 mol KOH and homogenized to prepare 

the ICP-OES solution. Manganese-containing solution was continuously 

streamed into the ICP-OES (Spectroblue EOP, Ametek) by means of a 

peristaltic pump at a flow rate of 0.18 ml/min through a quartz nebulizer 

operating at nebulizer gas flow rates of 0.85 l/min (Ar, purity 99.999%). Three 

single measurements were recorded with an integration interval of 100 milli 

seconds and two sweeps per reading. The detection limits are in the order of 0.1 

ppb of metal according to the manufacturer. The calibration of ICP-OES was 

performed using seven standard solutions with different Mn content (100, 50, 

10, 5, 1, 0.5, and 0 ppm prepared from Merck Certi-PURVR). During the 

measurement the RF power of the plasma was set to 1400 W with a plasma gas 

flow rate of 15 litre/minute. 

2.9 Electrochemical characterization 

A stationary standard three electrode system controlled by an EC-lab-BioLogic 

VMP3 potentiostat was equipped for electrochemical characterization of the 

electrocatalyst (figure 2.5). A Pt foil was always used as a counter electrode 

throughout all the measurements. The electrolytes used for all the experiment 

are 0.1M H2SO4 (pH1) and 0.1M KOH (pH13). For reference electrode, a 

standard calomel Hg/HgSO4 and a Hg/HgO electrode was used for acidic and 

alkaline electrolyte. All the measurements were done in room temperature and 

the electrolyte were saturated with saturated with N2 for 10 min before the 

experiment. 
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Figure 2.5 The crossection of the stationary electrochemical cell is shown in the left side 

where the exposed area has a diameter of 6 mm. A photograph of the cell filled with 

electrolyte is taken from the top is shown in the right side. 

For the part of electrochemical functionalization of carbon pellets, the 

electrochemical measurements comprise of a three simple steps. They are shown 

below-  

Measurement steps: 

1. Pre Cyclic Voltametry (CV) for capacitance below 1.0 VRHE.   

2. Chronoamperometry (CA) for 10 minutes.  

3. Post CV within the same range of Pre CV in same electrolyte. 

The first set of experiment was done to investigate the effect of different 

pH of electrolyte. In this case, the CA potential and oxidation time was kept 

constant at 1.8 VRHE and 10 minutes. In the second set of experiment, the 

influence of different oxidation potential was studied by changing the CA 

potential from 1.2 to 2.4 VRHE while keeping the oxidation time 10 minutes for 

each individual experiments.  

A separate electrochemical measurement protocol was used for analyzing 

the electrochemical characteristics of MnOx on carbon substrates in the OER 
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regime. This is called the “MANGAN” protocol and the detailed measurement 

parameters are described in figure 2.6. 

 

MANGAN protocol  

Experimental parameters 

0.1M KOH solution (pH=13) 

Room Temperature 25°C, Air saturated solution 

 

Measurement steps 

1. Cyclic voltammetry (conditioning) 

This is the first step part of the measurement protocol where the open circuit 

potential (OCP) is monitored for 60 s and then a subsequent linear sweep (LSV) 

from the OCP to 0.9 VRHE (5 mV/s) is applied to avoid any harsh potential jump 

and stress on the working electrode. After the LSV, the conditioning is 

commenced by performing CV from 0.9 VRHE to 1.45 VRHE (50 cycles) with a 

scan rate 100 mV/s.  

 

2. Impedance spectroscopy (determination of iR-drop) 

In this step, the uncompensated resistance (Ru, iR-drop) of the whole 

electrochemical system is determined by electrochemical impedance 

spectroscopy (EIS) at the OCP. At first, the OCP is determined for 60 seconds 

followed by an EIS measurement between 100 kHz and 10 Hz with amplitude of 

10 mVRMS.  

 

3. Cyclic voltammetry (Activity 1) 

For measuring the activity of the electrocatalyst, the potential is first swept from 

the OCP to 0.9 VRHE through an LSV (5 mV/s).After that a Cyclic voltammetry 
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is conducted from 0.9 VRHE to 1.8 VRHE (5 mV/s) with automatic iR-

compensation. This measurement is termed as activity 1 in the protocol. 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 The measurement steps of the “MANGAN” protocol with detailed parameters. 

4. Stationary polarization 

The stationary polarization measurements are carried out at potentials 1, 1.25, 

1.5, 1.55, 1.6, 1.65, 1.7, 1.75, and 1.8 VRHE sequentially. The current is 

measured for 60 seconds at every step. The potential is increased between the 

steps with a gentle scan rate of 5 mV/s and an increment of 2.4 mV which helps 

in keeping the stress on the surface low. After the measurement, the potential is 

swept back (5 mV/s) to the open circuit potential.  

 

5. Chronoamperometry (Stability test) 

To perform the stability of the electrocatalyst, the potential is kept constant at 

1.8 VRHE for two hours. The data obtained from the measurement shows whether 

the electro catalyst goes through any more electrochemical changes within the 
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condition and time. For sake of reaching equilibrium, the system is kept 

stationary for 5 minutes after stability measurement 

 

6. Impedance spectroscopy  

Here the measurement step is same as step 2 and the data is compared with the 

step 2 to check the changes that catalyst experience in the condition.  

 

7. Cyclic voltammetry (Activity 2)  

After this, another CV (activity 2) is recorded with identical parameter of 

activity 1 to test for changes in activity. Parameters for the second CV are the 

same as for the first CV and often compared to first CV for investigate the 

electrochemical property of the catalyst.  

 

From all the measurement steps the activity 1, stability and activity 2 

measurements are compared and discussed in detailed for understanding the 

electrochemical characteristics of the electrocatalyst. The rest of the measured 

data using the MANGAN protocol is presented is a table such as the following 

and this statistics is called key performance indicator (KPI).  

 

Table 2.1 Representation of key performance indicator data from the MANGAN protocol 

Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

     

OCP R  Initial EIS measurement 

     

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

     

OCP R  Second EIS measurement 
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2.10 Atomic Layer Deposition 

ALD was performed in an overflow type reactor of Savannah S200 from 

Ultratech. The whole setup can be divided into three main parts, the precursor 

storage, the ALD chamber and the hot trap. Figure 2.7 shows a schematic 

structure of the system. The pressure inside the system is held at vacuum by a 

pump connected to the hot trap.   

 

  

 

 

 

 

 

 

 

 

 

Figure 2.7 The drawing of Savannah ALD system showing the precursor cylinder assembly, 

Valve manifolds, LPVS system, LPVD system, ALD chamber, tumbler configuration and the 

hot trap.  

The precursors assembly consists of 6 cylinder ports where precursor 

filled stainless steel cylinders can be attached. The flow of precursor is 

controlled by the electronically operated state of the art “Swagelok” ALD valves 

attached to the manifold. The manifold connects the precursor assembly to the 

reactor and is always kept at 150°C to hinder any precursor or water 

condensation. To ensure a reproducible precursor transport from cylinder to the 

ALD chamber, the half-filled cylinder can be heated with a heating jacket to the 

evaporation temperature of the precursor. ALD precursors with low vapor 

pressures can be assisted with a “low vapor pressure delivery” system (LVPD).  
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The reactor bed is heated with the heating element installed underneath 

the chamber. Prior to the experiment, the chamber is set to the desired 

temperature for the precursor molecule to react with sample. For maintaining a 

stable base pressure and a laminar flow, an inert gas such as Ar is passed 

through the reactor. The precursor pulse can be controlled by changing the 

opening time of the inline ALD valve. On the event of opening the ALD valve 

of the respective precursor cylinder, the pressure gradient draws the precursor 

vapor to reactor chamber. Planner samples are laid on top of reactor bed during 

the deposition process but powder substrates are rotated in a horizontally 

mounted quartz glass connected to a rotary engine (tumbler). The rotation of the 

sample enables a more homogeneous contact between precursor molecule and 

sample surface. A pressure sensor is connected to the ALD chamber; it detects 

the presence of precursor by pressure changes inside the chamber. After leaving 

the ALD chamber, the precursor is lead to a hot trap where it is adsorbed in a 

stainless steel mesh. It is required that all parts of the ALD are leak-tight to have 

control over the pressure and to prevent side reactions with oxygen or water. A 

generic recipe of ALD deposition on functionalized MWCNT is shown here. 

Table 2.2 The recipe used for ALD deposition of MnOx deposition on MWCNT 

Line 

No. 

 

Conditioning Manganese deposition Oxygen source 

Action Setting Action Setting Action Setting 

1 Chamber 

temp. 

125 °C     

2 Chamber 

flow 

5 sccm 

Ar 

    

3 Rotation 

speed 

0.2 rpm     

4 Precursor 75 °C     
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temp. 

5 Parameter 

stabilization 

10 min     

6 Chamber 

flow 

20 sccm 

Ar 

    

7 Rotation 

speed 

2 rpm     

8 Parameter 

stabilization 

1 h     

9   Chamber 

temp. 

125 °C   

10   Chamber 

flow 

5 sccm 

Ar 

  

11   Rotation 

speed 

4 rmp   

12   Parameter 

stabilization 

2 s   

13   Chamber 

flow 

0 sccm   

14   Precursor 

pulse 

2 s   

15   Exposure 

time 

60 s   

16   Pumped 

down (base 

pressure) 

60 s   

17   Chamber 

flow 

20 sccm 

Ar 
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18   Parameter 

stabilization 

60 s   

19   Chamber 

flow 

5 sccm 

Ar 

  

20   Parameter 

stabilization 

2 s   

21   Go to line 13 for 

number of  loops  

  

22 Rotation 

speed 

4 rpm     

23 Chamber 

flow 

20 sccm 

Ar 

    

24 Parameter 

stabilization 

2 h     

25     Chamber 

temp. 

125 °C 

26     Chamber 

flow 

5 sccm 

Ar 

27     Rotation 

speed 

4 rmp 

28     Parameter 

stabilization 

2 s 

29     Chamber 

flow 

0 sccm 

30     Precursor 

pulse 

0.015 s 

31     Exposure 

time 

60 s 
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32     Pumped 

down (base 

pressure) 

60 s 

33     Chamber 

flow 

40 sccm 

Ar 

34     Parameter 

stabilization 

60 s 

35     Chamber 

flow 

5 sccm 

Ar 

36     Parameter 

stabilization 

2 s 

37     Go to line 29 for 

number of  loops 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 . 0  R e s u l t s  | 58 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

3.0 Results 

Chemical modification of glassy carbon with atmospheric 

pressure plasma treatment 

3.1 Introduction  

In this chapter, functionalization of carbon materials using atmospheric pressure 

plasma will be discussed. There are many approaches reported in literature such 

as liquid phase acid treatment [71], gas phase oxidation using NOx [71] to attain 

such modifications. However, the time duration needed for functionalization in 

liquid/gas phase treatment is much longer compared to other techniques. The 

post treatment procedures to filter out excess acid are also quite troublesome. 

Considering such demerits, the process can be optimized to a much simpler and 

controllable method such as plasma treatment. The process of functionalization 

can be defined as incorporating covalently bonded hetero atom in carbon by 

means of chemical alterations. The most frequent mean of achieving such 

alteration is by surface oxidation and these created moieties are termed as 

surface functional groups. The plasma treatment is one of the well-studied 

methods to treat carbon substrates [5-8]. However, the most reported 

disadvantage of equivalent low pressure plasma is the endured surface damage 

within the process. There is no well-explained mechanism for these, but most of 

the authors attribute such degradation owing to the presence of highly energetic 

ions and ozone in the plasma sheath. Since the both species coexist in any low 

pressure oxygen plasma therefore their individual contribution cannot be 

explored or pin pointed. Apart from these features, these techniques deal with 

complicated instrumentation and tedious processing issues. Nearly all the above 

mentioned limitations can be overcome by atmospheric pressure micro plasma 

jet where the particle density is significantly lower than any other plasma 

configurations [37]. The interactive plasma species that are generated in the core 

plasma are mostly atomic oxygen which can be seen as an efficient mean to 



3 . 2  A t m o s p h e r i c  p r e s s u r e  p l a s m a  j e t  | 59 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

produce functional groups on carbon surface [72, 73]. Additionally, atmospheric 

pressure plasma does not require UHV systems which substantially lower the 

cost of process. The added advantage of this technique is the admixing and 

contribution of atmospheric nitrogen in the plasma chemistry further extending 

the scope of treatment for creating carbon nitrogen species [74].  

3.2 Atmospheric pressure plasma jet  

The micro plasma jet device originally designed and developed for biomedical 

application that emits cold gas stream from the nozzle to modify any targeted 

surface. The design aspects and guidelines were formulated considering the ease 

of handling and the control of the treated area. The main instrumental units of 

the whole plasma system are the plasma jet device, the gas supply unit, the 

oscilloscope and the radio frequency generator. The plasma device used for this 

study is identical as the design of the COST jet and the construction details can 

be found in the work Golda et al [75]. The feed gases were 1.4 standard liter per 

minute (slm) of Helium (99.999%) and 8.4 standard cubic centimeters per 

minute (sccm) of Oxygen (99.998%) for maintaining a correlation with previous 

study where atomic oxygen and ozone concentration was estimated [72]. The 

distance of treated surface was also kept 3 mm away from the electrodes for the 

same reason. For comparing the characteristics of functional group, a standard 

flow rate of 3.5 sccm of Nitrogen (99.998%) was admixed with Helium to 

application of N plasma for the same purpose. Therefore, the duration of 

treatment was the principal parameter which was changed within this 

investigation to understand the plasma induced modification of the carbon 

surface.  

3.3 Characteristics of atmospheric pressure plasma jet 

The build in probe of jet device measures applied voltage and current generated 

in the plasma created between the two electrodes. Current-Voltage 

characteristics of the atmospheric pressure plasma jet with an admixture of He 
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wand O2 (O jet) are shown in Figure 3.1 (a) [75]. Here, it can be observed that 

after the ignition around 220 volts, the plasma start to develop power with 

increasing the voltage in the jet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 The current-voltage characteristics of plasma jet is shown with gas admixture of 

8.4 sccm O2 (a) and 3.5 sccm of N2 (b) with 1.4 slm He is shown. The calculated power is 

also shown alongside [38]. The horizontal lines in the graphs identify the plasma parameters 

used for treating glassy carbon substrates. They are 1 watt for O jet and 0.5 watt for N jet. A 

photograph of the plasma jet device treating glassy carbon substrates shown in figure (c) with 

different plasma glow zones labeled.  

Increasing the voltage to high value such 380 volts initiates the constricted 

mode and potential arcing is seen between the electrodes which should be 

avoided at any cost for safety reason. For this reason, the power regime between 

ignition and constricted mode (highlighted with a grey activated zone in figure 

3.1 (a)) is considered to be suitable for treating the glassy carbon pellets. The 

constricted mode is encountered earlier in case of N jet than O jet and can be 

compared in Figure 3.1 (b). From the comparison, the ionization inefficiency of 
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nitrogen plasma jet can be recognized as the maximum generated power reaches 

about 1 watt within the activated zone. In order to ensure reproducible 

experimentation and stable plasma, O jet and N jet treatments are performed 

with 1 watt and 0.5 watt as identified with horizontal dash dot lines in figure 3.1 

(a) and (b).  

  

 

 

 

 

 

 

 

 

 

 

Figure 3.2 The optical emission spectrum of O jet and N jet are plotted in figure (a) and (b). 

The spectra were measured at an interval of 30 seconds and the stability of reactive species in 

the two different plasmas can be compared.  

In figure 3.1 (c) a photograph of the plasma treatment process of a glassy 

carbon pellet can be found. The plasma glow region can be subdivided into two 

parts; the core plasma which is sighted between the jet electrodes and the 

effluent that emerge to the treated surface leaving the jet through the nozzle. In 

the gas effluent, the reactive species can be identified by optical emission 

spectroscopy (OES) [75]. In figure 3.2, the OES spectra of an O jet (a) and an N 

jet (b) measured at the nozzle exit is plotted. From the spectra, atomic emission 

from admixed gases can be identified. The most intense atomic emission lines 

are observed at 777 nm and 884 nm which originate from atomic oxygen. He 

atomic emission lines are seen at 706 nm, 668 nm and 587 nm. Aside from 
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these, some weak emissions from molecular nitrogen at 336 nm and 357 nm 

with hydroxides at 308 nm appear in the spectra. This small contribution is 

accounted to the admixing of atmospheric nitrogen and humidity with the gas 

effluent. The plasma derived species inside the N jet is relatively complex which 

appears as a mixture of oxygen and nitrogen species in the optical spectrum. For 

a quantitative analysis of the reactive species in the effluent, a separate approach 

called “Actinometry” was utilized. Actinometry considers introduction of trace 

amount of Ar in the gas admixture and from the ratio of the optical emission 

intensity of Argon and Oxygen, the density of atomic oxygen in the effluent can 

be estimated. From the estimation, the O density 3*10
16

 cm
-3

 was found at the 

nozzle exit which depletes with increasing the distance from the nozzle [72]. 

The formation of Ozone is also probable in the effluent due to the relative 

abundance of molecular oxygen compared to the plasma core [73].  

The plasma treatment of carbon pellet can be strategized in two different 

ways, the stationary jet treatment and the moving jet treatment as shown in 

figure 3.3 (a) and (b). In case of stationary jet treatment, the effluent is directed 

towards a single region of area 1 mm
2
 in the middle of the carbon pellet. This 

approach is used to study the time dependent dynamics of chemical 

modification. From optical microscopy, the affected area was found to increase 

with time which was measured about 2.5 by 2.45 mm for a stationary treatment 

of 20 minutes. For maximizing the treated area, the stationary carbon pellet can 

be moved using a manipulator with a predetermined algorithm. This procedure 

enables a homogenous treatment of the whole surface of carbon pellet and can 

be applied to treat much larger surface even with complex architecture. In each 

moving jet treatment, the jet affects an area of 1 mm
2
 in every step and the 

residence time in every step was changed from 5 to 30 seconds. Since the 

diameter of the carbon pellet is 10 mm so for a moving jet treatment with 

residence time 5 seconds means a total ON time for the jet is 5*100 or 500 

seconds figure 3.3 (c).    
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Figure 3.3 The drawings in the left side display the operation of stationary jet (a) and moving 

jet (b) treatment of a glassy carbon pellet. For treating the whole surface of the carbon, the 

movement of the manipulator on which the sample resides is determined by an algorithm 

shown in the schematic of figure (c). The yellow square represent the 1mm
2
 affected region 

on the surface of the carbon pellet. 

3.4 Characterization of treated carbon substrates 

3.4.1 X-ray photoelectron spectroscopy 

Surface sensitive characterization methods such as XPS were used for 

studying the created functional group on glassy carbon and graphite surface after 

jet treatment. The measured C1s, O1s and N1s spectra of glassy carbon treated 

with a stationary O jet with different treatment time are plotted in figure 3.4 (a), 

(b) and (c). In figure 3.4 (e), (f) and (g), the recorded C1s, O1s and N1s spectra 

from graphite samples are shown with the same treatment parameters. The data 

are plotted side by side to accomplish a proper comparison. From the 

comparison, it can be clearly observed that the plasma exposure chemically 

modified the surface of both carbon materials. In the C1s spectra of both carbon 

substrates (figure 3.4 (a) and (d)), the new surface species can be identified on 

the higher binding energy side of the main peak. From the changes observed in 

the corresponding O1s and N1s spectra, it can be verified that the new surface 

species evident in C1s spectra in both carbon substrates are oxygen and nitrogen 
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containing functional groups at the surface. In the N1s spectra (c) and (e), the 

comparison with the pristine sample shows that some new carbon-nitrogen 

functional groups emerges in the surface despite the admixed gases had no 

nitrogen. This issue will be discussed later for detail analysis regarding their 

origin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 The measured XPS spectra of plasma jet treated carbon substrates are plotted side 

by side to have an overview. On the left side, C1s (a), O1s (b) and N1s spectra (c) of O jet 

treated glassy carbon can be found and on the right side same spectra collected from graphite 

samples are shown.  
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Figure 3.5 Comparison of atomic concentration of stationary O jet (a and c) and stationary N 

jet (b and d) treated glassy carbon and graphite substrates with increasing the treatment time is 

presented (closed symbols). Experiments and measurements of stationary O jet were repeated 

after cleaning procedure (open symbols) to get rid of the contaminants for glassy carbon only. 

A second observation can be accumulated from O1s and N1s spectra of 

both samples that the amount of these functional groups maximizes for a very 

short treatment time and again decreases when the treatment time is increased. 

This trend is analogous in both carbon materials as well as when they are treated 

with N jet. The plasma induces modification can be visualized in a much better 

way in terms of the measured atomic concentrations. In figure 3.5 (a) and (b), 

the calculated atomic percentages of stationary O Jet and N jet treated glassy 

carbon and graphite is shown. From the comparison, it could be clearly 

understood that a shorter treatment time is preferred for achieving higher 
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concentration of functional groups on glassy carbon irrespective of plasma 

admixture. A higher ratio of O/C as well as N/C atomic percentage is found in 

case of stationary O jet than stationary N jet and both reduces with increasing 

the treatment time. Higher ionization efficiency and homogeneity in the plasma 

species in O jet compared to N jet as seen from the OES analysis correlates the 

higher impact of O jet. In figure 3.5 (c) and (d), the O/C or N/C atomic ratios of 

graphite is plotted which shows the amount of functional groups increases time 

and a much longer treatment is necessary to find the peak concentration of 

functional group. The effectiveness of O jet over N jet is also evident here.  

The observed trend in the atomic percentage of glassy carbon can be 

explained by first creating functional group on carbon surface followed by an 

etching process which dominates with increasing treatment time. Compared to 

glassy carbon, a slightly decelerated yet similar dynamics is inspected in case of 

graphite. This encountered behavior can be assigned to higher oxidation 

resistance of graphite. On the other hand, the smaller graphitic domain and 

defective structure of glassy carbon makes it more amenable to plasma induced 

oxidation. This contrast of the two carbon substrate signifies the importance of 

presence of defects and how they control the subsequent alteration.  

The next analysis involves the carbon-nitrogen species of unknown origin 

encountered as a result of treating glassy carbon with a stationary O jet. For this 

analysis, the N1s spectra from figure 3.4 (c) are fitted with the components 

listed in table 3.1 [76]. The fitted spectra are shown in figure 3.6 (a). From 

figure 3.6 (a), the magnitude of nitrogen concentration peaks after 5 seconds 

treatment with 6.24% and starts to diminish when time is increased. From the 

fitting it can also be observed how nitrogen functional groups such as Pyrrole, 

Quarternary and Oxidized Pyridine start to develop at the surface with the jet 

treatment.  
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Figure 3.6 Fitting of N1s spectra of glassy carbon treated with O jet (a) with increasing 

amount of treatment time. The fitted components show various N related functional groups 

are present in the surface after plasma treatment. In figure (b), a series of N1s spectra are 

compared. This comparison is performed with a stationary O jet treated glassy carbon before 

and after cleaning procedure of the whole instrument. The bottom row of figure (b) shows the 

N1s spectra of glassy carbon that was treated with a moving jet after removing impurity.  

Table 3.1 Binding energy ranges of the fitting components of N1s spectra for both O jet and N 

jet treated samples. 

Species Binding energy range 

Pyridine C/N 399-399.8eV 

Pyrrole N/H 400-400.6eV 

Quaternary/Graphitic C/N 402-402.1eV 

N/O species (Pyridine/Pyrrole) 402.5-402.6eV 
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In order to confirm the source of nitrogen in the stationary O jet, some 

cleaning steps such as improving the purity of the admixed gases, evacuating the 

gas line before experiment was performed. After this, the experiments were 

repeated and found the concentration of both oxygen and nitrogen functional 

groups drop with an impurity free stationary O jet. These values are presented 

together in figure 3.5 (a) with open symbols and connected with dotted lines to 

identify the pattern with treatment time. In figure 3.6 (b), N1s spectra from 

different conditions are compared such as stationary O jet before cleaning, 

stationary O jet after cleaning and moving O jet after cleaning. Here in these 

comparison, it can be comprehend that the nitrogen functional groups appearing 

due to stationary O jet treatment is almost absent after the cleaning procedure. 

However, when a moving jet experiment is performed with the impurity free 

instrument, the carbon-nitrogen functional group reappears. This phenomenon 

can be interpreted in this way that during moving jet treatment, the jet step by 

step treats every 1 mm
2
 of the pellet and provides sufficient time to allow the 

atmospheric N2 to get admixed within the gas effluent. The corresponding 

atomic percentages are shown in the table 3.2. This corroborates that this carbon 

nitrogen functional groups developing after O jet treatment actually emanates 

from the atmospheric nitrogen. This can be an outlook perspective of 

atmospheric plasma treatment for creating nitrogen containing carbon catalyst. 

In figure 3.6 (b), it was observed that the intensity of carbon-nitrogen species at 

the position 402 eV decreases with increasing the jet residence time. In table 3.2 

the descending trend of oxygen and nitrogen atomic concentration with 

increasing jet residence time again reflects the coexistence of plasma induced 

etching effect. 
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Table 3.2 Atomic concentrations of carbon, oxygen and nitrogen of glassy carbon treated with 

a moving O jet of different residence time (after cleaning procedure of the whole system) 

Residence time of moving jet 

(seconds) 

0 5 10 

Carbon % 89.46 75.96 79.89 

Oxygen % 9.24 22.06 18.54 

Nitrogen % 1.3 1.97 1.57 

 

3.4.2 Contact angle measurements 

For analyzing the wetting characteristics of the jet treated substrates, contact 

angle measurements were performed with Millipore water. The measured 

contact angle values of glassy carbon and graphite surface treated with a 

stationary O jet is plotted against the duration of treatment in figure 3.7 (a) and 

(b). In the figure 3.7 (a), a gradual decrease of the contact angle of glassy carbon 

surface was found with increasing the treatment time up to 3 minutes. After this, 

the contact angle increase with time and stabilize around 55 degree which stays 

constant even after 30 minutes of treatment. In case of graphite (figure 3.7(b)), 

the measured contact angle was reducing with the treatment time. For graphite, 

the lowest contact angle was measured 28.75 degree after 30 minutes stationary 

treatment.  

In both carbon materials, the decrease of contact angle is attributed to 

plasma induced functionalization. The created functional group is responsible 

for altering the surface characteristics from hydrophobic to hydrophilic. Such 

outcome is supported by a number of reports where plasma induced oxidation 

readily improves the wetting of hydrophobic carbon surface [34]. The transition 

of contact angle from decreasing to increasing trend with the duration of 

treatment in glassy carbon is comprehended by etching of functional group. The 

etching process begins to expose new pristine surface and with increasing 
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treatment time it becomes a balance of the two competing processes [77, 78]. 

The resultant contact angle value shows a combination of hydrophobic and 

hydrophilic surface reflecting the newly exposed pristine surface and the already 

functionalized region. On the other hand, the jet enhanced surface 

functionalization is more sluggish in graphite due to shortage of defect sites. The 

relatively ordered graphitic substrate is chemically more stable against the 

plasma enhanced oxidation hence it takes longer duration to reach the 

equilibrium after which etching starts.  

 

 

 

 

 

 

 

Figure 3.7 The water contact angle measured on the stationary O jet treated glassy carbon and 

graphite surface with the dependence of the treatment time is shown in figure (a) and (b). In 

figure (c), the contact angle of pristine glassy carbon is compared with moving O jet treated 

glassy carbon with different jet residence time. The gas admixture of moving jet treatment 

was also changed to study the effect of N jet. 

During the moving O jet treatment, the residence time of jet at every step 

was increased from 5 to 30 seconds and the corresponding measured contact 

angle of the treated glassy carbon surface is presented in figure 3.7 (c). The 

results show that the moving jet treatment is capable of decreasing the contact 

angle more compared to stationary treatment. Contact angle values such as 12 

degree can be attained by moving the O jet over the whole surface of glassy 

carbon with a residence time of 5 seconds. Further increment of jet residence 
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time increases the contact angle value which can be clarified by the domination 

of the etching effect. The data correlates with the results of the XPS analysis of 

table 3.2. Besides this, an analogous trend was found when oxygen is replaced 

with nitrogen in the admixture of the plasma as shown in figure 3.7 (c).  

3.4.3 Scanning electron microscopy 

Scanning electron microscopy (SEM) was applied for studying the 

morphological changes of the surface of glassy carbon and graphite induced by 

the atmospheric pressure plasma. In figure 3.8 (a) to (d) the SEM images of 

glassy carbon surface treated with an O jet with varied treatment time is shown. 

In pristine glassy carbon (figure 3.8 (a)) the morphology appears very flat and 

few scratches are seen due to pre-polishing. After treating for 30 seconds with a 

stationary O jet (figure 3.8 (b)), a few dotlike features with bright contrast was 

observed. The number of these bright features increased rapidly when the 

treatment time is increased to 120 seconds (figure 3.8 (c)). For high treatment 

time such as 30 minutes, the surface exhibited a very rough morphology (figure 

3.8 (d)) and severe ridge formation was revealed from higher resolution images 

(figure 3.8 (e)). In the SEM image of figure 3.8 (f), the surface of a glassy 

carbon after treating with a moving O jet with 30 second residence time can be 

found. Here, a very homogenously treated surface emerges due to the motion of 

the jet and with a possible increase of roughness. In this particular case, any 

formation of ridge was not found as seen in the previous case. 

The SEM images of graphite were collected for only stationary O jet 

treatment and compared with respect of treatment time in figure 3.9. The SEM 

viewgraphs (figure 3.9 (a,b,c)) shows that O jet creates holes or pits on the 

graphite surface with increasing the treatment time from 5 to 300 seconds. After 

30 minutes of treatment the surface of graphite looked very rough (figure 3.9 

(d)). The functionalized area on graphite surface is difficult to identify in the 

collected SEM images. The major effect seen here as a result of plasma 



3 . 4  C h a r a c t e r i z a t i o n  o f  t r e a t e d  c a r b o n  s u b s t r a t e s  | 72 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

treatment is pit formation. The pit creation mechanism on graphite surface can 

be explained by ozone oxidation and can be correlated from many reports [79]. 

Graphite surface is very sensitive towards ozone and even ppm level of ozone 

concentration is capable of initiating pit formation on graphite surface. 

 

 

 

 

 

 

 

 

 

Figure 3.8 The SEM images of (a) pristine glassy carbon and treated glassy carbon with a 

stationary jet with different treatment time such as 30 seconds (b), 120 seconds (c) and 1800 

seconds (d) and (e) are shown here. The treated surface with a moving O jet with a jet 

residence time of 30 seconds is shown in figure (f).  

 

 

 

 

 

 

 

 

 

Figure 3.9 The SEM images of graphite treated with a stationary O jet with varied treatment 

time. The treatment time is changed from 5 seconds (a), 10 seconds (b), 300 seconds (c) to 30 

minutes (d).  
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The effect of jet treatment on the surface of glassy carbon is understood as 

plasma induced oxidation of surface carbon atoms. In other words, it is the 

functionalization of carbon surface by forming carbon-oxygen functional groups 

on the surface. The effect of the functionalization on the glassy carbon can be 

identified through the changes of surface morphology as evident in figure 3.8 

(c). The observed rough morphology in the SEM images in figure 3.8 (d) and (e) 

can be is correlated with the etching process which becomes dominant with 

prolonged exposure. After 30 minutes treatment (figure 3.8 (e)), the glassy 

carbon surface shows many ridges with rough and jagged texture. The dark 

areas between these ridges are indicative of plasma induced etching. Compared 

to other plasma systems atmospheric pressure plasma contains considerably low 

density of particles such as O2
+
, O2

-
 and O

-
 but certainly they are present [37]. 

Therefore, any pronounced effect from these particles is not noticed with a short 

stationary treatment. However, during prolonged exposure such as 30 minutes 

these particles get enough time for concentrating bombardment at specific 

regions at the surface of glassy carbon which is the result of the observed rough 

morphology. The presence of ozone can also partially contribute in such 

phenomenon [73]. Similar conclusion can be drawn for graphite substrates but 

the strength of modification is relatively weak since it is higher stacking order 

than glassy carbon. Still it can be confirmed that prolonged plasma exposure is 

capable of affecting both carbon substrates in a very similar fashion. In order to 

avoid this degradation and to ensure a more homogenous treatment, a moving jet 

treatment can be adopted.  

3.4.4 X-ray diffraction and Raman spectroscopy 

Aside from the surface characterization, XRD and Raman spectroscopy 

was considered for monitoring the effect of jet treatment on the bulk structure of 

the glassy carbon. In figure 3.10 (a), the XRD pattern of glassy carbon substrate 

treated with both stationary and moving O jet are compared. The XRD pattern of 

pristine glassy carbon shows broad reflexes due to its lack of translational 
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periodic arrangement and randomly orientated small graphitic domains [19]. 

From the data, it was evident that the pristine XRD pattern of glassy carbon 

stays unaffected by jet treatment in either of the mode of treatment. From the 

differential spectrum arranged in figure 3.10 (b), a minor effect on the structure 

of glassy carbon was found. Similar results were found in case of graphite 

substrates.  

 

 

 

 

 

 

 

 

 

 

Figure 3.10 The XRD patterns of pristine glassy carbon to jet treated sample in both 

stationary and moving condition are plotted in figure (a). The differential spectra with respect 

to pristine glassy carbon are presented in figure (b). 

Raman spectroscopy is also a structure sensitive method for tracing any 

major effect of plasma treatment on the graphitic structure. The measured 

Raman spectra of treated glassy carbon samples with stationary and moving jet 

treatment are shown in figure 3.11 (a) and (b). As coherent with the results from 

XRD, the graphitic carbon lattice demonstrates no significant effect of plasma 

induced functionalization in their Raman scattering behavior. Considering these 

results from the both bulk sensitive techniques, it can be concluded that the 

alteration conveyed by the jet treatment is very surface limited and they do not 

provide any major structural changes in glassy carbon. 
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Figure 3.11 The Raman spectra of glassy carbon with stationary O jet treatment with different 

treatment time are plotted in figure (a). The vertically aligned dashed lines represent the 

fundamental Raman bands of graphitic lattice of carbon [80]. In figure (b), the Raman spectra 

of glassy carbon with both moving O and N jet are shown with different jet residence time 5 

and 30 seconds. 

3.4.5 Electrochemical characterization  

The O jet treated glassy carbon samples were selected for electrochemical 

characterization according to “MANGAN” protocol. From the electrochemical 

measurements, the activity and stability test is mainly considered to examine the 

stability of plasma enhanced functional groups created on glassy carbon in the 

OER region. Since the extent of chemical modification on the surface of glassy 

carbon pellets can be controlled by changing the operation mode of the jet from 

stationary to moving, this allows us to study the effect of number of functional 

groups prepared on glassy carbon. In figure 3.12 (a) and (b) the activity and 

stability data of glassy carbon samples treated with stationary O jet is plotted. In 

figure 3.12 (a), the activity 1 measurement of the treated samples with varied 

treatment time is shown (solid lines) and simultaneously compared with pristine 

glassy carbon. From the comparison, a very small increase of current density is 

observed at 1.8 VRHE for all treated glassy carbon samples. The stability test was 

applied to monitor how the carbon material behaves in OER potential region 

over longer time period. From the data of the stability measurement shown in 

figure 3.12 (b), all the samples show a broad feature but the position of this 
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feature appears in different time for different sample in the measurement. In 

case of pristine glassy carbon, it is seen very late but for plasma treated samples 

it comes closer to the beginning of the measurement. In the activity test 

measured after the stability measurement (activity 2- represented by dash dot 

line in figure 3.12 (a)), all the samples exhibit almost two fold current density 

including the pristine sample. First of all, the analysis of activity 1 data proposes 

that the smaller treated area of the stationary treatment is unable to produce 

enough impact on the resultant electrochemical behavior of the glassy carbon. 

The current profile of stability test implies that all samples go through further 

electrochemical modifications within the measurement. Moreover, a change of 

onset can be identified by comparing the activity 1 and 2 data of all samples. 

The overall trend suggests that the plasma treated glassy carbon samples are 

unable to perform adequate stability in the harsh OER conditions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 The electrochemical data of stationary O jet (a and b) and moving O jet treated (c 

and d) samples are presented. In both cases, a comparison of activity 1 and 2 is shown in (a) 
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and (c). The activity 1 and 2 are represented by solid and dash dot lines. The stability test of 

both batch of samples are plotted in figure (b) and (d).  

In figure 3.12 (c) and (d), the activity and stability of glassy carbon 

samples treated with a moving O jet is shown. The comparison of activity 1 with 

different jet residence time does not show much difference in current density 

until it is increased to 30 seconds. The glassy carbon sample treated with a 

moving jet of residence time 30 seconds shows pronounced current density 

compared to other samples as well as pristine glassy carbon. During the 

subsequent stability test (figure 3.12 (d)), the samples show some deterioration 

of current density apart from the sample that is treated with 30 seconds jet 

residence time. Only the sample that is treated with 5 seconds jet residence time 

shows the broad feature like the previous case. In the activity 2 measurements 

shown by dash dot line in figure 3.12 (d) it was found that all the samples 

demonstrates a much higher current density than activity 1. The activity 1 data 

validate the impact of higher plasma treated area on the electrochemical 

properties of glassy carbon surface. However, the overall data obtained in the 

case of moving jet treatment demonstrated the same trend as the stationary jet 

treatment. The whole phenomenon can be explained and understood by 

addressing the electrochemical instability of carbon substrates. Based on these 

results, it cannot be confirmed whether the added contribution of plasma 

induced species on glassy carbon are capable of stabilizing catalytic properties 

of glassy carbon in the context of OER. 

3.5 Conclusion 

The whole investigation using atmospheric pressure plasma treatment for 

functionalization of carbon substrates can be summarized in the following way. 

Atmospheric pressure plasma treatment is capable of surface functionalization 

of carbon materials specifically defective graphitic substrates such as glassy 

carbon. The plasma induced chemical modification increases the wetting of the 
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surface as seen by contact angle measurements. From SEM analysis, it could be 

observed that how prolonged treatment with a stationary jet imparts roughness 

to the surface of glassy carbon. Both contact angle measurement and SEM 

indicate that the functionalization process saturates quickly and after prolonged 

treatment the surface conveys a mixed character of treated and pristine 

condition. According to the XPS data, the O jet is more efficient in creating 

functional groups than N jet which is due to higher power generation in the O 

plasma. The detail XPS analysis revealed the dependence of functional group 

concentration with the duration of treatment. This is attributed to the balance of 

two continuous yet competing processes; functionalization and etching. This 

explains the phenomenon where slight exposure to jet shows higher O/C as well 

as N/C ratio at the surface. It further confirmed that the etching controls the 

overall process for longer exposure. Thus supporting the hypothesis proposed 

from the contact angle measurement and SEM analysis. The progression of the 

two processes can be delayed by very stable and ordered graphitic structure 

which is more resistant towards plasma enhanced modification. A pictorial 

representation of the whole dynamics of plasma treatment is depicted in figure 

3.13.  

 

 

 

 

 

 

 

  

Figure 3.13 The chemical modification of carbon surface by atmospheric pressure plasma is 

schematically presented here. The plasma is capable of producing both oxygen and nitrogen 

functional groups on carbon but etching process prevails within the elongation of treatment 
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time. Atmospheric nitrogen actively participates in the process by admixing in the gas effluent 

emerging from the jet exit.  

The structural analysis performed by XRD and Raman spectroscopy verifies 

that within the experimental parameters, the bulk graphitic structure in glassy 

carbon is unaffected by atmospheric pressure plasma. The density of functional 

groups originated from plasma treatment can be enhanced by applying a moving 

jet treatment since the whole surface of the carbon pellet is affected. This was 

substantiated by contact angle measurements, SEM investigation, atomic 

concentration analysis of XPS data and electrochemical measurements. Apart 

from all of these, the importance of proper maintenance of the instrument can be 

evaluated which can easily provide ambiguous results. Here, some additional 

conclusive remarks can also be stated from the studies below.  

 Atmospheric pressure plasma is a noble and economical method for 

functionalizing carbon materials.   

 Due to simpler design and working principal, atmospheric pressure 

plasma provides great control over the process. 

 The atmospheric nitrogen is capable of admixing with the plasma gas 

effluent and eventually gets incorporated in the functionalization process. 

 Despite the ease of instrumentation and control, the electrochemical 

stability of plasma treated glassy carbon is still a critical issue to be 

solved.        
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Stability of glassy carbon structure in electrocatalytic conditions 

 

4.0 Introduction  

In the last chapter, the method of functionalizing carbon substrates with 

atmospheric pressure plasma to create carbon-oxygen/carbon-nitrogen 

functional groups was demonstrated. Nonetheless, the stability of glassy carbon 

in electrochemical conditions of OER is still one key issue to tackle and 

understand. For fulfilling such essential task, the electrochemical stability of 

glassy carbon structure is mainly considered in this chapter. The investigation is 

undertaken by imposing OER like electrochemical conditions to pristine glassy 

carbon substrates followed by a detailed post characterization. But before going 

into the whole investigation, it is obligatory to get acquainted with the complex 

graphitic structure of glassy carbon. For this reason, a review of glassy carbon 

structure is prepared below from a selected set of literature. 

Glassy carbon is widely used in current electrocatalysis research. It is 

utilized as the electrode material of rotating disc electrodes (RDE) for 

electrocatalysis [10]. Usually an ink is prepared containing the electrocatalyst 

and binder which is used to spin coat the glassy carbon electrode. After that it is 

used for electrochemical measurements to analyze the electrocatalyst. 

Nonetheless, the deterioration that then glassy carbon electrode suffer due to the 

potential stress from the application is often ignored. It is identified that 

fundamental research work to reveal such subtle variation is still missing. The 

whole investigation documented in this chapter is dedicated to understand the 

structural alteration of glassy carbon in electrocatalytic conditions and how it 

can be controlled to keep the electrochemical corrosion in a minimal state. A 

commercial graphite substrate is also considered alongside glassy carbon to 

observe the comparison.  
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4.1 Review and model of glassy carbon structure 

Glassy carbon is a non-graphitizing carbon which is generally produced 

by pyrolysis of resin and polymeric materials [1]. As explained in previous 

section 1.1.1, ample amount of literature substantiate the formation of graphene 

at the beginning of the pyrolysis which stays in random orientation inside the 

whole structure [17, 21, 23, 81]. The stacking of these graphene planes gets 

enhanced during the post heat treatment distinguishing between graphitizing and 

non-graphitizing carbon. If precursors such as coke or Polyvinyl chloride are 

used in the pyrolysis, the product is very much amenable to yield a full 

graphitization in the post heat treatment [18]. Similarly, coal or charcoal based 

feedstock materials do not fully graphitize in the analogous heat treatment even 

up to 3000° C. This is why; this class of carbon material is called non-

graphitizing carbon. This original classification was first proposed by R. 

Franklin in 1951 [18]. The structural representations of these two carbons are 

shown in figure 4.1. 

 

 

 

 

 

 

Figure 4.1 The figure shows the structural models of non-graphitizing (a) and graphitizing 

carbons (b) as proposed by R. Franklin [18].  

It should be recognized that formation of graphene and stacking of the 

already formed graphene layers are two different processes in this context. The 

latter is the thermally enhanced “Graphitization” but the former is controlled 

mostly by selection of precursors and their chemistry. The non-graphitizing 

carbon show semi graphitic characteristics after heat treatment indicating a 
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structural portion which is resistant to graphitization [18]. From the comparison 

of the structural models presented in figure 4.1, it can be seen that a stiff 

structural part exist in the non-graphitizing carbon which impedes the movement 

of small graphite crystallites along each other during the post thermal treatment. 

The final structure shows a random orientation of graphite crystallites [18, 19]. 

This model is proposed where a specific strand of structure derived from 

primary pyrolysis gets transmitted throughout the post high temperature heat 

treatment [21]. This specific structural component is what makes glassy carbon 

different from graphite. Later many researchers followed the footsteps and 

studied the structural aspects of non-graphitizing carbon.  

Jenkins and Kawamura published a three dimensional structural model of 

glassy carbon from TEM study in 1971 [21]. Their model in figure 4.2 shows an 

entangled ribbon like crystalline graphite layers forming a 3D network which is 

interlinked with a structural component termed as crosslinks [1,7,8]. La and Lc 

are the lengths of the graphitic domains perpendicular and parallel to the c axis 

of the graphite crystal. However, this model was still incapable of explaining 

chemical inertness and high impermeability of heat treated glassy carbon.  

 

 

 

 

 

 

 

Figure 4.2 The Jenkins-Kawamura model of glassy carbon structure [21]. La and Lc are the 

graphite crystal parameters. 

P. J. Harris studied the evolution of physical structure and graphite 

crystalline parameters with the change of heat treatment temperature from 700-
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3000°C [19]. From his work, it can be found that La and Lc both range up to 100 

nm for graphitizing carbon at 3000°C [19, 82]. On the contrary, La and Lc goes 

up to maximum 10 nm and 4 nm for non-graphitizing carbon which coincidently 

fits very well with the previous models put forward by R. Franklin, Jenkins and 

Kawamura [7]. The surface area change of non-graphitizing carbon with 

temperature gives indication to rather interesting information. The trend of 

surface area change shows two regions; the high surface area starts to decrease 

with temperature from 700-2000°C and it again increases slightly after 2000°C 

to higher temperature [19] .The first process is characterized as pore elimination 

with heating generally termed as densification and the latter process is often 

speculated as increase of fine porosity since there is no significant weight loss 

found after 1000° C. The stability of glassy carbon against oxidation in oxygen, 

carbon dioxide or water vapor is well studied in literature where graphite fail to 

maintain its chemical inertness [83]. The inconsistency of previous model of 

glassy carbon is that they cannot explain this superior chemical stability unless 

these fine pores actually considered as closed pore like arrangements throughout 

the whole structure. The façade of these close pores are consolidated by 

graphene planes which gets firmly stacked within the event of heat treatment. 

The wide peaks in the XRD spectrum of glassy carbon can be correlated to the 

highly strained entangled fibril like graphite ribbons [84]. The acceptability of 

this model was further increased when HR-TEM images showed closed shell 

structures in high temperature heat treated glassy carbon alongside confirming 

the stacking of few graphene layers in curved manner [82]. The highly strained 

tangled graphitic ribbon like structure restrict the movements of atomic plane 

under applied stress and presence of such massive stacking faults of the glassy 

carbon imparts high young modulus and hardness [85, 86]. This detailed and 

well explained model is still supported by present day’s research work [20].   

The unidentified nature and property of this crosslinking network modifier 

is a crucial limitation of this model. Polymer and resin being the precursor 
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material for preparing glassy carbon, it pertains the existence of such crosslinks 

in the early stage of preparation but their persistence is very unlikely after heat 

treatment at high temperature such as 3000°C. The coexistence of diamond like 

sp
3
 hybridized carbon within the graphitic sp

2
 carbon is demonstrated in many 

reports explaining it’s the high strength and hardness [21, 86, 87]. But in high 

temperature ~1800°C, the diamond like sp
3
 carbon converts into 

thermodynamically stable sp
2
 graphitic carbon or fullerene like concentric nano-

onion [87, 88]. Amorphous carbon is also unstable in high temperature and after 

the demonstration of the stability of fullerene related carbon material, it has 

raised the question about their existence in all kinds of carbon materials even in 

the pristine state. Under these circumstances, this non-graphitic crosslink still 

stays unspecified but generally it is predicted to be made of non-aromatic sp
2
 

carbon. 

 To verify the above mentioned models from different researchers, a HR-

TEM imaging investigation was performed on a thin lamella (section 2.3) cut 

from a glass carbon pellet. The HR-TEM image of figure 4.3 (a) shows a 

compound structure where a few graphene planes stack to form a ribbon like 3D 

network thorough the whole lamellae. Figure 4.3 (c) and (d) confirms this 

stacked graphene layers or small crystallites constitute a stacking width of 3-4 

nm and a visible length of at least 10 nm. These values identify its structural 

attributions similar to non-graphitizing carbon. The non-graphitic part is 

encapsulated with this stacked and curved graphene layers to produce closed 

pore like architecture pointed with red circles in figure 4.3 (a). These graphitic 

ribbons are also seen to brunch and crossover each other (Figure 4.3 (e)) in the 

TEM images to produce a randomly oriented network. The corresponding 

SAED pattern (figure 4.3 (b)) shows a semi graphitic broad reflection from these 

graphitic ribbons. From these results, a reasonable correlation with the 

previously proposed model can be found and improvised structural model is 

shown in figure 4.3 (f) where the non-graphitic part is included. 
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Figure 4.3 A near surface HR-TEM image of glassy carbon lamella is shown here in figure (a) 

where the red circles indicates the non-graphitic entity surrounded by stacked graphene layer. 

The dark particles seen at the right side is the deposited Pt on the top surface of glassy carbon 

which is a step of lamella preparation from the pellet (section 2.3). (b) The SAED pattern 

measured from the near surface region of lamella is presented in figure (b). In the HR-Tem 

images of (c) and (d), the observed maximum length (La) and stacking (Lc) of graphite 

crystallite can be found. The highest stacking (Lc) is found around 3.75 nm (vertical red arrow 

in figure (d)). In the image of figure (e) the branching of graphite crystallites throughout the 

whole structure is pointed with blue arrows. (f) An improvised structural model of glassy 

carbon is shown in figure (f). 

The accumulation of structural attributes of glassy carbon is a good 

benchmark to initiate and investigate how it changes in the electrocatalytic 

conditions. In literature, the different degradation mechanism of glassy carbon 

corrosion is already explored when it’s treated with a potential of 1.8 VRHE for 

24 hours in electrolytes of different pH [15]. In this thesis, a similar research 

work is attempted to investigate the structural alteration of the carbon electrode 
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as well as to explore the scope of electrochemical functionalization. The 

chemical interpretation of creating functional groups on carbon surface is the 

oxidation of carbon surface. Therefore, it is essential to understand the intricacy 

of the oxidation potential of carbon in the context of electrochemistry. 

Theoretical hypothesis predicts a very low potential for electrochemical 

oxidation of carbon and the magnitude is 0.207 VRHE [17]. However, a number 

of well recognized phenomenons are known to be always influencing the 

electrochemical reactions. During the electrochemical reactions, bubble 

formation on the electrode surface can induce mass transport limitation or 

sluggish kinetics depending on specific reaction can also change oxidation 

potential [9]. Considering these inevitable factors few authors reported a much 

higher oxidation potential of carbon compared to the theoretical approach [15, 

30, 40]. Such issue was clarified in work of Yi et al [15] where the current 

generated in glassy carbon electrodes in different electrolyte by linear sweep 

voltammogram (LSV) was evaluated. From the evaluation, an onset potential of 

1.2-1.3 VRHE that correlate with oxidation of carbon. Since oxidation of water 

molecules has a theoretical value of 1.23 eV and certainly happens at higher 

potential on carbon electrode. Therefore, the onset potential 1.2-1.3 VRHE can be 

reasonably assigned to the experimental oxidation potential of carbon materials 

[15]. This benchmark was adopted to elect an experimental protocol for treating 

the carbon electrodes. For electrochemical oxidation, a chronoamperometry 

(CA) was applied to carbon electrodes. During the CA the electrodes are given 

an anodic oxidation potential from a range of 1.2-2.4 VRHE and the pre-post 

cyclic voltammetry (CV) was examined to monitor the electrochemical 

properties of the functional groups created on the electrode surface in the same 

electrolyte. 



4 . 2  E l e c t r o c h e m i c a l  t r e a t m e n t  o f  c a r b o n  s u b s t r a t e s  i n  d i f f .  
p H  | 87 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

4.2 Electrochemical treatment of carbon substrates in diff. pH  

The first part of the experimental work was dedicated to screen one of the 

crucial experimental parameters; the duration of the treatment. In order to 

investigate the effect of oxidation potential, a shorter oxidation time needs to be 

assigned. This duration has to be selected in such a way under which the surface 

morphology of the electrode shows a corrosion free state. To accomplish such 

reference, glassy carbon and graphite electrodes were treated with 1.8 VRHE for 

10 minutes in electrolytes of pH 1 and 13 to monitor the variation in surface 

morphology.  

 

 

 

 

 

 

 

 

 

Figure 4.4 The current profiles of CA at 1.8 VRHE of glassy carbon and graphite in electrolyte 

of different pH are shown in figure (a) and (b). Comparison of pre (before) and post (after) 

cyclic voltammograms (scan rate 10 mV/s) of graphite (c) and glassy carbon (d) electrodes in 

the same electrolyte are presented in figure (c) and (d).     

From figure 4.4 (a) and (b), CA current profiles of both carbon electrodes 

in acidic and alkaline solution for 10 minutes can be compared. The current 

density appears higher in alkaline solution than in acidic from the comparison 

[15]. In alkaline electrolyte, a bump like feature appears in case of glassy carbon 

at the beginning of oxidation but follows a steady state current later. For 
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graphite electrode, the current density also stays unchanged with time but no 

bump feature is seen. In acidic electrolyte, the current density increases with 

oxidation time for glassy carbon but it saturates towards the end of the 

treatment. The current density stays constant with the oxidation time in case of 

graphite. These issues will be discussed in details in later to explain the 

oxidation mechanism. Functional groups derived from electrochemical oxidation 

contribute in enlarging the hysteresis of redox polarization current of the 

electrodes [20]. From the comparison of pre and post oxidation CV in figure 4.4 

(c) and (d); it can be observed that electrochemical oxidation in acidic pH is 

capable of increasing higher double layer capacitance in both carbon electrode. 

This outcome further coincides with the results from the work of Yi et al [16]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 SEM images of pristine glassy carbon (a) and graphite (d) are compared after 

electrochemically treating in acidic and alkaline electrolyte with 1.8 VRHE for 10 minutes. In 

acidic electrolyte glassy carbon (b) shows an unchanged morphology in contrast to graphite 

(e). After treating in alkaline electrolyte glassy carbon (c) has a rough surface owing to the 

electrochemical corrosion and graphite (f) shows a flatter surface for the same reason.  
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Figure 4.5 (a) embodies the SEM images of glassy carbon electrode 

surface in the pristine condition. Due to mirror polished surface, the untreated 

glassy carbon displays a very smooth, flat surface even up to a resolution of 300 

nm which fairly retains its morphology after oxidation in acidic electrolyte 

(figure 4.5 (b)). The shorter duration of electrochemical treatment reduces the 

possibility of corrosion preserving the surface morphology. In case of glassy 

carbon electrodes treated in pH13, pitting and roughened surface was observed 

but there was no change in the solution color or any mass loss of the electrode 

was found (figure 4.5 (c)). Figure 4.5 (d), (e) and (f) exhibits the captured SEM 

images of the surface of pristine and electrochemically treated graphite samples 

with varied electrolyte pH. From the comparison, it can be distinctively stated 

that the surface of a graphite electrodes treated in pH 13 displays an even 

smoother surface than the pristine sample (figure 4.5 (f)). This scenario can be 

attributed to removal of loosely bound graphene layers and usually characterized 

as the exfoliation of graphite [89]. Additionally, it was previously established in 

many reports that alkaline media enhances exfoliation of graphitic carbon 

surface exemplified as the synthesis of graphene layers [17, 89]. On the 

contrary, the treated graphite electrode in acidic electrolyte shows a flake like 

morphology compared to the pristine sample justifying the oxidation on the 

surface as well as a state of ongoing exfoliation (figure 4.5 (e)). The whole 

analysis suggests that in acidic electrolyte, the electrochemical corrosion can be 

minimized by shortening the oxidation time. In case of pH 13, the detachment of 

electrode material takes place in both electrodes. These data confirms that the 

electrochemical treatment of carbon substrates is sensitive to the electrolyte pH. 

The structural changes of the carbon electrodes within the treatment can 

be examined by Raman spectroscopy [90]. The characteristic Raman active 

vibration from a perfect sp
2
 hybridized graphitic base plane is seen at ~1580 cm

-

1
 in the Raman spectra which is termed as G band. Two additional Raman peaks 
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at ~1360 (D) and ~1620 (D´) cm
-1

 start to emerge on the event of defect 

formation in graphitic lattice. The evolution such peaks are considered as the 

addition of structural asymmetry in graphitic crystal [80]. In figure 4.6 (a) the 

Raman spectra of graphite electrodes after treating at CA 1.8 VRHE for 10 min in 

different pH are plotted. The spectra of the treated graphite sample in pH 13 

demonstrate a less defective state compared to the pristine graphite sample 

correlating similar outcome from the SEM data. In acidic electrolyte, the 

increase of the D and D´ band intensity clarifies the introduction of structure 

defects in the graphitic lattice. 

  

 

 

 

 

 

 

 

 

Figure 4.6 Comparison of measured Raman spectra of pristine graphite and glassy carbon 

electrodes after CA at 1.8 VRHE for 10 minutes in different electrodes are shown in figure (a) 

and (b). In both figures, the fundamental Raman bands from the graphitic crystal (D, G, D´) is 

denoted by vertically aligned dot dash lines.  

In figure 4.6 (b) the Raman spectra of glassy carbon electrodes treated in 

different pH are compared. The Raman spectra of glassy carbon exhibit a 

different trend than graphite in acidic electrolyte where only broadening of the 

fundamental Raman peaks D and D´ are encountered. This is due to the lack of 

long range order in the crystal structure of glassy carbon [91]. This dissimilarity 

of scattering behavior of different carbon substrates will be further discussed in 
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later section for better understanding. In alkaline electrolyte, glassy carbon 

structure shows minor alteration like graphite and the whole set of data is in 

coherence with the work of Yi et al [15].  

This progression suggests that electrolyte pH is a very influential factor 

for tuning the carbon electrode structure properties and the trend is identical for 

the both considered carbon electrodes. In this work, it can also be confirmed that 

with respect to the pH of electrolyte, similar process occurs for any other 

graphitic carbon. Hence, the attention needs to be moved towards treating 

electrodes in only acidic media for 10 minutes but rather to survey the effect of 

different oxidation potential. But before going to this particular study, the 

mechanism of electrochemical oxidation of carbon in electrolyte of different pH 

is reviewed briefly in the next section from the work of Y. Yi et al [15].  

4.2.1 pH dependent proposed mechanism  

In alkaline electrolyte, the mechanism of the electrochemical process is 

explained by alkyl site chain reaction that dominates in the presence of –OH 

group. The –OH derived radical attacks the edges of graphitic domains. This 

results in enhancing the interaction between the electrochemically modified 

substrate and the electrolyte. While increasing the duration of treatment, this 

interaction slowly overcomes the weak van der waal force of the graphite 

interlayer leading to delamination or exfoliation. This is why, the sample 

portrays a pristine structure after treatment yet a corroded morphology is found 

afterwards. 

The acidic electrolyte on the other hand facilitates the acid catalyzed 

oxidation of graphitic carbon. The electrophilic substitution in the aromatic 

system produces many carbon-oxygen functional groups at the expense of ring 

opening. With the course of treatment time, the electrochemical reaction further 

propagates into the graphitic structure. As a result, significant alterations in 

chemical as well as structural properties of the carbon electrode are seen. The 
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contrast of both mechanisms can be easily spotted in CA because the kinetics of 

radical enhanced process is much faster than electrophilic substitution.  

4.3 Electrochemical treatment of carbon substrates at different 

potential 

This section of the work is dedicated to monitor the changes of the same 

two carbon electrodes with dependence of the oxidation potential. The current 

density profiles of chronoamperometry (oxidation) with potentials between 1.2 

and 2.4 VRHE of the two different carbon electrode systems in acidic electrolyte 

are shown in figure 4.7 (a) and (b). In both glassy carbon and graphite 

electrodes, a low steady state current density is observed at low potentials up to 

1.5 VRHE. However, an increase of current density is seen in glassy carbon 

electrode during CA with potential 1.8 VRHE. At higher CA potentials such as 

2.1 and 2.4 VRHE, the current density quickly reaches a steady state but a 

significant wave like profile can be observed at the beginning of the treatment 

[92, 93]. A further observation reveals that this wave like profile shifts closer to 

the initial current peak when CA is performed at higher potential than 1.8 VRHE. 

In graphite (figure 4.7(b)), the CA current density shows a gradual decrease over 

time at low oxidation potentials (1.2–1.8 VRHE). At higher oxidation potential 

than 1.8 VRHE, an increase of the current density is observed with time but it 

does not show a wave like feature similar to glassy carbon. The electrochemical 

treatment oxidizes the carbon surface and enhances the double layer capacitance 

in the CV performed after the oxidation as seen from figure 4.7 (c) and (d). 

Cyclic voltammograms (CV) were recorded between the hydrogen and oxygen 

evolution potential of 0.1 and 1 VRHE for both carbon electrodes. The 

electrochemical oxidation of the carbon electrodes leads to the formation of an 

oxidized surface layer, which results in an increased electrochemical capacity. 

The redox peaks observed at ~0.65 VRHE and ~0.45 VRHE in both electrodes is 

generally attributed to functionalities such as carbonyl, quinone, carboxyl and 
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hydroxyl groups on carbon [42, 93]. Among the carbon electrodes, graphite 

shows tendency towards achieving higher current densities and capacities. 

Considering the redox peak positions of the CV, it can be interpreted that the 

functional groups emanating from electrochemical oxidation in both electrodes 

possess similar electrochemical property [94]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 The CA current profiles of a glassy carbon and a graphite electrode at different 

oxidation potentials in acidic electrolyte are presented in figure (a) and (b). CV of glassy 

carbon and graphite electrodes are shown in figure (c) and (d). The calculated capacitance 

from the area of the CV is plotted together with the current density at the end of the CA 

measurements in figure (e).  

A summary of the whole experimentation can be found in figure 4.7 (e) 

where the achieved current density during oxidation and the calculated 

capacitance from the CV is plotted against the oxidation potential. The trend 

demonstrates that when the oxidation potential is increased, the oxidation 

current as well as the capacitance of both carbon electrode increases. The 



4 . 3  E l e c t r o c h e m i c a l  t r e a t m e n t  o f  c a r b o n  s u b s t r a t e s  a t  
d i f f e r e n t  p o t e n t i a l  | 94 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

enhancement of capacitance actually begins around 1.5 VRHE which logically 

indicates the experimental oxidation potential of glassy carbon. This is validated 

by observing small increase of current density between oxidation potential 1.2 

and 1.5 VRHE.  

In order to analyze the detached carbon substances from the electrode 

during the oxidation process, UV-Vis spectroscopy of the used electrolyte was 

measured and the data is presented in figure 4.8. In general, electrolytes 

containing carbonaceous composites shows high absorbance in the range of 

short wavelengths around 200-400 nm. Here a spectra measured from MWCNT 

soaked in KOH is plotted together for reference. But no stronge absorption was 

found around 200-400 nm region of the used electrolytes from CA oxidation of 

glassy carbon mentioned above. A photographic comparison of the used 

electrolytes with MWCNT soaked in KOH supports the observation.  

 

 

  

 

 

 

 

 

 

 

Figure 4.8 In the graph, UV-VIS spectra of the used electrolyte during electrochemical 

oxidation is compared with a spectrum of KOH where MWCNT was soaked. 
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4.3.1 Detail structural analysis using TEM, XRD and Raman  

The glassy carbon samples were characterized with TEM to investigate 

the structural changes after electrochemical oxidation and to compare with the 

TEM data pristine glassy carbon in figure 3.4. The affected depth corresponding 

to the potential of electrochemical oxidation of the glassy electrode surface can 

be observed from figure 4.9 (a), (b) and (c). The affected depth appears to be 

about 83 nm and 1241 nm into the bulk of glassy carbon pellets for oxidation 

potential 1.8 VRHE and 2.4 VRHE in acidic electrolyte. In contrast, treating glassy 

carbon in alkaline electrolyte does not provide any affected area at the surface. It 

rather displays a rough surface owing to electrode material detachment. The 

observation matches with the analysis from the section 4.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 TEM images from the near surface regions of the lamella of pristine glassy carbon, 

glassy carbon treated with 1.8 VRHE and 2.4 VRHE in acidic electrolyte are arranged in figure 

(a) (b) and (c). Glassy carbon treated in alkaline electrolyte with 1.8 VRHE shows a relatively 

rougher surface (d and e) than all the others and it does not contain any electrochemically 

affected area like in figure b and c. The SAED pattern of glassy carbon treated in alkaline 
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electrolyte with 1.8 VRHE are shown in figure (f) shows negligible change in the stacking 

properties. 

These results support the proposed mechanism of electrochemical 

oxidation of carbon in alkaline electrolyte explained in the previous section. The 

corresponding SAED pattern of figure 4.9 (f) showed an unaltered stacking 

property such as pristine glassy carbon (figure 4.3 (b)) and in full agreement to 

the proposed mechanism.  

The HR-TEM images of near surface region of electrochemically oxidized 

glassy carbon samples with 1.8 VRHE and 2.4 VRHE in acidic electrolyte are 

presented in figure 4.10 (a) and (b). In the HR-TEM image of the oxidized 

sample at 1.8 VRHE the graphitic component appears clearer than in comparison 

to the pristine glassy carbon sample. The SAED pattern (figure 4.10 (c)) 

supports this observation by showing sharper diffraction rings. This also 

represents the retention of the graphitic structure of glassy carbon. This observed 

higher crystallinity indicates gradual absence of the non-graphitic part as a result 

of electrochemical treatment [30]. The length and stacking of the graphitic 

crystallites are significantly reduced after oxidizing at 2.4 VRHE as seen in figure 

4.10 (b). In the measured SAED pattern, the unresolved inner diffraction ring 

expresses major structural disorder in the graphitic layers of glassy carbon. Here 

the striking difference is that the distinguished curved graphitic ribbons are not 

clearly discernible. Therefore, the dynamics of structural modification in glassy 

carbon with respect to potential in acidic media can be comprehended by 

sequential removal of non-graphitic part and then inducing structural disorder in 

the graphitic part. It can be further pointed out that such process is initiated at 

the very surface when the oxidation potential is around 1.8 VRHE.  
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Figure 4.10 HR-TEM images of oxidized glassy carbon at 1.8 VRHE (a) and 2.4 VRHE (b). The 

corresponding SAED pattern are presented in figure (c) and (d). 

The same samples were characterized by XRD and the measured data are 

plotted in figure 4.11(a). In the results of XRD, no significant difference could 

be detected in the electrochemically treated samples. From the calculated 

differential spectra (figure 4.11(b)), a slight shift of the peak position can be 

identified and this can be correlated to structural disorder in form of defects, 

folding structures, impurities, and combination of different hybridized structures 

of carbon [95].  

To have the complete overview of structural characterization, Raman 

spectroscopy was employed to all electrochemically treated carbon electrodes. 

In figure 4.12 (a), the Raman spectra of graphite electrodes treated at different 

potentials in pH1 are plotted with the spectra from pristine graphite. From the 
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comparison, an increase of intensity from D and D´ bands were inspected with 

increasing oxidation potential while maintaining the same peak width of the 

bands. Some additional Raman features at around 1127 and 1750 cm
-1

 was 

observed at graphite sample oxidized at high potential such as 2.1 and 2.4 VRHE. 

From figure 4.12 (b), the changes of Raman spectra of pristine and 

electrochemically treated glassy carbon is shown. Unlike graphite, a broadening 

effect is observed to both D and D´ bands. This different behavior of graphite 

and glassy carbon in Raman spectroscopy can be explained in the following 

way.    

 

 

 

 

 

 

 

 

 

Figure 4.11 comparison of XRD patterns of glassy carbon (a) and graphite (b) before and after 

electrochemical oxidation. The differential XRD spectra are also presented to understand the 

surface limited structural disorder.  

The graphite crystal parameters La and Lc are one of the governing 

parameter for Raman spectroscopy of carbon materials. In general, graphitic 

carbon follow the Tuinstra-Koenig (T-K) rule which describes the change of 

D/G intensity ratio is inversely proportional to La [90]. The measured data from 

the graphite samples follow and agree with this. However, the interpretation of 

the Raman spectra of glassy carbon is not as straightforward as graphite. 
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Figure 4.12 The measured Raman spectra of the electrochemically oxidized graphite and 

glassy carbon with different potential is compared with the Raman spectrum of their pristine 

sample in figure (a) and (b). The fitting procedure of Raman spectra of electrochemically 

oxidized graphite electrodes with SPR method is shown (c). In figure (d), it shown that the 

Raman spectra of electrochemically oxidized glassy carbon are fitted with the same method 
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up to 1.8 VRHE but after that a five peak fitting approach is utilized. The defect to order ratio 

derived from combined 3/5 peak fitting analysis of graphite (e) and glassy carbon (f) are 

shown in figure (e) and (f).   

The lack of long range order in glassy carbon declines the T-K rule. The 

defect to order ratio of such carbon material regulates with square of La [91]. 

This is why, the Raman spectra of electrochemically treated glassy carbon 

changes by enlarging the peak areas from D and D´ [20, 91]. This is interpreted 

as inducing structural disorder in glassy carbon with increasing electrochemical 

potential.  

In graphitic substrate, the fundamental Raman bands G, D and D´ 

collectively define the single phonon resonance approach (SPR) [80]. The 

intensity ratio of D/G peak is often utilized to express the degree of ordering in 

carbon materials. But recently a quantitative procedure is devised to analyze the 

graphitic materials rather by considering the area of the three main Raman 

peaks. SPR fitting procedure is applied to the Raman spectra of carbon materials 

to evaluate their graphitic nature and defect to order ratio. Initially, for detail 

analysis the SPR derived three fundamental Raman peak approach was applied 

to fit the Raman spectra of both electrode materials. From the fitting of the 

spectra of graphite electrodes (figure 4.12 (c)), it can be confirmed that the 

evolution of defective structure is the consequence of the electrochemical 

oxidation. However, defect to order ratio for non-graphitizing carbon materials 

cannot be computed simply by equivalent SPR method for account of their 

shortage of graphitization. As shown in figure 4.12 (d), a five fit procedure was 

adopted in order to comprehend the structural model for glassy carbon after 

oxidation potential of 1.8 VRHE [96]. Such fitting procedure is often utilized to 

analyze highly disordered carbon materials such as soot, carbon black, activated 

carbon etc [96]. The defect to order ratio derived from different fitting procedure 

is compared in figure 4.12 (f). This overview allows optimizing the different 
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fitting protocol with increasing oxidation potential. The statistical representation 

of D/G ratio of both electrode systems is shown in figure 4.12 (e) and (f). 

The oxidation of graphite structurally modifies the electrodes by creating 

more edge sites as explained before and is attributed to enhanced capacitance 

achieved after the treatment. Similarly, the structure of glassy carbon electrode 

also gains edge sites due to oxidation and maintains its original graphitic 

characteristics up to oxidation potential 1.8 VRHE. However, beyond this 

oxidation potential the dominating nature of the disordered structure in the 

Raman spectra forces to extend the fitting procedure similar to highly disordered 

carbon materials. 

 Alongside this investigation, laser power induced damage was observed 

only in the surface of glassy carbon electrodes. The spectra presented in figure 

4.12 (b) for all glassy carbon are measured in 1 mW and a slight shift of the 

whole spectra towards lower cm
-1

 can be seen for the sample treated in 2.4 VRHE. 

For further investigation, all treated samples were measured with different laser 

power and compared in figure 4.13 (a). Here, all glassy carbon electrodes show 

a stable as well as reproducible Raman spectrum in the regime of low oxidation 

potential 1.2-1.8 VRHE regardless of different laser power. However, glassy 

carbon samples treated with 2.1 and 2.4 VRHE shows laser power influence in the 

measured spectra (red arrows) and this degradation was also spotted in the 

images collected from Raman microscope (figure 4.13 (b)). Glassy carbon 

treated with 2.4 VRHE readily goes through deterioration even at 1mW and 

onwards to higher laser power indicated by the red arrows in the microscopic 

image shown in figure 4.13 (b). The analysis concluded that glassy carbon 

electrodes treated in the range of high oxidation potential regime specifically 

after 1.8 VRHE are more vulnerable to be influenced with different laser power. 

On the other hand, such phenomenon was not observed in any of the graphite 

electrode. For understanding the underlying mechanism of such phenomenon 
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more detailed investigation is necessary. But a correlation of this phenomenon 

with the non-graphitic part of glassy carbon can be predicted. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 The measured Raman spectra of electrochemically oxidized glassy carbon 

substrates from 1.5 to 2.4 VRHE with different laser power ranging from 0.1 to 5 mW can be 

found in (a). The measured spectra show that samples oxidized at higher potential than 1.8 

VRHE shows a shift towards lower cm
-1

 pointed with red arrows in the viewgraphs. The 

associated microscope images are presented in figure (b) where the red arrows point the 

surface decomposition due to the influence of laser power.  
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4.3.2 Studying the morphological changes by SEM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 The experimental details of the SEM images shown above are listed below- 

(a) Pristine glassy carbon.  

(b) Electrochemically oxidized glassy carbon at 1.8 VRHE for 10 minutes.  

(c) Electrochemically oxidized glassy carbon at 2.1 VRHE for 10 minutes.  

(d) A different spot of the same sample shown in (c).  

(e) Electrochemically oxidized glassy carbon at 1.8 VRHE for 6 hours. 

(f) A focused image towards the crack seen on the same sample shown in (e).  

(g) Pristine graphite 

(h) Electrochemically oxidized graphite at 1.8 VRHE for 10 minutes. The red circle shows the 

flat plateau which occurs due to discarding of graphite flakes.   

(i) Electrochemically oxidized graphite at 2.1 VRHE for 10 minutes. 
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(j) Pristine HOPG 

(h) Electrochemically oxidized HOPG at 1.8 VRHE for 10 minutes. 

(l) Electrochemically oxidized HOPG at 2.4 VRHE for 10 minutes. 

One of the most essential aspects of the whole inquiry is to assess the 

extent of surface detachment of carbon electrodes during electrochemical 

oxidation. An overview of SEM images of different carbon electrodes in pristine 

and treated condition are arranged in figure 4.14. The SE mode captures a flat 

morphology of the pristine glassy carbon where only a few scratches from 

polishing history are visible (figure 4.14 (a)). After electrochemical oxidation at 

1.8 VRHE (figure 4.14 (b)), some differences in the image contrast are found. A 

few bright small spots on the surface could be observed and the visibility of dark 

scratches became clearer due to a stronger contrast. In figure 4.14 (c) glassy 

carbon sample oxidized at 2.1 VRHE is shown where the previously observed 

dark scratches become brighter alongside with bigger white spots. Apart from 

this, a few cracks are also seen on the surface as shown in figure 4.14 (d). To 

confirm this degradation, a glassy carbon sample was treated for 6 hours with 

1.8 VRHE in the same electrolyte and an array of deep scratches is found in the 

post treatment morphology (figure 4.14 (e) and (f)). These results support the 

fact that controlling the duration of electrochemical oxidation is one of the vital 

parameter that need to be controlled for avoiding electrode surface deterioration. 

The SEM image of pristine graphite substrates can be seen in figure 4.14 (g). 

The surface of graphite appears to be a combination of holes and smooth areas. 

After oxidizing the graphite sample with 1.8 VRHE (figure 4.14 (h)), the surface 

exhibits flake like morphology of graphitic layers with fewer smooth areas. 

Considering the morphology, electronic charging was detected as bright features 

coming from the graphitic edges. The SEM image of graphite oxidized with 2.1 

VRHE (figure 4.14 (i)) reveal the presence of a number of plateaus alongside the 

lamellar exterior. One plateau is indicated with a red circle in the image and they 

appear similar to the smooth areas of the pristine graphite. In order to confirm 
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this trend found in case of graphite substrates, HOPG substrates are considered. 

In figure 4.14 (j), the pristine morphology of HOPG can be analyzed where it 

appears flat and featureless. But this morphology start to change after oxidizing 

with 1.8 VRHE and the development of edge planes on the surface can be clearly 

identified in figure 4.14 (k). Increasing the oxidation potential to 2.4 VRHE leads 

to structural disintegration of HOPG at the surface and severe delamination is 

observed in the morphology as shown in figure 4.14 (l).  

In case of glassy carbon the bright regions found after oxidation are 

assigned to charging effects and are attributed mainly to the formation of oxide 

species on the surface [15, 92]. The increase of number and area of these bright 

spots indicate the abundance of functional group on the glassy carbon surface. 

But at the same time, this localized trench like breakdown evident on the surface 

can be comprehended as the result of corrosion concentrating at specific areas. 

This is verified when the oxidation time is increased. It promotes the formation 

of these trenches which define the nature of electrochemical degradation of 

glassy carbon. On the other hand, the display of edge features after oxidation is 

representative of electrochemical exfoliation of the lamellar structural of 

graphite and can be clearly distinguished from the pristine graphite. Such 

structural phenomenon under different electrochemical oxidation is well 

supported by profound sum of literature [39, 97]. From the comparison, it can be 

stated that increasing the oxidation potential triggers the act of discarding some 

graphite flakes from the surface which explains the emergence of these flat 

plateaus at high oxidation potential [41]. However, the removal aspect appears 

to be more uniform on graphite compared to glassy carbon. In case of HOPG, a 

similar mechanism can be proposed. Here the treatment initiates a point defect 

on the base plane of HOPG and further oxidation leads to line defect creating 

edge planes on the surface. Afterwards with increasing potential severe 

exfoliation takes place at the surface. This survey of different graphitic electrode 

verifies the phenomenon of exfoliation on graphitic carbon and discriminates it’s 
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the morphological change from glassy carbon in the same electrochemical 

condition. The degradation behavior can be categorized as pitting for glassy 

carbon and exfoliation for graphite. It is crucial to recognize that the onset of 

degradation is encountered in similar potential regime for all carbon electrodes.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 Oxygen elemental maps of pristine (a), oxidized glassy carbon at potential 1.8 

VRHE (b) and 2.1 VRHE (c) measured from EDX analysis are shown in left side. In the right 

side, graphite electrodes from same conditions are organized; pristine graphite (d), graphite 

oxidized at potential 1.8 VRHE (e) and 2.1 VRHE (f).  

The oxygen maps from the associated EDX measurement of both 

electrodes are shown in figure 4.15. The EDX map is capable of illustrating the 

distribution of the oxygen atoms. In figure 4.15 (a), the distribution of oxygen in 

the surface and sub-surface region of glassy carbon can be visualized. The 
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emission from the oxygen atoms intensifies with increasing oxidation potential 

to 1.8 VRHE (figure 4.15 (b)) and 2.1 VRHE (figure 4.15 (c)). The maps verify the 

homogeneity of the formation of functional group in glassy carbon electrodes. 

After reviewing and comparing the oxygen maps from graphite (figure 4.15 (d), 

(e) and (f)), a similar outcome can be reported. The calculated elemental ratio 

from the EDX maps is listed in table 4.1 and the ascending values confirms that 

oxygen derived functional group in both carbon electrodes increases with 

increasing oxidation potential. 

Table 4.1 The atomic percentage of oxygen and carbon determined from EDX maps for both 

electrodes in pristine and after electrochemical oxidation. 

 

 

 

 

 

 

 

 

 

4.3.3 Thermal analysis of electrochem. treated glassy carbon by TG-MS 

For characterizing the produced functional groups by electrochemical 

oxidation a TGMS analysis was implemented. The isothermal heating profile 

initiates gradual decomposition of carbon-oxygen functional group and gets 

detected in the coupled mass spectrometer (MS) as CO2 and CO. The mass lines 

of CO and CO2 of MS provide the information about decomposition functional 

group and the isothermal heating step enables the separation of carboxylic, 

lactone, anhydride, phenol/ether, carbonyl functional groups. The details of the 

temperature programming can be found elsewhere [70]. The CO and CO2 

signals from the TG-MS analysis of pristine and electrochemically oxidized 

 Carbon  Oxygen 

Pristine glassy carbon 98.80 at % 1.19 at % 

Oxidized at 1.8 VRHE 98.60 at % 1.39 at % 

Oxidized at 2.1 VRHE 94.82 at % 5.17 at % 

 

Pristine graphite 99.16% 0.83 at % 

Oxidized at 1.8 VRHE 97.71% 2.28 at % 

Oxidized at 2.1 VRHE 92.76% 7.23 at % 
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glassy carbon substrates are plotted in figure 4.16. Phenol/ether, anhydride and 

carbonyl functional group decompose into CO in inert atmosphere (Ar) as found 

in figure 4.16 (a). Carboxylic, lactone, anhydride functional groups can be 

identified in Mass line 44 (CO2) shown in figure 4.16 (b).  

 

 

 

 

 

 

 

 

 

 

Figure 4.16 TG-MS analysis of pristine and oxidized glassy carbon with 1.5 VRHE and 2.4 

VRHE in acidic electrolyte. Different carbon oxygen functional group can be found in the MS 

spectra from Mass line 28 (CO) and Mass line 44 (CO2) as shown in figure (a) and (b). 

From both figures, it can be understood that pristine glassy carbon 

contains some intrinsic functional groups. The decomposed functional group 

from pristine glassy carbon is compared with functional groups from 

electrochemically oxidized glassy carbon. In this case only glassy carbon sample 

oxidized with 1.5 and 2.4 VRHE in acidic electrolyte is considered. The measured 

MS spectra certainly demonstrate that electrochemical oxidation affects the 

abundance of functional group on the glassy carbon pellets. But after 

comparison it is still unclear how electrochemical oxidation modifies the pristine 

glassy carbon. It needs to be considered that such technique is very much suited 

for high surface area powder materials and explains the low signal to noise ratio 
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of the MS spectra. However, the shortage of resolution limits the detail analysis 

of the spectra and requires a different approach to characterize the surface of 

considered pellet shaped electrodes. 

4.3.4 TPD-XPS approach to characterize the functional groups  

To resolve the limitations from TGMS measurements and characterize the 

functional groups properly, XPS was measurements were applied on the pristine 

and treated electrodes. The C1s spectra of pristine and electrochemically treated 

samples are compared in figure 4.17 (a) and (b). For a better understanding, the 

pristine and electrochemically oxidized graphite electrodes are analyzed first. 

Based on literature some of the binding energy positions of different carbon-

oxygen components of a graphitic system are labeled in figure 4.17 (a) and (b) 

for a better comparison [98]. These references are listed in table 4.2. 

Considering the reference line positions, it can be clearly understood that the 

electrochemical treatment readily increases the spectral contribution from the sp
3
 

component of graphite electrode. Furthermore, different oxygen derived 

functional groups can be produced on graphite electrodes with increasing 

oxidation potential. The main C1s peak of pristine glassy carbon shows a 

relatively higher binding energy (0.25 eV) and higher peak width than graphite. 

Changes are observed on the higher binding energy side of C1s spectra of glassy 

carbon with increasing oxidation potential but after 1.2 VRHE the spectra changes 

drastically. An unknown feature is seen around 287 eV which gets pronounced 

when the oxidation potential is raised over 1.5 VRHE. On the other hand, the 

change in the peak shape and area of treated glassy carbon do not appear in 

accordance with any of the designated line positions nor they exhibit similar 

trend like oxidized graphite [92, 99]. This inconsistency suggests that the 

presence of surface functional species on glassy carbon possess different 

electronic structure and properties than graphite.  



4 . 3  E l e c t r o c h e m i c a l  t r e a t m e n t  o f  c a r b o n  s u b s t r a t e s  a t  
d i f f e r e n t  p o t e n t i a l  | 110 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

It can be clarified in the following way; graphite is composed of layers of 

covalently bonded sp
2
 hybridized carbon atoms representative of photoelectron 

intensity centered at 284.4 eV. The measured C1s spectra of all graphite 

electrode confirms that all the graphite electrodes have identical parent 

electronic structure and oxidation follows a pattern of uniform chemical shift. 

Furthermore, this pattern fits well with the reference positions collected for 

oxidation of graphite from literature. In contrast, glassy carbon has a hybrid 

structure containing both graphitic and non-graphitic part as determined by the 

interpretation of TEM images (figure 4.3). Therefore, electrochemical oxidation 

will also affect both structural components which are accountable for such C1s 

spectra of glassy carbon. Therefore, the spectral features at ~287 eV in figure 

4.17 (b) can be assigned to a combination of differential charging originating 

from the non-graphitic part and functional groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 Comparison of C1s spectra of the pristine and electrochemically oxidized graphite 

and glassy carbon with different oxidation potential are shown in figure (a) and (b). The 
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vertical dashed lines represent the reference position of carbon-oxygen species (listed in table 

4.2) generated on the surface as a result of oxidation. In figure (c), the fitting of O1s spectra of 

the pristine and electrochemically oxidized graphite electrodes are shown. The fitting 

components are listed in table 4.3. The two shaded peaks O4 and O5 reflect the water 

adsorption on graphitic surface.   

Table 4.2 List of the reference positions for carbon oxygen functional groups in C1s spectra in 

graphitic carbon [98] 

Species Position 

sp
2
 hybridized carbon 284.4 eV 

sp
3
 hybridized carbon 285.2 eV 

hydroxyl (C-O) 286.2 eV 

carbonyl (C=O) 287 eV 

carboxyl (-COOH) 288.4 eV 

π-π* shakeup satellite 291.2 eV 

 

Table 4.3 Details of the fitting components for O1s spectra of graphite electrode [15] 

 

 

Since graphite does not contain such structural diversity, the O1s spectra 

recorded for graphite sample are very much compatible for deconvolution and to 

analyze the contribution from different functional groups. The nomenclature of 

Species Position Remark 

Negatively charged molecules CO
3

2-

 ~530.72 O7 

C=O carbonyls, lactone, anhydride, 

carboxyl 
~531.37 

O6 

O in H2O ~532.2 O5 

O in the hydrogen bridging ~532.7 O4 

C-O hydroxyls, ether, lactone, carboxyl ~533.35 O3 

C-O anhydride ~534.16 O2 

Positively charged particles graphite flakes ~534.88 O1 
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fitted components for O1s spectra of graphite in figure 4.17 (c) is listed in table 

4.3. In figure 4.17 (c), a very low oxygen concentration (2.14%) can be found in 

pristine surface of graphite which can be assumed to be from the adsorbed water 

at the graphite edge planes. With increasing oxidation potential, the contribution 

of all O1s sub peaks increase. It needs to be noticed that water absorption in O1s 

spectra of graphite is denoted by two shaded peaks O4 and O5 (the vertical blue 

dash line) also increases with increasing oxidation potential. This can be 

explained as increasing the hydrophilic character of graphitic surface enhanced 

by electrochemical oxidation. The carbon oxygen functional groups are 

represented by O2, O3 and O6 which appear in the either side of the peaks 

originating from water adsorption. From the fitting procedure, it evident that 

after oxidization with 1.2 VRHE the peak area from all functional groups increase. 

This trend is consistent up to higher oxidation potential such as 1.8 VRHE and 2.4 

VRHE but changes can be observed in the ratio of the amount of different 

functional groups. The variation of atomic percentages of different functional 

groups with oxidation potential is presented in table 4.4. From the comparison, 

higher amount of double bonded carbon oxygen functional groups (O6) can be 

found at higher potentials such as 2.4 VRHE but single bonded carbon oxygen 

functional groups (O2 and O3) dominate at lower oxidation potential. 

Table 4.4 The fraction of different functional groups contributing in the atomic percentage of 

oxygen concentration with oxidation potential. 

Species 
Pristine 

graphite 

Oxidized at 1.2 

VRHE 

Oxidized at 1.8 

VRHE 

Oxidized at 2.4 

VRHE 

O2 0.19% 1.01% 1.72% 1.48% 

O3 0.49% 4.03% 5.55% 4.58% 

O6 0.28% 3.23% 3.61% 7.21% 
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As graphitic and non-graphitic carbon simultaneously contributes in the 

O1s spectra of glassy carbon, similar fitting process will lead to errors in detail 

analysis of functional groups. To investigate the functional groups on glassy 

carbon a temperature programmed decomposition approach along with x-ray 

photoemission spectroscopy (TPD-XPS) was implemented. The isothermal 

heating steps in this case were adopted from the TG-MS analysis for identifying 

individual functional groups. From the TPD C1s spectra, the π-π* shakeup 

satellite region (indicated by the vertical dash line) of C1s spectra of pristine 

glassy carbon is plotted in figure 4.18 (a). Here, pronounced intensity of the π-

π* shakeup satellite at 291.0 eV is observed with increasing temperature 

specifically after 620° C.  

 

 

 

 

 

 

 

 

 

 

Figure 4.18 From the TPD-XPS data, C1s (a) and O1s (b) spectra from pristine glassy carbon 

are shown side by side. The decreasing area of O1s peak demonstrates the thermal desorption 

of functional groups from the pristine glassy carbon. The vertical dash dot lines in the O1s 

spectra denote the fitting profile of table 4.3.  

From the series of TPD O1s spectra shown in 4.18 (b), it can be found that 

the oxygen concentration decreases rapidly with the heating steps due to 

decomposition of functional groups. For analysis the TPD O1s spectra are 

accompanied with vertical dash dot lines adopted form the table 4.2. The 
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complexity of fitting O1s spectra of glassy carbon is already explained. From 

figure 4.18 (b), the diminishing spectral contribution from O4 and O5 reduces 

significantly with increasing temperature. After 250° C, the peak area is 

observed only in the either sides of O4 and O5 which also decreases with 

increasing temperature. After reaching maximum temperature 960° C still some 

carbon oxygen species can be observed in the spectra. The trend found in case of 

peak area referring to O4 and O5 is understandable. This refers to the removal of 

adsorbed water from the surface. Subsequently after 250° C the surface is 

mostly left with carbon-oxygen species which corresponds to functional groups 

of glassy carbon. Such intrinsic functional groups are assumed to be formulated 

from the precursor materials used for synthesis and were developed in the course 

of the post pyrolysis heat treatment. From the comparison of TPD C1s spectra, it 

seems that the whole spectra stay as a convolution of both graphitic and non-

graphitic part until the heating step reaches 620° C. After that the spectra 

exhibits a stronge signature from the π-π* shakeup satellite meaning accelerated 

removal of the non-graphitic part leaving behind a graphitic surface. This 

outcome can be further confirmed and significant resemblance can be found 

with graphite when the fitting components from table 4.3 are imposed within the 

measured O1s spectra in figure 4.18 (b). 

In figure 4.19 (a), the TPD O1s spectra of electrochemically oxidized 

glassy carbon at 1.5 VRHE is stacked where the measurements were recorded 

during the comparable isothermal steps of TG-MS analysis. As previously 

observed in the case of pristine glassy carbon (figure 4.18 (b)), gradual 

decomposition of functional groups can be spotted in O1s spectra. Similarly, the 

contribution from adsorbed water (O4 and O5) also decreases with higher 

temperature. The existence of carbon oxygen functional group (O2, O3 and O6) 

can be confirmed after evaporation of water considering the reference positions 

(vertical dash dot lines). Here a comparison can be considered between TPD 

O1s data of pristine glassy carbon and electrochemically oxidized glassy carbon 
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at 1.5 VRHE. In the electrochemically oxidized sample, higher contribution from 

O2 and O3 can be easily identified in the spectra with respect to pristine sample. 

The certainly provides the evidence of functional group originated from 

electrochemical oxidation on glassy carbon surface.  

Some more interesting features were explored by evaluating 

electrochemically oxidized glassy carbon at 2.4 VRHE for TPD XPS. In figure 

4.19 (b), TPD-XPS C1s spectra of glassy carbon oxidized at 2.4 VRHE is plotted. 

Here, the spectral feature at ~287 eV starts to disappear with increasing 

temperature (indicated by the black arrow). In figure 4.19 (c) the TPD O1s 

spectra is plotted and compared with the same reference position from table 4.3. 

A similar trend is observed the spectra as it was found in previous cases. The 

water desorption is initiated first followed by the decomposition of functional 

groups at higher temperature. The phenomenon observed in case of TPD C1s 

spectra in figure 4.19 (b) confirms the presence of volatile species on the surface 

and can be correlated to the corresponding series of O1s spectra shown in figure 

4.19 (c). The drastic decrease of O1s peak area from room temperature to 100°C 

provides the evidence of volatile species. This can be further supported by 

comparing the TPD O1s spectra of pristine glassy carbon and glassy carbon 

oxidized at 1.5 VRHE shown in figure 4.18 (b) and 4.19 (a) where no significant 

decrease of intensity was found further establishing evaporation of water was 

certainly accompanied by some volatile carbonaceous material. Most 

importantly considering all O1s spectra of glassy carbon electrodes presented 

here, one specific analogy can be established that once water and volatile 

species have decomposed from the surface in the primary isothermal steps, the 

presence of functional groups can be recognized. This trend allows comparing 

the concentration of functional group on glassy carbon with oxidation potential. 

The complete set of identified oxygen containing functional groups is compared 

in table 4.4 assuming the non-graphitic part decomposes from the surface at low 

temperature heating steps such as 250°C.  
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Figure 4.19 In figure (a), the series of TPD O1s spectra of electrochemically oxidized glassy 

carbon at 1.5 VRHE are shown. In figure (b) and (c), C1s and O1s spectra of electrochemically 

oxidized glassy carbon at 2.4 VRHE are compared with intermittent isothermal measurement. 

In both O1s spectra, the vertically aligned dash dot lines represent the fitting profile from 

table 4.3 and among them the two blue lines reflect the component of adsorbed water 

molecules on the graphitic surface. In the C1s spectra of figure (b) the black arrows indicate 

the low temperature decomposition of volatile substance.  

From table 4.4, it can be identified that the intrinsic functional groups of 

glassy carbon are composed of carboxyl, lactone, anhydride, phenol, ether and 

carbonyl. From the detail analysis, the amount of carboxyl and lactone appears 

more in the higher oxidation potential such as 2.4 VRHE. A slightly higher 

concentration of anhydride, phenol, ether and carbonyl groups is seen after 

oxidizing 1.5 VRHE.  
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Table 4.4 Estimation of different functional groups from the atomic percentage of TPD-XPS 

analysis 

Functional group Pristine glassy 

carbon 

Oxidized at 

1.5 VRHE 

Oxidized at 

2.4 VRHE 

Water and Carboxyl 0.88% 0.86% 3.38% 

Lactone 2.33% 6.05% 11.39% 

Anhydride  0.58% 1.42% 0.63% 

Phenol/Ether 1.72% 6.63% 5.65% 

Carbonyl 1.13% 3.34% 2.23% 

Total content 8.07% 20.57% 26.09% 

 

4.4 Conclusion 

The experimental results and analysis put together here are organized to 

elucidate three fundamental concepts of carbon electrochemistry. The structural 

alteration of different carbon electrode systems, properties of functional groups 

derived from electrochemical oxidation and electrochemical corrosion of carbon 

electrodes under different conditions. From the first section of experimental 

data, it can be accomplished that alkaline electrolyte is efficient for 

electrochemically remove or etch graphitic electrodes. On the contrary, acidic 

electrolyte is efficient for functionalization of carbon electrodes. The outcome is 

validated by TEM image where the lamella displayed a rough jagged surface 

and the high resolution TEM images from the surface substantiate a completely 

undisturbed stacking (figure 4.9). These findings merge with Raman data and 

corresponding SEM. In the later section, it was investigated how oxidation 

potential influences the above mentioned three aspects. In the post oxidation CV 

of this section, the observed identical redox peak positions in both electrodes 

determine similar electrochemical property of functional groups. This 

enhancement of activity is previously reported by numerous authors and 
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unanimously this activation is attributed to the presence of oxygen related 

functional group on the carbon surface [41, 92]. At this point, linking the 

evaluation from TEM images and the corresponding SAED provides an 

agreement that the non-graphitic portion of glassy carbon structure is unstable 

under electrochemical conditions. Since the diffraction fringes become brighter 

with constant intercalation properties the surface alteration is concurrently 

comprehended by detachment of such species interpreting the electrochemical 

corrosion in glassy carbon. But when the oxidation potential is raised to 2.4 

VRHE, the expansion of interlayer distance of graphitic crystallites effectively 

blurs the inner rings of the SAED data and can be correlated from the lack of 

stacking seen in TEM images. Reconsidering the first order Raman spectra of 

pristine and oxidized graphite reveals the consistency of Raman peak width even 

after electrochemical oxidation at high potential. Unlike glassy carbon, crossing 

oxidation potential 1.8 VRHE merely changes the peak width of oxidized graphite 

electrodes. Rather the peak height is increased along the process and triggers the 

appearance of many other Raman features such as 1160 cm
-1

 and 1750 cm
-1

. 

These features converge to the phenomenon of fragmentation of crystallites and 

loss of stacking in graphitic carbon. Remarkably, glassy carbon shows same 

features with electrochemical oxidation unraveling that the restructuring 

behavior of the graphitic part of glassy carbon is similar to graphite. This 

conclusion proposes that oxidation potential around 1.8 VRHE pose as a pivotal 

point for inducing major structural change in both electrodes if other 

experimental parameters are fixed. The summary leads to a certain 

categorization of two distinct potential windows considering the duration of 

treatment 10 min in acidic electrolyte. First, the functionalization regime that 

extends from oxidation potential 1.2 to 1.8 VRHE where the D/G ratio stays in a 

comparable range for both electrodes. This steady nature reflects that moderate 

treatment potential can be a viable way to functionalize the electrode surface 

while keeping the bulk graphitic structure intact. Evaluating these above 
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mentioned analysis, the subsequent region after 1.8 VRHE where the plotted D/G 

rapidly increases confirming that higher potential promotes disorder or 

destacking in general in both electrodes with considerable electrochemical 

corrosion. EDX measurements visualize the evolution and distribution of 

oxygen functional group on both electrodes. This severe corrosion initiates more 

involvement of non-graphitic part and simultaneously their volatile nature is 

discovered by the Raman laser damage. Such kind of decomposition was not 

found in any of the graphite electrodes suggesting that the volatile species 

originate from non-graphitic part of glassy carbon. From all the characterization 

data, the influence of this non-graphitic part of glassy carbon is found in XPS 

data. At high oxidation potential such as 1.8 VRHE, both graphitic and non-

graphitic part can be identified in the corresponding XPS data. TPD-XPS 

confirms that the presence of volatile species on highly oxidized glassy carbon 

and further connects the analysis of laser power induced damage.  
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Atomic layer deposition of MnOx 

5.0 Introduction  

This chapter deals with the atomic layer deposition of MnOx as well as the 

electrocatalytic performance of the combined catalytic system of carbon and 

MnOx. As described earlier, Atomic layer deposition was selected as the method 

of synthesis since it is capable of establishing a covalent interaction with the 

substrate. The investigation was initiated by finding the suitable precursor for 

the process and primarily the ALD process on Si wafer was studied. To replicate 

the equivalent self-saturated growth on carbon, the interaction between the ALD 

precursor and functional group of carbon substrate was examined. The change of 

the oxidation state and phase of MnOx was also explored by performing a post 

thermal treatment. The electrocatalytic properties as well as the stability of the 

thermally treated catalytic system were also examined as the last step. All the 

analysis is subjected to answer one specific scientific question whether a stable 

electro catalytic activity from the carbon-manganese can be extracted for oxygen 

evolution reaction.  

5.1 Atomic layer deposition of MnOx on Si wafer 

5.1.1 Self-saturation behavior of ALD precursor 

In order to find a suitable precursor for ALD growth of MnOx, three most 

studied Mn precursors were shortlisted after surveying the relevant literature [8, 

54, 100, 101]. Their chemical formulae are 

Bis(ethylcyclopentadienyl)manganese(II) [Mn(EtCp)2] [8, 54], Tris(2,2,6,6-

tetramethyl-3,5-heptanedionato)manganese(III) [Mn (thd)3] [102] and 

Dimanganese decacarbonyl [Mn2(CO)10] [101]. The structural formulae of the 

precursors are shown in figure 5.1. 
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Figure 5.1 The three Mn precursors evaluated for ALD growth. 

Comparisons of their physical and chemical properties are shown in the table 

5.1.  

Table 5.1 comparison of physical and chemical properties of potential Manganese precursors 

for ALD growth 

 Mn(EtCp)2[8, 54] Mn (thd)3[102] Mn2(CO)10[101] 

Physical state Red Liquid Black solid Black solid 

Melting point 60°C (Bubbling) 170°C 155°C 

Vapor pressure 240 pa - - 

Reaction 

temperature 

100-250°C 138-210°C 175-350°C 

Co-reactant H2O O3 O3/H2 

 

As a primary experiment, the Mn (thd)3 and Mn2(CO)10 were applied as 

precursor with carrier gas flow of 20 sccm Ar to check the development of the 

vapor pressure. But neither of the precursors showed significant partial pressure 

for deposition. In case of Mn(EtCp)2, a reproducible partial pressure of 0.01 torr 

was found at 60° C which shows the compatibility of the precursor with the 

process. Additionally, a low vapor pressure delivery system (LVPD) was 

equipped to ensure an accurate and reproducible precursor delivery in every 

precursor pulse during the ALD process. Initially, the thermal stability of the 

Bis(ethylcyclopentadienyl)

manganese(II)

Mn(EtCp)2

Tris(2,2,6,6-tetramethyl-3,5-

heptanedionato)

manganese(III)

Mn(thd)3

Dimanganese

decacarbonyl

Mn2(CO)10
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Mn(EtCp)2 precursor was examined by measuring the mass spectra of 

evaporated precursor in different temperatures ranging from 100-190° C. The 

measurements are shown in figure 5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 The Mass spectra of Mn(EtCp)2 was measured in three different temperatures 

between 100-190° C are plotted in stack to check the molecules thermal stability. The labels 

refer to the mass lines of the fragment species of the precursor molecule and their chemical 

formulae are shown in the inset of the last plot (temperature 190° C).   
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During the experiment, the precursor was evaporated at 80 °C and pulsed 

for 0.5 seconds through the reactor chamber with a set temperature which is 

connected to a Mass Spectrometer. The MS records the mass spectra of the 

evaporated precursor within the environment of the reactor. The mass spectra 

were measured in three different set temperatures of the reactor which are 

plotted in figure 5.2. In figure 5.2, a mole-peak of the precursor molecule is 

visible at mass line 241.23 at a reactor temperature of 100° C. Apart from this, 

fragments of the precursor molecules are also detected by the MS. The 

identification of these mass lines and their corresponding chemical formulae are 

listed in the inset of last plot of figure 5.2. When the reactor temperature was 

increased to 150° C, the mass spectrum measures the same spectra as previous 

case (100° C) but with slightly lower intensity of the peaks that comes from the 

precursor. The observation of same spectra suggests the presence of same 

chemical species in the reactor and the change in the intensity of the peaks 

indicates the thermal stability of the corresponding chemical species. From 

figure 5.2, further increase of temperature to 190 °C significantly reduces the 

intensity of all the peaks originating from the precursor in the whole spectra. 

The comparison of all mass spectra of different reactor temperatures 

demonstrate that the high temperature such as 190 °C is capable of triggering 

thermal decomposition of Mn(EtCp)2. On the contrary, lower temperature region 

ranging from 100-150 °C do not show such thermal decomposition of the 

precursor hence such temperature condition ensures the reactivity of the 

precursor with substrate. This analysis indicate that the suitable temperature for 

performing ALD deposition with Mn(EtCp)2 is around 100-150 °C. 

To analyze the self-saturating ALD growth on Si wafers with native 

oxide, a single pulse of Mn(EtCp)2 was performed with different timings at 

reaction temperature of 100° C. Prior to the experiment, the Si wafers were 

cleaned according to the standard RCA cleaning procedure to provide a 

hydrophilic –OH termination on the surface. After pulsing different resting time 
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from 60 to 1800 seconds were given to equilibrate the chemisorption under inert 

atmosphere. For post characterization, all samples were dissolved according to 

the dissolution method to measure the Mn content by ICP-OES (Section 2.8). 

The correlation of the Mn content with the pulse timing is presented in figure 

5.3 (a). Here, it can be observed that with increasing precursor pulse timing the 

deposited Mn content saturates. This trend is termed as self-saturating ALD 

behavior of Mn(EtCp)2 on Si wafer. The carrier gas flow was kept at 20 sccm 

during all the experiments. Here no physisorbed Mn were found in any samples. 

 

 

 

 

 

 

 

Figure 5.3 The deposited Mn content (black) on Si wafer with respect to the different pulse 

times of Mn(EtCp)2 (a). The horizontal line signifies the average deposited amount of Mn in 

each cycle ~0.35 ppb/cm
-2

 when the pulse timing is between 1 to 4 seconds. It needs to be 

noted that the partial pressure (blue) is the combination of bubbled Ar and precursor vapor. 

The purge time with Ar after the Mn(EtCp)2 precursor pulse was also changed from 60 to 

1800 seconds as shown in figure 5.3 (b) which showed no influence on the Mn content 

measured by ICP-OES.   

Considering the self-saturating trend shown in figure 5.3 (a) and (b), a 

recipe was conceived where the first half cycle consists of a 2 second pulse of 

Mn(EtCp)2 followed by 180 second purging with 20 sccm Ar [8, 54]. Due to the 

high vapor pressure of water, the pulse time of water was kept short such that 

0.015 seconds and a purge time of 600 seconds were necessary for reaching the 

base pressure of the reactor (0.256 torr at 20 sccm Ar). The number of cycles 
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was repeated to deposit MnOx films on Si wafer with different thickness for 

further characterization.   

5.1.2 Temperature dependence of the ALD deposition process  

For studying the temperature dependence on the ALD growth characteristics, 

different deposition temperatures such as 100, 150 and 190° C were chosen. 

150, 200 and 250 ALD cycles of MnOx were deposited on Si wafer under these 

conditions using the developed recipe. To compare the oxidation state of 

deposited MnOx at different temperatures, XPS measurements were performed 

on the samples with 200 ALD cycles.  

 

 

 

 

 

 

 

 

 

Figure 5.4 Mn2p spectra measured from 200 ALD cycles deposition of MnOx cycles 

deposited of Si wafer with different deposition temperatures (a). The solid vertical lines 

indicate the spin orbit splitting peaks of Mn2p. The additional two sets of vertical arrows (red 

and black) represent the satellite structure coming from different oxidation state of MnOx. The 

deposited Mn content on Si wafer with respect to the different deposition temperatures was 

characterized by ICP OES measurements (b) where a slight decrease of Mn content is 

encountered at high deposition temperature such as 190° C. 
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The measured Mn2p spectra are shown in the figure 5.4 (a) where broad 

Mn2p1/2 and Mn2p3/2 peaks are observed due to spin orbit splitting of 2p 

orbital. Both peaks appear similar in their peak shape and area even with 

different deposition temperatures but after calculating the differential spectra 

some changes could be found. Besides this some subtle features can be also 

identified in all the spectra of Mn2p such as two sets of satellites marked with 

black and red arrows. Their positions are 6 and 10 eV towards higher binding 

energy side of the both Mn2p peaks. The deconvolution of Mn2p spectra and 

these satellite features will be discussed again in the later section for detail 

investigation. The other two sets of samples with 150 and 250 cycles were 

considered for ICP OES measurement (figure 5.4). These samples were 

analyzed according to the dissolution method as described in section 3.8 and the 

dissolved Mn content was measured by ICP OES. The data reveals that in the 

both set of samples depositing at higher temperature such as 190° C gives a 

slightly low Mn content. This behavior can be explained by the decomposition 

of the Mn precursor at higher temperature as found in the thermal stability test 

(figure 5.2) and can be also supported by literature [54]. This investigation 

confirms that for this set of precursors, 100-150° C is the favorable deposition 

temperature for obtaining the ALD growth of MnOx.  

5.1.3 Film thickness and morphology of MnOx on Si wafer 

To analyze the growth rate, MnOx of different film thickness were 

characterized with X-ray Reflection (XRR). For measuring MnOx film 

thickness, the Si wafer is thermally pre oxidized in air at 800° C to increase the 

native oxide thickness to 26.8 nm. The oxidized Si wafers were used as 

substrates for further ALD deposition with different cycles. In figure 5.4, the 

measured film thicknesses from the XRR patterns are plotted against the number 

of ALD cycles. The graph shows ALD growth characteristics represented by a 

linear fit and the estimated growth per cycle (GPC) from the slope was 1.5 A° 
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per cycle. Similar growth per cycle is reported in many reports with the same set 

of precursors [1, 2]. 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 The calculated film thickness of MnOx is plotted against the number of ALD 

cycles. The growth per cycle (GPC) can be evaluated from the slope of the linear fit which is 

1.52 A
o
 per ALD cycle.  

For morphological studies, SEM images were taken from the surface of a 

pristine Si wafer and ALD deposited 37.5 nm MnOx film on Si wafer for 

comparison (figure 5.5). The pristine Si wafer surface (figure 5.5 (a)) appears 

very flat and featureless. After deposition of MnOx oxide, the changes of surface 

texture can be distinguished in the SEM image. From figure 5.5 (b) it can be 

confirmed that the surface of ALD grown MnOx is rough indicated by coarse 

grain like surface morphology. This kind of morphology is often found in case 

of layer by layer deposition in different synthesis methods such as 

electrochemical deposition. The table 5.2 compares the elemental ratio measured 

from the EDX measurements of a pristine Si wafer and a pristine Si wafer with 

37.5 nm ALD deposited MnOx film.  The associated EDX offers identification 

of present elements on the surface of sample and the elemental ratio implies a 
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MnOx oxide surface. The EDX data is inaccurate in terms of understanding the 

stoichiometry and oxidation state considering the 2 μm depth of penetration of 

the EDX beam.   

  

 

 

 

Figure 5.5 SEM images of pristine Si wafer (a) and 37.5 nm film of ALD deposited MnOx (b). 

In both cases, the scanning electron mode was used to analyze the surface morphology.  

Table 5.2 Elemental ratio measured from EDX 

 

 

 

 

Therefore, the detected oxygen the EDX spectrum from the sample with 

ALD deposited MnOx is contributed from the native oxide of Si as well as 

MnOx. Additionally, atmospheric exposure enhanced surface oxidation of MnOx 

is also reported in many papers [8, 54]. However, the important factor to be 

pointed out here from table 5.2 is the detected carbon. In general, the carbon 

content originates from adventitious material as seen in the pristine Si wafer. 

But the sample with 37.5 nm MnOx film contains much higher amount of carbon 

in comparison. This certainly hints the incomplete ligand exchange reaction of 

precursors within the deposition process 

 

Element Si wafer 37.5 nm MnOx 

Si (at %) 94.03 ± 0.29 85.31 ± 0.25 

O (at %) 0.53 ± 0.04 3.69 ± 0.09 

Mn (at %) - 1.42 ± 0.08 

C (at %) 5.12 ± 0.10 9.61 ± 0.25 



5 . 1  A t o m i c  l a y e r  d e p o s i t i o n  o f  M n O x  o n  S i  w a f e r  | 129 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

5.1.4 Reaction mechanism of Atomic layer deposition of MnOx 

Considering the results discussed above, a simplified picture of the sequential 

chemical reactions that control the ALD deposition are shown in the following 

figure. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 The ideal self-saturating ALD behavior is of Mn precursor is shown in figure (a) 

and the product of the chemisorption HCpEt is removed by purging with Ar gas. The 

sequential water pulse enhances the ligand exchange reaction as shown in figure (b) creating 

the –OH functional group for the next cycle.  

(a) Surface chemisorption- the reaction between the precursor molecule and 

the surface functional group of Si wafer (–OH termination) creates a 

covalent bonding as determined by the data from figure 5.3 (a). 

(b) Ligand exchange- the removal of the (EtCp) and replacing with –OH to 

act as a surface functional group for chemisorption of precursor in the 

next cycle. This ensures the self-saturation to sustain over higher number 

of cycles as determined in figure 5.3 (b) and 5.5 (b).  

In order to achieve a 100% ALD growth the reaction yield of these above 

mentioned set of reactions has to be 100%. The unusual high amount of carbon 

found in the elemental analysis (table 5.2) puts forward the question whether the 
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ligand exchange reaction satisfy such growth condition. To resolve the issue a 

step by step XPS measurement was performed while sputtering the deposited 

MnOx with high energy Ar
+
 bombardment. For this measurement a Si wafer 

with deposition of 100 ALD cycles of MnOx at 100° C was utilized. In figure 

5.7, the measured C1s spectra are plotted together according to the shown 

sputter profile in the right side of the figure. The sputter profile describes the 

duration of Ar
+
 bombardment of the surface and the change of corresponding 

depth of information obtained by the XPS measurement.  

  

 

 

 

 

 

 

Figure 5.7 C1s spectra measured in accordance to the sputter profile shown in the right side of 

the plot. The Si2p spectra showed in the inset demonstrates visible photoemission from the 

interface of SiO2 and MnOx after 36 seconds of sputter time.  

From the figure 5.7, the high carbon content observed at the sample 

surface before sputtering reflects the adventitious carbon. After just 12 seconds 

of sputtering, this adventitious carbon can be removed and is clearly observed 

by the decrease of the peak area of the C1s spectra. But in further measurements 

with increasing sputtering time, a relatively small but observable C1s peak can 

be found. The XPS measurements were continued until photoemission from the 

native oxide (SiO2) underneath the ALD cycles of MnOx is encountered (inset). 

This indicates the presence of minute amount of residual carbonaceous species 
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at the bulk of MnOx film which disapproves the 100% yield of the ligand 

reaction in the repetitive ALD cycles. Furthermore, similar results of unreacted 

and residual EtCp groups from ALD precursors can be also spotted in literature 

[103]. This issue will be probed and discussed again in the later section to 

develop fundamental understanding about the ALD deposition of MnOx process. 

5.2 Atomic layer deposition of MnOx on carbon substrates 

5.2.1 TG-MS characterization 

To accomplish a self saturative ALD growth of MnOx on carbon substrate, a 

strong chemical interaction between the precursor molecule and functional 

groups of carbon materials is necessary. A high surface area (~245 m
2
/g) multi 

wall carbon nano tube (MWCNT) was selected for this experiment. The 

MWCNT was pre-treated with mixed acid (H2SO4 and HNO3) to create 

anchoring sites which are termed as functional groups consisting of carbon and 

oxygen [80]. In the work of Düngen et al. a temperature profile with isothermal 

heating steps was developed to quantitatively analyze the functional groups in a 

TG-MS measurement [70]. The analysis provides the information of tracing the 

consumption of individual functional groups during their reaction with Mn 

precursor. Since MWCNT is a high surface area substrate compared to Si wafer, 

the deposition process was modified. In this case, only the first half ALD cycle 

or loops were repeatedly applied on MWCNT to chemically saturate the whole 

surface. The samples were characterized with TG-MS and the obtained data 

after different number of looping is compared with the TG-MS measurement 

from MWCNT of reaction condition in figure 5.8. Here the reaction condition is 

defined by the deposition temperature under which the MWCNT was dried prior 

deposition for 1 hour to get rid of the adsorbed water molecules at the surface. 

At a deposition temperature of 125° C (figure 5.8 (a)), any selectivity of 

precursor towards a specific functional group was not encountered rather it 
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appears that the intensity from the measureable functional groups were reduced 

in the MS spectra.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 TG-MS data of functionalized MWCNT after multiple looping with Mn(EtCp)2 at 

125°C (a), 150°C (b) and 175°C (c). The recipe for the looping procedure is adopted and 

improvised from reference [70]. The measurement is done under Ar environment which 

facilitates the decomposition of functional groups with isothermal steps. The coupled mass 
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spectrometer measures the CO2 and CO to provide the content of each individual functional 

group. The amount of functional groups can be calculated from the peak area of MS signal 

which are plotted with the loop number and according to the deposition temperature in figure 

(d) 125°C, (e) 150°C and (f) 175°C.  

Similar result is found when the deposition temperature is increased to 

150° C (figure 5.8 (b)). At higher reaction temperature such as 175° C (figure 

5.8 (c)), almost an unchanged intensity of functional group was seen in the data 

of TG-MS measurement after looping. For accumulating a better understanding 

of the interaction of the functional group and the ALD precursor, the amount of 

functional group is calculated from the peak area of MS from figure 5.8 (a), (b) 

and (c). The changes of amount of functional groups of MWCNT before and 

after looping experiment are presented in figure 5.8 (d), (e) and (f) considering 

different deposition temperatures. In figure 5.8 (d), it can be found that at 125° 

C deposition temperature with increasing ALD loop number all functional 

groups gets reduced. Among them carboxyl, anhydride and phenol/ether appear 

to be reduced to the maximum. With increasing the deposition temperature to 

150° C (figure 5.8 (e)), the amount of lactone and carbonyl functional groups 

also gets drastically decreased. At deposition temperature 175° C (figure 5.8 (f)), 

the data suggest a minimum consumption of functional groups during the 

looping process. One phenomenon can be identified in some of the cases that the 

peak area of the functional groups decreases with increasing number of loop first 

but then again slightly increase with loop number. This trend can be easily 

pinpointed in figure 4.8 (d) for deposition temperature to 125° C. Here, the peak 

areas of different functional groups reduce when 250 and 500 loops numbers of 

MnOx are deposited but after 1000 loops of deposition the amount of functional 

group increase. This phenomenon suggests a potential desorption of precursor 

from the surface of functionalized MWCNT. The overall analysis of the TG-MS 

data, it is still unclear whether any chemical interaction exists between the Mn 

precursor and the functional groups of MWCNT. 
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5.2.2 Characterization by dissolution method 

The dissolution method is capable of differentiating between the chemisorbed 

and physisorbed portion or in other words ALD and CVD part of the deposited 

MnOx (Section 2.8). In this method, Mn deposited MWCNT is dissolved in 

concentrated Hydrochloric acid (HCl) and in Millipore water. Mn dissolved in 

the Millipore water originates from physisorption during the deposition and acid 

dissolved Mn represent the total amount of Mn from the deposition including 

both physisorbed and chemisorbed Mn [104].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9 The measured Mn content from ICP OES measurement for deposition temperatures 

125° C and 175° C is plotted against the number of loops during the deposition. The 

dissolution in acid gives the total Mn content which is compared with the water dissolved or 

CVD deposited Mn on functionalized MWCNT at reaction temperature of 125°C (a) and 

175°C (b). 
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These two separate components in the deposited MnOx refer to CVD and 

ALD portion of MnOx. The supernatant from both solutions are then measured 

by ICP-OES to provide the ratio of ALD and CVD component of Mn content. 

For this experiment, the dissolution time was kept 10 days due to slow 

dissolution from the high surface area of MWCNT. In figure 5.9, the measured 

Mn content from ICP OES measurement for deposition temperatures 125° C and 

175° C are shown. From figure 5.9, it can be observed that the total deposited 

Mn content is higher at a reaction temperature of 125° C than 175° C. At 

deposition temperature 125° C, the deposited total Mn content determined by 

acid dissolution stays constant after 500 loops and up to 1000 loops. However, 

the water dissolved Mn content keeps increasing from 150 to 1000 loops. A 

similar trend is encountered when the deposition temperature is increased to 

175° C. This means a large portion of the deposited Mn is CVD nature 

irrespective of deposition temperature. The physical interaction of this CVD Mn 

with functionalized MWCNT can be very easily overcome by the protons of 

Millipore water and their inability to stick with functionalized MWCNT is due 

to shortage of strong covalent link. 

Considering the analysis from the dissolution method, it can be 

established that only a very weak and limited covalent bonding can be attained 

through ALD process on carbon substrate. The previously reported thermal 

stability analysis of figure 5.2 suggested potential decomposition of precursor at 

high temperature after 150° C. This can be correlated here with the dissolution 

method as the Mn content found for deposition temperature 175° C is much 

lower than 125° C.  

5.3 Determining oxidation state and phase of MnOx 

5.3.1 XPS, NAP-XPS, NEXAFS characterization 

For determining the oxidation state of Mn, the ALD deposited MnOx was 

characterized by XPS. In figure 5.10 the Mn2p (a) and O1s (b) spectra of ALD 
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deposited MnOx deposited on Si wafer with increasing number of cycles is 

presented. In the Mn2p spectra shown in figure 5.10 (a), the development of two 

sets of satellite features can be identified with increasing number of ALD cycles 

which are indicated by the vertical dashed and dashed dot lines. The vertical 

solid lines represent the doublet peaks of Mn2p and it can be also spotted that 

the intensity of two satellite regions contribute in changing the overall shape of 

the spectra. The full width of half maxima (FWHM) of the doublet peak shows a 

value of ~3.5 eV which is also influenced by multiple final states emanating 

from the multiplet splitting. The mechanism of multiplet splitting is explained in 

figure 5.10 (c) [60].  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Mn2p (a) and O1s (b) spectra of XPS measurement of ALD deposited MnOx are 

plotted with increasing numbers of ALD cycles. The solid vertical lines indicate the spin orbit 

splitting peaks of Mn2p. The additional two sets of vertical dashed and dashed dot lines 

represent the satellite structure coming from different oxidation state of MnOx. In figure (b) 

the changes in O1s spectra with increasing the deposition cycles of ALD deposited MnOx can 

be observed. The contribution from Mn-O bond can be distinguished from the first ALD cycle 

at the binding energy 530.9 eV which is marked with a solid vertical line. The schematic 
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shown in figure (c) explains the mechanism of Multiplet splitting during the photo emission 

of ALD deposited MnOx where the red arrows portray the emission of photo electrons.   

A simple model based on pure Mn
2+

O can be used to explain this. When 

the photoelectron from the filled 2p orbital is emitted (indicated by the red 

arrow), it interacts with unpaired valance electrons of 3d
5
 orbital during the 

emission and multiplies the number of final states depending on the number of 

unpaired electrons of the valance band. The effect leads to broadening of the 

photoelectron peak and explains the complexity of deconvolution of Mn2p 

spectra. Furthermore, the deconvolution becomes even troublesome when more 

than one oxidation state of Mn is present in the oxide. Mn3s spectra lack the 

clarity for the same reason although some authors assign the magnitude of 

Multiplet splitting in Mn3s to different oxidation states of Mn [8, 63, 105]. Now 

coming back to the satellites structure, the regions of the identified satellites are 

~6 and ~10 eV towards higher binding energies of the doublet peaks of Mn2p. 

In literature these two satellites are often attributed to Mn
2+

 and Mn
3+

 species but 

so far there is no experimental proof available of their attribution in the ALD 

grown MnOx [8]. In the O1s spectra of figure 5.10 (b), the changes with 

increasing number of ALD cycles can be found. Before deposition the large 

peak at binding energy ~533 eV originate from the SiO2 substrate. The 

appearance of new photoemission peak at ~530 eV with increasing number of 

ALD cycles represents a new Mn-O species. This peak intensifies with 

increasing the number of deposition cycles. 

The inaccuracy of detail analysis of Mn2p spectra through deconvolution 

is already explained but the satellite structure of Mn2p spectra can also be an 

important aspect to identify the different oxidation states of Mn. Hence it was 

studied in more detail in this section with the help of a near ambient pressure 

XPS method (NAP-XPS). NAP-XPS system is capable of manipulating the 

environment of the measurement chamber to oxidize and reduce the MnOx in a 

very controlled way. This is beneficial to reveal the correlation between the 
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oxidation state and satellite fingerprint in the Mn2p spectra. The results of the 

following study are shown in figure 5.11 where MnO reference samples from 

Sigma Aldrich were used to perform the measurements.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 Mn2p spectra from NAP XPS measurements of a reference MnO are shown with 

heating from 100-900° C in 0.1 mbar O2 (a). A zoomed view of a specific binding energy 

range of Mn2p spectra of figure (a) is shown in figure (b) to comprehend the alteration of the 
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satellite structure during the measurement. In figure (c) Mn2p spectra from the same sample is 

shown while heating in 0.1 mbar H2. During the measurements the surface of the sample 

experience thermal reduction which is reflected in the change of satellite structures of MnOx 

and can be clearly observed in the binding energy range of 655-675 eV of figure (d).  

Firstly, a procedure is performed to burn off all the adventitious carbon 

from the surface. This is achieved by heating the sample at 200° C in 0.1 mbar 

O2 and measuring the region of C1s spectra over time simultaneously. When the 

C1s spectra show no intensity, it indicates the absence of adventitious carbon 

from the surface. However, the surface of MnO gets slightly oxidized as a 

byproduct of this procedure. A charging of 4 eV was encountered in the Mn2p 

spectra when a contaminant free surface of MnO is measured which is leveled as 

the “as loaded” spectra in figure 5.11 (a). The charging reflects the non-

conductive nature of MnO. At this point, both of the satellite features can be 

identified as a result of the oxidation that the sample experiences during 

adventitious carbon burn off process. The satellite positions are marked with 

vertical red and black arrows. The MnO sample was then further oxidized by 

heating in 0.1 mbar O2 and the corresponding Mn2p can be found in figure 5.11 

(a). From 100 to 900° C no new additional feature was seen in the spectra other 

than the mentioned satellites. Thermal conditions were adopted from the work of 

Cibura et al [106]. At 900° C the satellite feature 6 eV away from the main peak 

gets pronounced when the system was moved to high vacuum from NAP 

condition. This satellite feature in figure 5.11 is labeled with a black arrow (a) 

and is often correlated to Mn
2+

 oxidation state in literature [60, 63, 64]. Similar 

phenomenon’s was also observed in case of Mn3p spectra. The changes of the 

satellite structure during the measurement conditions can be observed more 

clearly in figure 5.11 (b). A similar trend of satellite structure was reproduced 

when the sample is heated in high vacuum. 

In a separate experiment, the same sample was first heated in 0.1 mbar O2 

to burn the adventitious carbon off the surface. After that the sample was heated 
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in 0.1 mbar H2 to inspect the change in spectra. All the spectra from this 

experiment are plotted together in figure 5.11 (c). In this case, the same satellite 

(marked with black arrow) is observed when the temperature was increased to 

350° C. With increasing the temperature to 400 and 450° C, the spectra showed 

an even higher intensity from the same satellite region. After the measurement, 

the sample was cooled down to 150° C where a massive charging of 5.3 eV is 

found in the Mn2p spectra. The observations of sample surface with respect to 

the measurement conditions can be comprehended from the focused image of 

the satellite region shown in figure 5.11 (d). Analyzing the both cases, the 

conclusion can be drawn that the specific satellite region which is 6 eV away 

from the main peak of Mn 2p is sensitive to the reduction of oxidized MnO 

(MnxOy to MnO). Therefore it reflects the presence of MnO at the surface 

supported by the charging of the spectra as well. The data also demonstrate that 

on the event of further oxidation an additional satellite appears 10 eV away from 

the main peak of Mn 2p spectra. Therefore, the assignments provided in the 

literature about the satellite structure in literature are indeed correct. 

Additionally, the measurement confirms that MnO is very sensitive towards the 

environment. A pressure change of 0.1 mbar to ~10
-8 

mbar is capable of 

changing the oxidation state of Mn (figure 5.11 (a)). Considering all the results 

described above, it can be confirmed that the satellite structure of MnOx is 

sensitive to the oxidation state and can be investigated by NAP XPS 

measurements. However, the reduction of MnxOy to Mn
2+

 can be only identified 

in the spectra of Mn2p but higher oxidation states such as Mn
3+

 or Mn
4+

 could 

not be accurately analyzed [64].  

Correlating the outcome from the NAP XPS study, the oxidation state of 

Mn in ALD deposited MnOx still remains unclear but the presence of Mn
2+

 can 

be certainly confirmed from the Mn2p spectra. From figure 5.10 (a), both 

satellites are visible in Mn2p spectra after 10 ALD cycles which refers to an 

oxide with multiple oxidation state. In order to differentiate between different 
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oxidation states of Mn, an alternate approach was considered. NEXAFS 

measurement is very accurate for identifying and analyzing different oxidation 

states of MnOx [64, 107]. During the excitation of Mn L-edge the transition 

occurs from Mn2p to unoccupied 3d level valence states. This transition is seen 

in corresponding auger electron yield (AEY) and total electron yield (TEY). 

Between them AEY is more surface sensitive due to low kinetic energy of auger 

electrons and can originate from approximately 1 nm depth from the surface of 

MnOx. The TEY conveys a combination of surface and sub-surface information 

sensitizing about 3-10 nm from the surface. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12 NEXAFS measurements were performed on 30.4 nm ALD deposited MnOx 

deposited on Si wafer in the ISISS Beamline of BESSY. The measured spectrum is stacked 

together to compare the change of oxidation states with PDA at different temperatures. TEY 

and AEY demonstrates the difference in the oxidation state of Mn from the surface to sub 

surface region. The vertical lines are theoretically calculated positions regarding different 

oxidation state of Mn.  

For NEXAFS measurement, a 30.4 nm MnOx film was deposited on Si 

wafer and a post deposition annealing (PDA) was done to observe the change of 
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Mn oxidation state with higher temperature. The parameters for PDA are listed 

in table 5.3. The heating rate was 10° C/min and fixed for every experiment. 

Table 5.3 Details of Post Deposition Annealing of ALD deposited MnOx 

 

 

 

 

 

With the aid of TEY and AEY, the presence of mixed oxidation state of 

ALD deposited MnOx can be confirmed. The NEXAFS spectra of the as 

deposited ALD deposited MnOx shown in figure 5.12 suggest a Mn
2+

 rich bulk 

film. However, the surface of the film appears slightly oxidized to higher 

oxidation state. This phenomenon supports the investigation in the Mn2p spectra 

in XPS in figure 4.10 and such phenomenon is also addressed in literature [8, 

54]. The explanation of this surface oxidation is attributed to atmospheric 

exposure and the investigation of NAP XPS proves the sensitivity of Mn2p 

spectra to the surrounding environment. With increasing the temperature of 

PDA, an increase of Mn oxidation state can be spotted in the corresponding 

NEXAFS spectra. From the comparison of the NEXAFS spectra of all the 

samples with PDA, it can be understood that none of the as deposited samples 

were fully converted to Mn2O3 or Mn3O4 by PDA. In fact all the annealed 

samples contain a portion of Mn
2+

 alongside Mn
3+

 but the amount of Mn
3+ 

appears to increase with increasing the annealing temperature.  

5.3.2 Phase analysis by XRD and Raman 

In terms of studying the catalytic properties of ALD deposited MnOx, 

identification and controlling the crystalline phase in ALD deposited MnOx is 

essential. Moreover, the changes of crystalline phases during the PDA also need 

to be examined to optimize the structure of MnOx for oxygen evolution reaction. 

Parameters for PDA 

Temperature Time atmosphere 

300°C 6 hours Air 

450°C 6 hours Air 

600°C 6 hours Air 
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To handle such complexity, 250 cycles of MnOx was deposited on glassy 

carbon, electrochemically oxidized glassy carbon and graphite pellets. The 

electrochemically pre-treated glassy carbon was treated at a potential of 1.5 

VRHE for 10 minutes in acidic electrolyte as explained in the previous chapter 

(section 4.3). X-ray Diffraction (XRD) is capable of investigating the crystalline 

phases of different materials [11, 57, 58, 60]. For the XRD analysis, MnOx 

/graphite pellets were preferred owing to sharp reflexes in graphitic planes than 

glassy carbon (figure 4.11). This gives a smaller possibility of overlapping of 

crystalline pattern of MnOx with graphitic crystals. In figure 5.13, the XRD 

patterns of the measured samples are presented with reference XRD patterns of 

different crystalline MnOx for identification (table 5.4). It can be seen that in the 

as deposited condition crystalline phases from the MnOx can be detected. After 

heat treatment, MnOx start to form a mixture of different crystalline phases 

which can also be supported by the NEXAFS data. The spinel phase 

Hausmannite (Mn3O4) is found to be the most dominant one within the structure 

of the oxide which is the combination of MnO and Mn2O3. 

 

 

 

 

 

 

 

 

 

Figure 5.13 Comparison of XRD patterns from pristine graphite, as deposited 250 cycles 

MnOx and after thermal treatment of the condition shown in table 5.3. Inset- The detailed 

view of the XRD patterns are shown with reference positions of different phases of MnOx 

from table 5.4.  



5 . 3  D e t e r m i n i n g  o x i d a t i o n  s t a t e  a n d  p h a s e  o f  M n O x  | 144 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

Table 5.4 Details of Reference of different phases of ALD deposited MnOx 

 

 

 

 

 

 

The following samples were also analyzed with Raman spectroscopy and 

the measured Raman spectra were also compared with some reference spectra to 

find any possible match. In figure 5.14 the spectra from all the graphite (a), 

glassy carbon (b) and electrochemically functionalized glassy carbon samples 

are arranged with relevant spectra measured from reference phase pure MnOx 

samples. Raman spectra from different reference MnOx samples can be found in 

figure 5.14 (d). In case of different phase of MnOx, three classes of crystalline 

motifs can be found; the 3D networked pure crystalline oxides, the tunnel oxides 

and layered double hydroxides[11]. The identified phases from the analysis of 

Raman spectra are listed in the table 5.5. From the table, it can be confirmed that 

the as deposited phase of MnOx is Manganosite irrespective of the three 

different carbon substrates. However, after thermal treatment different phases of 

MnOx start to emerge on graphite substrate (figure 5.14 (a)). By comparing the 

reference spectra of Bixbyite and Hausmannite, their co-existence can be found 

after annealing in 300° C which get more distinct after annealing in 450° C 

(figure 5.14 (a)). Both Bixbyite and Hausmannite belong to the same class of 

structural motif as Manganosite [8, 64]. This aggregation of two phases exist till 

higher temperature such as 600° C but a deterioration of signal to noise ratio is 

found.  

 

 

Phase Reference 

Alpha MnO2 PDF-44-141 

Beta MnO2 PDF-53-633 

Epsilon MnO2 PDF-50-866 

Gamma MnO2 PDF-30-820 

Bixbyite Mn2O3 PDF-41-1442 

Hausmannite Mn3O4 PDF-24-734 
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Figure 5.14 Raman spectra of MnOx deposited on graphite (a), glassy carbon (b) and (c) 

electrochemically functionalized glassy carbon in the as deposited condition and after heat 

treatment. The measured Raman spectra are accompanied with Raman spectra from reference 

samples for possible identification. The reference Raman spectra are shown in figure (d). 
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Table 5.5 Identified phases in ALD deposited MnOx on different carbon substrate after PDA 

 

In the spectra of glassy carbon (figure 5.14 (b)) and electrochemically 

functionalized glassy carbon samples (figure 5.14 (c)), the signal appears 

relatively noisy and broader compared to graphite but the formation of Bixbyite 

and Hausmannite from Manganosite still can be identified. The phase 

identification process needs to be cautiously handled as the Raman peaks and 

features of different MnOx phases also appear very nearby in the spectrum.        

5.4 SEM Morphological study  

Detail SEM imaging was led to perform morphological investigation of the 

carbon samples with ALD deposited MnOx. Graphite, glassy carbon and 

electrochemically functionalized glassy carbon samples are considered to 

maintain consistency with the results from Raman spectroscopy. 250 cycles of 

ALD deposited MnOx deposition were performed on all these samples and they 

underwent a post deposition annealing (PDA) according to the parameters 

described in table 5.3. For a better comparison, the carbon substrates were also 

investigated with SEM without ALD deposited MnOx deposition. The images 

are arranged in table 5.6. 

Graphite demonstrates a rough surface with layered morphology in 

pristine condition as well as after MnOx deposition. Further heat treatment in 

300° C and 450° C do not cause any significant alteration in the morphology. 

But after annealing at 600° C, the surface looked quite different from the other 

 As deposited 300° C 450° C 600° C 

Graphite Manganosite Bixbyite + 

Hausmannite 

Bixbyite + 

Hausmannite 

Bixbyite+ 

Hausmannite 

Glassy Carbon Manganosite Bixbyite + 

Hausmannite 

Bixbyite + 

Hausmannite 

Bixbyite + 

Hausmannite 

Electrochemically 

Functionalized 

Glassy Carbon 

Manganosite Bixbyite + 

Hausmannite 

Bixbyite + 

Hausmannite 

Bixbyite + 

Hausmannite 
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graphite samples. Here, the morphology changes to a very uneven stacking at 

the surface with big holes. In comparison to graphite, glassy carbon has a mirror 

polished surface and the flat surface can be clearly identified in the SEM image 

even after MnOx deposition. The SEM image of the glassy carbon surface after 

the deposition of ALD deposited MnOx can be found in the second row of table 

5.6.  

Table 5.6 SEM images of ALD deposited MnOx on different carbon substrate after PDA 

 Graphite Glassy carbon Electrochemically  

Functionalized Glassy carbon 

W
it

h
o

u
t 

M
n

O
x
 

   

A
s 

d
ep

o
si

te
d

 

  
 

3
0

0
° 

C
 

  
 

4
5

0
° 

C
 

   

6
0

0
° 

C
 

  
 



5 . 4  S E M  M o r p h o l o g i c a l  s t u d y  | 148 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

In the SEM image, a spherical porous MnOx particle with a rough surface 

can be seen on pristine glassy carbon. After thermal treatment at 300° C and 

450° C, the roughness of MnOx particle surface gets reduced but their dimension 

stays constant. This spherical morphology is typical for Hausmannite or 

Bixbyite type crystalline phase [13]. After heat treatment at 600° C, an extensive 

change of surface morphology is encountered where the flat surface of glassy 

carbon becomes porous and spongy. In comparison to pristine glassy carbon, the 

deposited MnOx emerge as islands as large as 100 by 100 micron when an 

electrochemically oxidized glassy carbon is used as a substrate. After thermal 

treatment at 300° C and 450° C, these islands become bigger in size. This can be 

explained by the agglomeration of the MnOx islands triggered by thermal 

treatment. After thermal treatment at 600° C, the evolution of uneven surface is 

again observed similar to the pristine glassy carbon. This suggests that the 

irregular morphology found in case of graphite and both glassy carbons after 

thermal treatment at 600° C is due to an equivalent process of carbon burning.  

The whole investigation of the oxidation state and the phase of MnOx in 

as deposited state and after thermal treatment can be summarized in the 

following way. From XPS and XRR data, a gradual layer by layer deposition 

can be monitored with successive ALD cycles on Si substrate. In the XPS 

analysis, the satellite positions of the Mn2p indicate occupancy of multiple 

oxidation state of Mn. NEXAFS measurement elucidates a slightly higher 

oxidation state resides on top of the film. The combined analysis supports each 

other and confirms a Mn
2+

 rich film while the surface contains higher oxidation 

state. Such deviation can be attributed to the atmospheric sensitivity of MnOx 

and often coined as a termination layer in case of transition metal oxides. The 

subsequent thermal annealing amplifies the oxidation and extends the boundary 

of this termination layer towards the core of the sample. The growing domains 

of different oxidation state can be monitored from the TEY and AEY of 

NEXAFS. These separate domains with different oxidation state emerge with 
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their crystalline phases. However, due to their smaller size and poor orientation 

they could not be detected or distinguished efficiently in XRD measurement. 

However, such limitation can be overcome by Raman spectroscopy where the 

estimated spot is 700 nm. From the Raman data, it is certainly clear that thermal 

oxidation in air leads to transformation of two different phases Hausmannite and 

Bixbyite. These phases share a basic crystal structure and structural motif. These 

three phases Manganosite, Bixbyite, Hausmannite corresponds to Mn oxidation 

state of +2, +3, mixture of +2 and +3 which fits with this analysis[11]. The 

morphological study shows that the as deposited MnOx particle has a round 

shape but getting further agglomerated with thermal treatment. Since both 

Hausmannite and Bixbyite impart a spherical morphology, therefore their 

individual presence or relative amounts cannot be estimated. XPS, NEXAFS, 

XRD, Raman and SEM, all the presented data here comes to one unified 

conclusion that the post thermal treatment allows conversion of only a certain 

portion of  Mn
2+

 to Mn
3+

. A few additional fact needs to be acknowledged here 

with regards to the main goal of the thesis. From the SEM analysis, substantial 

change of surface morphology is inspected in graphite, glassy carbon and 

functionalized glassy carbon with MnOx after heat treatment at 600° C (table 5.6 

last row). The phenomenon is reflected in the severe delamination and curling of 

graphitic planes as seen in the SEM image. The degradation is slightly different 

in the surface of glassy carbon associated to its entangled graphitic ribbon 

structure which is why it shows a spongy, mesoporous and tunneled 

morphology. These evidences dictate the post thermal treatment parameters for 

modifying the properties of MnOx. In case of electrochemically pretreated glassy 

carbon, islands of MnOx was observed in the as deposited condition compared to 

the untreated glassy carbon and the thermal treatment facilitates the expansion 

of these islands which is distinctive from untreated glassy carbon. It can be 

proposed that the utilization of pre-functionalized glassy carbon substrate 

enhance the MnOx deposition process. Considering these results, pre 
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functionalized glassy carbon substrates were further utilized for catalyst 

preparation strategy. 

5.5 Investigation of MnOx Dissolution under different pH 

5.5.1 TEM study of MnOx Dissolution 

In literature, the most well-known failure of MnOx in electrocatalytic application 

is attributed to its detachment from the electrode surface. To examine this issue, 

a detailed TEM investigation was implemented with a specifically designed 

TEM grid with a single layer graphene (SLG). 25 ALD cycles of MnOx were 

deposited on the grid and heated in air for 15 minutes to 300° C (5 deg/min). 

Here the short duration of thermal treatment is chosen to avoid the burning of 

carbon atoms from SLG. TEM images captured from the sample are shown in 

figure 5.15 (a) to (h). 
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Figure 5.15 TEM investigation of MnOx deposited by 25 ALD cycles on single layer 

graphene. The details of the images is listed below 

(a) The size distribution of MnOx nanoparticles by evaluating total 384 nano particles. 

(b) Dispersion of MnOx nanoparticles on SLG captured in HAADF-STEM mode with 

low magnification. 

(c) High resolution image of crystalline MnOx nanoparticles captured in HAADF-

STEM mode. 

(d) Diffraction pattern of SLG (SAED spot). 

(e) Diffraction pattern of MnOx nanoparticles (SAED spot).  

(f) High resolution TEM of SLG. 

(g) Filtered high resolution TEM of SLG from the same spot.  

(h) Filtered high resolution TEM of MnOx nanoparticle (SAED spot). 

The TEM image in figure 5.15 (a) shows MnOx nano particles on SLG 

and an average diameter of MnOx nano particles is found to be 2.5 nm by 

surveying 384 particles. A better observation can be accomplished in the high 

angle annular dark-field image (HAADF) of figure 5.15 (b). In the high 

resolution HAADF STEM of figure 5.15 (c), a few Mn atoms as well as the 

crystalline structure of MnOx nano particles can be clearly observed. For 

analyzing the crystalline structure of MnOx nano particles, TEM associated 

small area electron diffraction (SAED) is utilized which demonstrate a cubic 

crystalline phase of MnOx. The diffraction patterns of MnOx nano particles and 

SLG are shown in figures 5.15 (d) and (e). The crystalline patterns belong to 

space group hexagonal P6 and cubic Fm3m originating from SLG and MnOx 

nano particles. As discussed before Manganosite, Bixbyite, Hausmannite 

corresponds the cubic crystalline phase of MnOx [11]. These results are in 

perfect agreement with the previous crystalline phase analysis and 

morphological study. Additionally, the structure of SLG can be also confirmed 

using the same technique. In figure 5.15 (f) and (g) the TEM image of SLG can 

be found before and after noise reduction. During the noise reduction, the bright 

spots on the surface SLG in figure (f) are resolved which can be due to presence 
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of functional group. By applying the same procedure the crystalline planes of 

MnOx such as (120) and (210) can be captured (figure (h)). 

 

 

 

 

 

 

 

 

Figure 5.16 TEM investigation of 500 loops MnOx deposited on acid functionalized 

MWCNT. The details of the images is listed below 

(a) Functionalized MWCNT after 500 loops of Mn precursor in low magnification. 

(b) High resolution image of same MWCNT sample. 

(c) Sample (a) after submerging in Millipore water for 2 minutes capture in SE mode 

with higher magnification. 

(d) High resolution image of sample (a) after submerging in Millipore water for 2 

minutes capture in SE mode. 

Here a supplementary comparison with 500 loops deposition of MnOx on 

functionalized MWCNT can be made. The high resolution TEM images of 

MWCNT sample are shown in figure 5.16 (a) and (b). Here, it can be found that 

the walls of MWCNT are fully covered with MnOx nanoparticles similar to the 

surface of SLG but with comparable sizes. This comparison provides that post 

deposition morphology of MnOx shows a similar trend in graphitic carbon 

substrates such as MWCNT and SLG. Moreover, this analysis projects and 

complies with the outcome of SEM investigation of MnOx deposited on glassy 
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carbon. Still, in order to maintain a robust catalytic activity it needs to withstand 

the physical and chemical modification of liquid electrolyte. To assess the 

stability of these MnOx nano particles, the TEM grid with 25 cycles of ALD was 

submerged into Millipore water for 2 minutes. The high resolution TEM images 

taken afterwards from the sample are shown in figure 5.16 (c) and (d). From the 

images, a complete absence of MnOx nano particles from the surface of SLG 

was encountered. These results validate the previously discussed weak 

interaction of MnOx with the underlying graphitic carbon substrate and further 

support the conclusion drawn from TG-MS and dissolution data (figure 5.8 and 

5.9).  

5.5.2 Analysis of MnOx Dissolution by ICP-OES 

The results from the previous section demonstrate that MnOx deposited on 

carbon by means of ALD do not show sufficient adherence under submerging 

conditions of Millipore water. To understand this poor stability of MnOx, the 

MnOx deposition on Si wafer was reconsidered. For this study, 25 to 100 ALD 

cycles were deposited on Si wafers with measured surface area. The equivalent 

thickness of the films are 3.7, 7.6, 11.4, 15.2 nm (figure 5.4). These samples 

were subjected to the same experiment but with 10 days of dissolution time in 

acid (37% conc. HCl), neutral (millipore water) and alkaline (0.1M KOH) 

solutions. After dissolution the supernatant from the solution were measured 

with ICP-OES to measure the content of Mn. The measured Mn concentrations 

provide the pattern of pH dependent dissolution of ALD deposited MnOx. The 

data are shown in figure 5.17 (a) where the dissolution curve in acid shows an 

increasing trend. The Pourbaix diagram of Manganese shows that Manganese is 

soluble under acidic conditions and the observed data indicates a complete 

“Hydrolyzation” of covalently bonded Mn with the Si substrate. The dissolution 

behavior under neutral and alkaline condition show an opposite trend compared 

to acid media. According to the Pourbaix diagram of Mn, dissolution at higher 

pH does not initiate “Hydrolyzation” of covalently bonded Mn rather it modifies 
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Mn to different oxidation state. The measured Mn content refers to the 

physisorbed or the CVD part of MnOx that was incorporated during the 

deposition and eventually getting detached from the surface because of its weak 

adherence to the substrate underneath. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17 pH dependent dissolution characteristics of ALD deposited MnOx on Si wafer are 

shown in figure (a) where the dissolution experiments were done in acid (37% conc. HCl), 

neutral (Millipore water) and alkaline (0.1M KOH) media. The dissolved Mn content was 

measured in ICP-OES. In figure (b) the measured Mn content is presented as cumulative 

percentage to evaluate the stability of the ALD deposited MnOx. In figure (c) and (d), the 

similar analysis is done for ALD deposited MnOx deposition on functionalized MWCNT in 

the same deposition condition from the data presented in figure 4.4.  
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The comparison of the dissolved Mn content in acid and Millipore water 

confirms the existence of a larger ALD component in the deposited MnOx with a 

negligible but still an existing CVD component. In alkaline media, the 

dissolution curve follows the same trend as neutral media only the CVD part of 

the solution is dissolved here. These data are presented as cumulative percentage 

for better understanding in figure 5.17 (b). In figure 5.17 (b), the 100% 

dissolution in acidic media refers to the total amount of deposited MnOx. In 

neutral and alkaline media, only the CVD part of deposited MnOx is dissolved 

which is 3% and 17% for 25 ALD cycles of MnOx. The rest of the MnOx is 

defined as the ALD component of deposited MnOx and chemically stable MnOx 

in the respective pH media. From mathematical nonlinear fitting of these 

dissolution curves, an extrapolation to 1 ALD cycles can be achieved which 

interprets about 6% (error  0.7%) of the surface coverage is physisorption in the 

first ALD half cycle. Previously, the dissolution analysis shown in figure 5.3 

could not detect the very small physisorbed content of Mn because of the 

detection limit of ICP OES. Additionally, the dissolution data demonstrate that 

the alkaline solution is also capable of etching some ALD deposited MnOx 

portion along with the CVD part. The mechanism of such chemical modification 

needs more detail investigation but from extrapolation of the dissolution curves 

to 1 ALD cycles, it can be predicted that around 35% (error 5%) of the first 

ALD cycle will be affected by such process. 

Now going back to the two elementary reactions of ALD shown in figure 

5.6, it can be argued that the Mn(EtCp)2 is not capable of 100% saturation on Si 

surface. Considering the dissolution data here, it can be stated that around 6% of 

the surface gets physisorbed by Mn(EtCp)2 during the first cycle of ALD. As 

previously it was demonstrated that the deposition of single self-saturated 

precursor pulse deposits ~0.03 ppb/cm
-2

 ALD deposited MnOx (in figure 5.3) 

and should be replicated in the successive ALD cycles. But from figure 5.17 (a), 

a 40% reduced content of the total Mn is found after 100 cycles of ALD 
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deposition. This inconsistency suggests the incompletion of ligand exchange 

reaction within higher number of ALD cycles. This conclusion resolves the 

ambiguity of high carbon content seen in the EDX and step by step sputter XPS 

analysis (figure 5.7). The unreacted precursor molecule or remaining EtCp 

group inside the film explains such contribution which does not influence 

thickness measurement evidently. The dissolution method is capable of 

distinguishing between ALD and CVD component in the ALD deposition.  

The same method of analysis can be applied to compare the dissolution 

characteristics of ALD deposited MnOx deposited on functionalized MWCNT 

looped with Mn precursor under similar reaction condition. In this case, the 

trend of Mn content with respect to the number of loop needs to be scrutinized 

in a different way owing to larger reaction sites on the surface of functionalized 

MWCNT. The looping steps do not allow ligand exchange reaction as well as 

successive growth of MnOx film. In essence during looping, the Mn precursor 

molecules seek anchoring groups on the wall of MWCNT such as functional 

group. The results from the dissolution experiments previously presented in 

figure 5.9 are plotted again here as a cumulative percentage to achieve a 

comparison with Si wafer. In figure 5.18 (c) and (d), the dissolution curves of 

ALD deposited MnOx deposited on functionalized MWCNT with varied 

deposition temperature is plotted. The data shows that Mn content dissolved in 

neutral (Millipore water) and alkaline (0.1M KOH) solutions show an increasing 

amount of Mn with increasing the loop number which is opposite than what is 

found in case of Si wafer. After dissolution, the ascending trend of the dissolved 

Mn in neutral and alkaline pH reflects that during the deposition a CVD or 

physisorption dominated process took place on functionalized MWCNT. In 

figure 5.18 (c) and (d), slightly higher Mn content is found for 150 loop numbers 

which can be owing to complete dissolution of deposited Mn. For higher loop 

numbers, longer time is needed as functionalized MWCNT has a higher surface 

area as well as the deposited Mn content is also higher than Si wafer. The result 
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comes to an agreement about the relevant TG-MS analysis (figure 5.8) where 

only a CVD like surface coverage is also found. This also coincides with the 

TEM analysis done in section 5.2.1 and proves the facile adherence of ALD 

deposited MnOx on MWCNT. The dissolution behavior in alkaline media 

follows the same increasing trend as Millipore water but with higher content of 

Mn which confirms the poor stability of ALD deposited MnOx on MWCNT 

against dissolution. Here, a comparison can be enlightened considering the two 

substrates where the ALD deposited MnOx deposited using the same precursors 

and in the same reactor but the deposited MnOx in Si wafer shows relatively 

higher stability than MWCNT in both neutral and alkaline solution. This 

phenomenon is attributed undoubtedly due to presence of covalent interaction 

between deposited Mn and Si substrate. However, these outcomes require 

further validation and are concurrently provided by following SEM analysis.  

The samples after the dissolution test in different pH (figure 5.18                                                                                                                                                                           

(a)) were further studied by SEM. It need to be stated that any major surface 

change of MnOx in the acid and water dissolved samples could not found using 

SEM. They appeared very flat and featureless but samples that dissolved in 

alkaline solution showed a good interaction with the solution. Hence, these 

samples were investigated in detail. Before, going to the details it needs to be 

pointed out here that KOH initiates chemical etching on Si surface and produces 

an inverted pyramid texture which is used as efficient light absorbing layer on 

top on Si Solar cell [108, 109]. So during the dissolution process the MnOx acts 

as a protective layer for Si substrate underneath from KOH etching. From figure 

5.18 (b) and (c), it can be inspected that thin films of MnOx (6.3 nm and 7.6 nm) 

has experienced some etching due to the dissolution of CVD MnOx facilitating 

the permeation of KOH through the oxide. As a result, the flat surfaces of the 

samples exhibit a roughened morphology. Improvement in the stability is seen 

with increasing the thickness of the MnOx film. This can be clarified from the 

SEM images of the sample with MnOx thickness 15.2 nm (figure 5.18 (d)) where 



5 . 5  I n v e s t i g a t i o n  o f  M n O x  D i s s o l u t i o n  u n d e r  d i f f e r e n t  p H  | 158 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

a lot of pit formation is found. Images with higher resolution reveal that a 

portion of the film got detached from the surface (figure 5.18 (e)). This type of 

degradation was observed all over the surface but still sufficient amount of 

MnOx film seems intact on the surface. This investigation suggests that the 

stability of MnOx film can be enhanced by increasing the content of MnOx. 

 

 

 

 

 

 

 

 

 

 

Figure 5.18 The top row (a) shows the visual inspection of Si wafer samples with different 

MnOx film thickness after the pH dependent dissolution experiment. In the second row, SEM 

images from 25 (b), 75 (c) and 100 ALD cycles of MnOx film (d) are shown with comparable 

resolution after the dissolution experiment. In figure (e), a high resolution SEM image of the 

last sample (d) is arranged to identify the detached MnOx from the surface.   
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5.6 Electrochemical characterization of the composite 

electrocatalyst 

5.6.1 Electrochemical characterization of plasma treated glassy carbon 

combined with ALD deposited MnOx 

This section deals with the electrochemical performance of composite catalysts 

consisting of functionalized carbon and MnOx. First, the glassy carbon substrate 

functionalized by atmospheric pressure plasma jet is considered. In chapter 2.0, 

the chemical modification of glassy carbon surface conveyed by atmospheric 

pressure plasma jet is characterized by different methods. From the 

characterization data, the dynamics of plasma induced modification with the 

treatment duration was understood. It was found that a shorter duration of 

treatment maximize the amount of functional group which lowers with 

increasing the duration of plasma exposure. The trend is explained as the etching 

process starts to dominate over the functional group creation process. In both 

stationary and moving operation of plasma jet, the same trend was observed. 

This is why, for ALD deposited MnOx deposition and their combined 

performance in electrocatalytic condition three different treatment time of glassy 

carbon was elected. In case of stationary jet treatment, three glassy carbon 

pellets treated with O jet for 10 seconds, 120 seconds and 600 seconds was used. 

For this investigation only O jet treated glassy carbon was involved since it is 

capable of creating more functional group than N jet. Considering the dynamics, 

the shortest treatment time was chosen for high amount of functional group on 

glassy carbon and longest treatment time for least amount of functional group. 

For similar reason, glassy carbon samples treated with a moving O jet with the 

jet residence time of 5 and 30 seconds were used for this analysis. All these 

samples undergo 1 cycle of ALD deposited MnOx deposition at 100° C for 

further electrochemical characterization. This two set of samples; the stationary 
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and moving jet treatment controls the plasma treated area on the glassy carbon 

surface. Their comparison is shown in the drawing of figure 5.19.  

    

 

 

 

 

 

 

 

Figure 5.19 The largest circle of both sides represent the total top surface area of untreated 

glassy carbon and the grey area reflect the plasma treated area on the glassy carbon surface. 

For stationary jet treatment, only an area of 1mm
2
 of the top surface area is affected which is 

represented by the grey square at the center (left side). In the right side the whole surface is 

treated and that’s why it is colored grey. The semi-transparent blue circle with a green 

borderline shows the area that is exposed during electrochemical measurement. The small red 

circles on the surface indicate the deposited Mn through ALD deposition.  

When the glassy carbon is treated with stationary jet, only a square 

projection of the jet exit comes in contact with the glassy carbon surface, 

therefore the treated area is very small. In contrast, the whole surface of the 

glassy carbon is treated in case of moving jet treatment and is indicated by the 

big grey circle. Previously in section 3.4.5, it was observed that these two modes 

of jet operation show difference in the electrochemical property of plasma 

treated glassy carbon without ALD deposited MnOx. Here the electrocatalytic 

properties of the combined electrocatalyst are being investigated. Therefore, the 

electrochemical measurements are compared among pristine glassy carbon, 

plasma treated glassy carbon and plasma treated glassy carbon samples with 

MnOx deposition by ALD. The electrochemical measurements were performed 



5 . 6  E l e c t r o c h e m i c a l  c h a r a c t e r i z a t i o n  o f  t h e  c o m p o s i t e  
e l e c t r o c a t a l y s t  | 161 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

according to the “MANGAN” protocol in 0.1M KOH electrolyte. From the 

measurement, the activity and stability data are compared in figure 5.20.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20 In the left side, the comparison of activity 1(a), stability (b) and activity 2 (c) data 

of all stationary jet treated glassy carbon can be found. Here the results are presented in a 

sequence of pristine glassy carbon, O jet treated glassy carbon without MnOx and O jet treated 



5 . 6  E l e c t r o c h e m i c a l  c h a r a c t e r i z a t i o n  o f  t h e  c o m p o s i t e  
e l e c t r o c a t a l y s t  | 162 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

glassy carbon with MnOx to understand the impact of glassy carbon modification in the 

electrocatalytic property. In the right side, data from same electrochemical measurements 

activity 1(d), stability (e) and activity 2 (f) are plotted where the O jet treatment of glassy 

carbon samples are done with a moving jet. In the legends, the provided timing is the jet 

residence time in every spot on the sample surface during the treatment. Therefore, the 

complete set of data will provide how the change of functionalized area as well as the addition 

of ALD deposited MnOx to functionalized glassy carbon influences the electrocatalytic 

property of the whole electrocatalyst. 

Table 5.6 The KPI data from the electrochemical measurement according to the MANGAN 

protocol for Stationary O jet treated glassy carbon 

Name  catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Pristine glassy 

carbon 

 0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.92 159.45 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

0.61E-3 6.29E-3 0.0182   

OCP R  Second EIS measurement 

1.02 164.57 Ω    

 Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Pristine glassy 

carbon + 10s O jet 

 0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.975 108.2 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

3.53E-3 8.21E-3 0.0176   

OCP R  Second EIS measurement 

1.161 110 Ω    

Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Pristine glassy 

carbon + 120s O jet 

 0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.8454 118.5 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

1.69E-3 4.79E-3 0.0134   

OCP R  Second EIS measurement 

1.02 120.45 Ω    

 Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 
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Pristine glassy 

carbon + 600s O jet 

 0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.978 88.9 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

2.19E-3 7.59E-3 0.0287   

OCP R  Second EIS measurement 

1.02 89.2 Ω    

 

Table 5.7 The KPI data from the electrochemical measurement of Stationary O jet treated 

glassy carbon with 1 ALD cycle 

Name  catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Pristine glassy 

carbon + 10s O jet  

1 cycle 

ALD MnOx 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.92 87.9 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

1.57E-3 5.13E-3 0.0139   

OCP R  Second EIS measurement 

1.02 89.45 Ω    

 Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Pristine glassy 

carbon + 120s O jet 

 1 cycle 

ALD MnOx 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.905 84.52 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

2.0E-3 5.91E-3 0.0164   

OCP R  Second EIS measurement 

1.1 91.3 Ω    

Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Pristine glassy 

carbon + 600s O jet 

1 cycle 

ALD MnOx 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.815 88.3 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

2.11E-3 6.69E-3 0.0207   

OCP R  Second EIS measurement 

1.165 89.2 Ω    
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Table 5.8 The KPI data from the electrochemical measurement of moving O jet treated glassy 

carbon 

Name  catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Pristine glassy 

carbon + 5s 

Moving O jet  

 0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.9547 100.65 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

1.6E-3 5.56E-3 0.018   

OCP R  Second EIS measurement 

1.02 98.5 Ω    

 Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Pristine glassy 

carbon + 30s 

Moving O jet 

  0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.979 80.5 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

2.0E-3 5.91E-3 0.0164   

OCP R  Second EIS measurement 

1.1 82.5 Ω    

 

Table 5.9 The KPI data from the electrochemical measurement of moving O jet treated glassy 

carbon with 1 ALD cycle 

Name  catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Pristine glassy 

carbon + 5s 

Moving O jet  

1 cycle ALD 

MnOx 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.997 88.5 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

2.45E-3 0.0137 0.0537   

OCP R  Second EIS measurement 

1.011 89.3 Ω    

 Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Pristine glassy 

carbon + 30s 

Moving O jet 

 1 cycle ALD 

MnOx 

0.28 cm
2
 0.1M KOH MANGAN 
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OCP R  Initial EIS measurement 

0.962 87.9 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

3.2E-3 9.72E-3 0.0164   

OCP R  Second EIS measurement 

1.05 85.7 Ω    

 

For analysis, the stationary O jet treated glassy carbon samples are 

considered first. Comparing the activity measurement, it can be observed that 

the deposition of ALD deposited MnOx did not put any significant impact on the 

current density of the electrocatalyst. In the stability measurement (figure 5.20 

(b)), changes were observed in the generated current density of the 

electrocatalyst. The obtained results are similar to the plasma treated glassy 

carbon without the deposition of MnOx. There are some subtle differences that 

can be identified in the change of current density with time after the ALD 

deposition of MnOx. In the second activity measurement (figure 5.20 (c)) of the 

electrocatalyst, they exhibited much higher current density than the first activity 

measurement. The corresponding KPI data of the electrochemical measurements 

are put together in table 5.6 and 5.7. From the comparison of KPI data, the effect 

of plasma treatment on the surface of glassy carbon can be correlated. The 

resistance measured at 100 kHz for pristine glassy carbon shows values around 

~160 Ω from the impedance measurements. After treating with plasma for 10 

and 120 seconds, these contact resistance lowers to ~110 and 120 Ω. This 

change can be attributed to the hydrophilic nature of the carbon surface as found 

by contact angle measurements (section 3.4.2). After 600 seconds of plasma 

treatment the resistance value goes even lower which could indicate the impact 

of etching effect on the carbon surface. When 1 cycle of ALD deposited MnOx 

is deposited on these samples, the resistance was seen to be further reduced 

(table 5.7). For samples treated with 10, 120 and 600 seconds the resistance is 

found to be 88, 85 and 88 Ω. This change of resistance can be correlated to the 

metal deposition on the carbon surface. From the statistics of current density 
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observed at 1.6, 1.7 and 1.8 VRHE from the stationary polarization measurements, 

pristine glassy carbon shows negligible current density at 1.6 VRHE but starts to 

increase around 1.7 VRHE. At 1.8 VRHE the current value rises to 0.018 mA 

indicates that pristine glassy carbon gets oxidized. A similar trend is observed in 

the samples after plasma treatment (table 5.6) as well as after ALD deposition of 

MnOx (table 5.7). This confirms that glassy carbon electrodes whether they are 

in pristine form or plasma treated form, they undergo further electrochemical 

changes initiating around 1.8VRHE. This KPI analysis further determines that 

addition of ALD deposited MnOx is unable to stabilize the carbon under the 

electrochemical condition. Therefore, the appearance of high current density in 

the second activity test can be attributed to the instability of glassy carbon in 

high electrochemical potential region. In the beginning of the third chapter 

(section 4.2), the degradation of pristine glassy carbon was investigated in 

alkaline electrolyte which can be correlated here to the evolution of higher 

current density encountered in the second activity measurement. Now, if all the 

stationary O jet treated glassy carbon samples without and with the ALD 

deposition of MnOx are considered, it can be found that they all show a similar 

trend during all three described measurements. The smaller treated area or 

smaller functionalized area of the glassy carbon surface can be also attributed to 

such result as it may not be effective enough to bind the ALD deposited MnOx 

covalently on the surface. 

The moving O jet treated samples contain more functional group than the 

stationary O jet treatment due to the increase of treated area. For electrochemical 

measurement, two different O jet treated samples with jet residence time of 5 

and 30 seconds were selected. Before applying MANGAN protocol on these 

samples, 1 ALD cycle deposition of MnOx was deposited on both of them. The 

activity 1, stability and activity 2 data of these samples can be found in figure 

5.21 (d), (e) and (f). In the LSV measured for activity 1 shows that the 
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deposition of 1 ALD cycle deposition of MnOx enhances the current density of 

moving O jet treated glassy carbon (with 5 seconds residence time). The other 

sample with 30 seconds residence time does not appear to increase the current 

density of the combined electrocatalyst in the measurement. When the stability 

measurements were performed on the sample with 5 seconds residence time, the 

current density profile displays a broad peak around 30 minutes. After this broad 

peak the current density goes down. In case of the sample with 30 seconds 

residence time, the data from stability measurement demonstrate a similar data 

as it showed before ALD deposition of MnOx but with slightly lower current 

density.  In the activity 2 measurement, both samples show higher current 

density as encountered for all the other samples. From the data, only the first 

sample shows some enhancement in the electrocatalytic property in the first 

activity measurement but after the endured electrochemical modification during 

the stability treatment the similar activity could not be reproduced.  The KPI 

data of these batches of samples are arranged in table 5.8 and 5.9. In the case 

of moving jet treated samples, the impedance measurement derived resistance 

appears less than the pristine glassy carbon (table 5.6). For 5 and 30 seconds of 

jet residence time, the resistance values were inspected as 100 and 88 Ω. 

However, compared to the stationary jet treated sample these resistance values 

are slightly higher due to the presence of higher amount of functional groups. 

The current density monitored at 1.6, 1.7 and 1.8 VRHE from the stationary 

polarization measurements reflect that the samples experience electrochemical 

modification after 1.7 VRHE. The behavior is analogous to the stationary jet 

treated samples. After deposition of the 1 ALD cycle to the moving jet treated 

sample the resistance decreases (table 5.9). From the measurement, the 

resistance values were found to be 88 and 87 Ω for 5 and 30 seconds of jet 

residence time which is caused by MnOx deposition. The observation of current 

densities at 1.6, 1.7 and 1.8 VRHE of stationary polarization measurement 

exhibits an interesting feature. The sample pretreated with 5 seconds jet 
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residence time before the ALD deposition of MnOx shows higher current density 

at 1.7 VRHE and getting further enhanced at 1.8 VRHE which was observed in any 

of plasma treated sample. In case of the sample pretreated with 30 seconds of jet 

residence time before the ALD deposition of MnOx, the stationary polarization 

data shows a very minor current density at 1.6 VRHE but increases from 1.7 to 1.8 

VRHE. This can be considered as the typical characteristics of all the other plasma 

treated sample.   

The observation from all the electrochemical data of this section 

illuminates a few facts about the electrochemical behavior of the plasma treated 

glassy carbon sample as well as when it is associated with  MnOx in the potential 

region of oxygen evolution reaction occurs. These facts are sequentially 

complied here with regards to different mode of jet operation, functional groups 

and their performance in the electrochemical condition of oxygen evolution 

reaction. Firstly, the amount of functional group on the surface is an essential 

factor to the overall electrochemical characteristics of the electrocatalyst. When 

the ALD deposited MnOx is deposited on a glassy carbon sample with stationary 

O jet treatment, the first activity measurement did not give any noticeable 

improvement. Moreover, the change of the stationary O jet treatment time was 

not able to show any impact. In contrast, when the stationary O jet treated glassy 

carbon is interchanged with a moving O jet treated glassy carbon for example 

with 5 seconds residence time; the electrocatalyst shows an almost two fold 

increase of current density in the first activity measurement. From the stationary 

polarization data of the KPI statistics, additional evidence of such phenomenon 

can be also accumulated. This comparison establishes that a moving jet 

treatment is more efficient to improve the performance of the electrocatalyst 

compared to stationary jet treatment. The highest current density is observed 

when ALD deposited MnOx is deposited on a moving jet treated glassy carbon 

with a jet residence time of 5 seconds. However, during the stability 
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measurement the activity drops which can be explained by electrochemical 

corrosion of glassy carbon (section 4.2) and detachment of MnOx (section 5.5) 

from the surface of plasma treatment glassy carbon. The sample with residence 

time of 30 seconds did not perform in comparison to the sample with residence 

time of 5 seconds is owing to not having enough functional groups on the 

surface which was previously explained as the etching effect. The higher current 

density measured in the second activity measurement compared to the first 

activity measurement correlates the equivalent outcome in all the samples. The 

KPI analysis from table 5.9 supports the mentioned conclusion that the 

electrocatalyst follows a similar trend as pristine glassy carbon. These 

measurements further inform that by adjusting plasma treatment parameters, the 

performance of the combined electrocatalyst can be improved but it still lacks 

the stability in the harsh electrocatalytic condition such 1.8 VRHE. 

5.6.2 Electrochemical characterization of electrochemically pretreated 

glassy carbon combined with ALD deposited MnOx 

The chapter 4.0 describes the effect of electrochemical pre-functionalization of 

pristine glassy carbon and how it can be controlled by different treatment 

parameters such as electrolyte pH and oxidation potential. In short, the results 

revealed that anodic oxidation in acidic media are more efficient for oxidizing 

the glassy carbon and achieving functional groups. The nano-structure of glassy 

carbon and the formation of functional group are also affected by increasing 

oxidation potential. Alike the previous section, with the addition of ALD 

deposited MnOx to these electrochemically pre-functionalized glassy carbons 

were further utilized to examine their performance in the range of OER. 

Therefore, two different oxidation potentials were selected to investigate the 

effect of electrochemically pre-functionalization of glassy carbon. Pristine 

glassy carbon samples were oxidized with 1.5 VRHE and 2.4 VRHE in acidic 

electrolyte for 10 minutes. The experimental procedure is kept same as 
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illustrated in chapter 3. These samples were placed in the ALD reactor for 1 and 

10 ALD cycles for the deposition of MnOx at 100° C. After that the samples 

were loaded in the electrochemical cell for characterization according to the 

MANGAN protocol in 0.1 M KOH. Here, one important factor needs to be 

considered that electrochemical pre-functionalization of glassy carbon is done in 

acidic electrolyte and electrochemical characterization after ALD (MANGAN) 

was performed in alkaline electrolyte. The choice of electrolyte for MANGAN 

protocol is alkaline as ALD deposited MnOx will be leached in acidic electrolyte 

(section 5.5.2). The measured data from the “MANGAN” protocol are shown in 

figure 5.21. From all the measurements, the first activity, stability and second 

activity measurements are considered for detail analysis and comparison. In 

figure 5.21 (a), the current density of a pristine glassy carbon, 1 and 10 ALD 

cycle MnOx deposited on electrochemically pre-functionalized glassy carbon 

with 1.5 VRHE for 10 minutes (section 4.3) are plotted. From the comparison, it is 

evident that the electrochemical pre-functionalization as well as increasing the 

loading of ALD deposited MnOx did not improve the current density in the 

potential range of oxygen evolution reaction. During the stability measurement, 

both samples with 1 and 10 ALD cycles show broad peak in the current density 

around 45 minutes and then kept decreasing. In the second activity test, all the 

samples show higher current density at potential 1.8 VRHE compared to the first 

activity measurement which clearly indicates that the electrocatalysts were 

electrochemically altered during the stability measurement. In the second 

activity test, both samples with ALD deposited MnOx show higher current than 

pristine glassy carbon but the loading of ALD deposited MnOx did not seem to 

have any massive impact on the current density. The key performance indicator 

(KPI) data of this batch of samples are shown in table 5.10. If the 

electrochemically pre oxidized glassy carbon with 1.5 VRHE is compared with 

the pristine glassy carbon samples from table 5.1, it can be noticed that the 
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deposition of ALD deposited MnOx influence the resistance measured from the 

impedance measurement.  

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21 The data from electrochemical measurement are sub divided into two columns. 

This division is based on the oxidation potential written at the title of the plots. In the left 

column, the comparison of activity 1 (a), stability (b) and activity 2 (c) data of ALD deposited 
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glassy carbon pre oxidized at 1.5 VRHE. In the right side, data from same electrochemical 

measurements activity 1(d), stability (e) and activity 2 (f) are plotted where the pre oxidation 

of glassy carbon were done with 2.4 VRHE. For investigating the effect of loading of ALD 

deposited MnOx, 10 ALD cycles were also deposited on both the glassy carbon substrates and 

compared in the electrochemical data.   

For 1 ALD deposition of MnOx the resistance was observed as 84.5 Ω 

compared to 150 Ω for pristine glassy carbon. The increase of loading of ALD 

deposited MnOx had also significant impact on the resistance. The increase of 

ALD deposited MnOx loading actually ends up showing a higher resistance of 

88 Ω which can be correlated to the insulative nature of bulk MnOx. From the 

stationary polarization data, the current densities were very low in micro 

amperes until 1.7 VRHE. But it increases to 1 and 2 μA at 1.8 VRHE for ALD 

deposition of 1 and 10 cycles of MnOx. 

Table 5.10 The KPI data of the electrochemically treated glassy carbon with 1 and 10 ALD 

cycles of MnOx 

Name  catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Glassy Carbon 

electrochem. 

oxidized with 1.5 

VRHE 

1 cycle 

ALD 

MnOx 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.881  84.5 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

1.6E-3 5.02E-3 0.0165   

OCP R  Second EIS measurement 

1.275 85.55Ω    

 Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Glassy Carbon 

electrochem. 

oxidized with 1.5 

VRHE 

 10 cycle 

ALD 

MnOx 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.883 88.2 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

2.1E-3 6.48E-3 0.0207   
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OCP R  Second EIS measurement 

1.165 89 Ω    

 

Name  catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Glassy Carbon 

electrochem. 

oxidized with 2.4 

VRHE 

1 cycle 

ALD 

MnOx 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.9761 110 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

7.68 E-3 0.0183 0.0533   

OCP R  Second EIS measurement 

1.17 94.2Ω    

 Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Glassy Carbon 

electrochem. 

oxidized with 2.4 

VRHE 

 10 cycle 

ALD 

MnOx 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

1.1376 114 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

5.77E-3 0.014 0.0415   

OCP R  Second EIS measurement 

1.225 90.1    

 

Considering these data, it can be understood that the electrochemical pre-

functionalization of glassy carbon and loading of ALD deposited MnOx do not 

imply any positive aspect in case of OER. Primarily, the ineffectiveness of the 

combination of pre-functionalized glassy carbon and ALD deposited MnOx 

could be attributed to the poor interaction between ALD precursor and the 

functional group of glassy carbon. Previously explained TG-MS (figure 5.8), 

dissolution data (figure 5.9) and TEM analysis (figure 5.15) provide the 

experimental proof such conclusion. The oxidation potential of the pre oxidation 

of glassy carbon can be also stand as a factor in this case since it controls the 

formation of the functional groups on glassy carbon. This is why; the oxidation 
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potential of pre oxidation of glassy carbon was changed from 1.5 to 2.4 VRHE for 

further investigation. 

In figure 5.21 (c), the first activity measurements using pre oxidized 

glassy carbon with 2.4 VRHE for 10 minutes in acidic electrolyte can be 

observed. The numbers of ALD cycle were also changed to inspect the 

consequence of higher loading in the final electrocatalytic performance of the 

composite electrocatalyst. From the comparison of the first activity 

measurement of the electrochemically pre functionalized glassy carbon samples 

with different MnOx loading displayed in figure 5.21 (c), no substantial 

improvement in the current density was found in any of the samples. In the 

following stability measurement of figure 5.21 (d), an increasing platue was 

seen in the current density of the sample with 1 ALD cycle. After the 

appearance of the peak, the current density increased from before and stays the 

same till the end of the measurement. The sample with 10 ALD cycle shows a 

slowly decreasing current density during the 2 hours of measurement. In the 

second activity measurement figure 5.21 (e), the sample with 1 ALD cycle show 

much higher current density compared to first activity measurement. In contrast, 

a very similar current density profile as the first activity measurement is found 

for the sample with 10 ALD cycle differing it from the other samples. Now 

considering the KPI data of these samples shown in table 5.10, the resistance 

(114 Ω) was found to be higher than the pre oxidized sample with 1.5 VRHE (84 

Ω). In the stationary polarization data, the current density shows a very small 

magnitude in micro ampere range at 1.5 VRHE. But increases rapidly from 1.7 to 

1.8 VRHE. This trend is different than the pre oxidized sample with 1.5 VRHE. 

Firstly the high contact resistance inspected in case of the pre oxidized sample 

with 2.4 VRHE to 1.5 VRHE can be explained due to higher oxidation of glassy 

carbon at higher potential. But in general the addition of ALD deposited MnOx 

to both samples lowers the resistance from pristine glassy carbon (150 Ω). The 
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current density observations for pre oxidized sample with 1.5 VRHE with 

different loadings reflect that the electrocatalyst experience modification at 

higher potential such as 1.8 VRHE. This pattern was previously observed in the 

pristine glassy carbon and plasma treated samples. But in case of pre oxidized 

sample with 2.4 VRHE with different loadings, the stationary polarization data is 

slightly different. This achieved high current density either can be are result of 

OER activity enhancement of the sample or a degradation of the electrocatalyst 

surface. 

Considering the oxidation potential during the pre-functionalization, the 

glassy carbon sample pre oxidized with 2.4 VRHE has higher electrochemical 

surface area than 1.5 VRHE (section 4.3). Despite this advantage, the results from 

the electrochemical measurements reflect that the ALD deposited MnOx was 

unable to maintain a stable adherence with the oxidized glassy carbon which can 

survive the electrocatalytic condition. The data from sample pre oxidized at 2.4 

VRHE with 10 ALD cycle can be explained by possible blocking of the active 

sites of the oxidized glassy carbon by ALD deposited MnOx. For this reason, the 

sample did not experience any further modification during the stability 

measurement and ends up performing the same current density during the 

second activity measurement. After performing the MANGAN protocol on these 

two samples, the post observation of the electrolyte revealed that it had detached 

flakes of carbonaceous material floating in it. This informs that the samples 

showing higher current density in the second activity test is invariably the result 

of decay of glassy carbon surface in the alkaline media which perhaps also 

assists in removal of the ALD deposited MnOx. The following RAMAN study 

supports and clarifies these outcomes.    

After the implementation of “MANGAN” protocol of these samples, they 

were characterized by RAMAN spectroscopy. The measured data are shown in 

figure 5.10 accompanied with the images from the RAMAN microscope. The 
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microscopic images of the pre oxidized glassy carbon with 1.5 and 2.4 VRHE for 

10 minutes in acidic electrolyte are shown in figure 5.21 (a) and (b). 

Microscopic images from the same samples with ALD deposited MnOx were 

collected after the electrochemical measurements which are shown in figure 

5.22. In case of deposition of ALD deposited MnOx, there were no significant 

changes observed in the images since the number of ALD cycles performed was 

1 and 10. After electrochemical characterization according to “MANGAN” 

protocol, the image from the pre oxidized 1.5 VRHE sample is shown in figure 

5.22 (c) where no apparent difference in the morphology could be found 

compared to figure (a). The electrolyte was also considered for visual 

observation but no color or substances were seen. However after 

electrochemical characterization, two different regions were located in the 

microscopic images of the samples pre oxidized 2.4 VRHE which were shown in 

figure 5.22 (d) and (e). The post analysis of the electrolyte of these samples 

uncovered that it contains some carbonaceous substance. From the photograph 

of (f) and (g), the comparison can be understood. Coming back to the two 

different regions found in microscopic images, some region of the surface of the 

glassy carbon had some splinter like fragment which were partially removed but 

still loosely attached to the surface. This region is captured in the image (d) and 

the unfocused grey part in the middle indicates this loosely bound glassy carbon 

fragment. Apart from this some flat regions were also observed through the 

microscope on the sample surface shown in figure (e). These two distinct 

regions on the sample surface were further characterized with Raman 

spectroscopy. The Raman spectra measured from these samples provides a 

better understanding about the changes that glassy carbon experience during the 

electrochemical measurements. In case of glassy carbon pre oxidized at 1.5 VRHE 

in acidic electrolyte, the comparison of Raman spectra before and after 

electrochemical measurements demonstrate that the graphitic lattice stays mostly 

unaffected. On the other hand, glassy carbon pre oxidized at 2.4 VRHE showed 
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substantial detachment of electrode material from the surface which were found 

floating the electrolyte after electrochemical measurements.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22 The microscopic image of the surface of oxidized glassy carbon with 1.5 and 2.4 

VRHE in acidic electrolyte (0.1 M H2SO4) for 10 minutes are shown in figure (a) and (b). After 

the electrochemical characterization of the same samples with ALD deposited MnOx, the 

microscopic images were recollected for comparison. The glassy carbon pre oxidized with 1.5 

VRHE appeared homogeneous in morphology which is shown in (c) but in case of glassy 

carbon with oxidized with 2.4 VRHE in different morphology were encounter in the image. The 
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region of partially detached part from glassy carbon surface can be found image (d) and the 

flat morphology in image (e). These two regions are termed as zone 1 and zone 2 for relevant 

comparison. The detached fragments of glassy carbon were observed to float in the electrolyte 

after the measurement which is why a photograph of the fresh electrolyte (f) and used 

electrolyte with corroded carbon materials (g) are compared as well. The Raman spectra 

recorded from the glassy carbon pre oxidized with 1.5 VRHE is plotted with the same sample 

after electrochemical characterization in figure (h). The Raman spectra from zone 1 and zone 

2 are shown in figure (i) and (j) where they are compared with Raman spectra from pristine 

glassy carbon and glassy carbon after pre oxidation. The vertical dashed lines of figure (h), (i) 

and (j) represent the fundamental Raman bands from the graphitic lattice (section 4.3). 

The Raman spectra taken from zone 1 of the sample surface (figure (d)) is 

plotted in figure (i) which evidently resembles to the measured Raman spectra 

from pre oxidized glassy carbon at 2.4 VRHE. This observation confirms that the 

detached materials found in the electrolyte (figure (g)) as well as the loosely 

bound fragments at the surface shown in figure (i) are the specific portion of the 

glassy carbon surface which was modified during the pre-oxidation (figure (b)). 

The spectra measured at the other flat region or zone 2 showed a totally different 

line shape than zone 1 and it reflects the surface that is formed after the removal 

process during the electrochemical measurements (figure (h)). 

Additionally, the morphology of zone 2 appears similar as the glassy 

carbon pre oxidized at 1.5 VRHE after the electrochemical measurement. 

Comparing the corresponding Raman spectra (figure 5.22 (h) and (j)) also 

confirms that the identification of three fundamental Raman bands of this 

graphitic lattice. This post analysis formulates an important conclusion that in 

case of pre oxidation glassy carbon in acidic electrolyte higher potential such 2.4 

VRHE should be avoided. From the observation of the electrolyte, microscopic 

images and Raman spectroscopy, it can be verified that utilizing high oxidation 

potential in pre oxidation of glassy carbon leads to severe detachment of 

electrode material during the “MANGAN” electrochemical measurements in 
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alkaline media. This is undesirable from the perspective of analyzing the 

electrocatalytic property of ALD deposited MnOx as it leaves the surface of 

surface of glassy carbon within the detachment process. When the pre oxidation 

potential is lower such as 1.5 VRHE, no such undesirable detachment were 

encountered. The comparison of Raman spectra before and after the 

electrochemical measurements suggests a minor modification in the graphitic 

structure of glassy carbon. This is why, in further electrochemical measurements 

pre oxidized glassy carbon with 1.5 VRHE were mainly considered. 

5.7 The Synergistic approach  

The investigation of previous section reports about how the change of oxidation 

potential during the pre-functionalization of glassy carbon affects its 

electrochemical property in OER regime. This survey validates that glassy 

carbon suffers from severe electrode material detachment in the OER like 

electrocatalytic conditions when high oxidation potential such as 2.4 VRHE is 

used for pre functionalization. Nevertheless, the degradation can be reduced by 

using a lower oxidation potential as the investigation was led with 1.5 VRHE. 

Despite having a stable glassy carbon surface within the electrocatalytic 

condition, the contribution of ALD deposited MnOx in the electrocatalytic 

property of the combined electrocatalyst is still unclear. So far it was inspected 

that the ALD deposition of MnOx on both plasma treated and electrochemically 

pre-functionalized glassy carbon performed in an ineffective way during 

electrochemical measurements in the range of OER. From the results and 

analysis of section 5.2 and 5.3, it can be validated that the observed poor 

electrochemical performance might be accounted to the poor covalent 

interaction with the ALD precursor molecule and the functional group of glassy 

carbon. Therefore, a different approach had to be adopted in order to analyze the 

behavior of ALD deposited MnOx specifically in the electrocatalytic condition. 

To execute this approach first the current density generated at the OER region 
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was inspected by different loading of ALD deposited MnOx on a pristine glassy 

carbon in 0.1 M KOH. The measured electrochemical data is presented in figure 

5.23. From the electrochemical data, it can be seen that the measured LSV’s 

start to show high current density with increasing the loading of the ALD 

deposited MnOx in the potential region of OER. The measurement was limited 

to the potential 1.8 VRHE considering the stability of glassy carbon in such 

electrochemical condition. From the inset plot of figure 5.23, the correlation of 

generated current density at 1.8 VRHE with the number of ALD cycle can be 

understood. 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

Figure 5.23 The linear sweep voltammogram’s (LSV’s) showing the electrochemical 

characteristics of ALD deposited MnOx with different number of cycles on pristine glassy 

carbon. The measurement was done in 0.1 M KOH. Inset- the development of current density 

at 1.8 VRHE is plotted against the number of ALD cycle of MnOx.   

From 100 ALD cycle deposition of MnOx the current density gets 

enhanced which originate from ALD deposited MnOx. If the glassy carbon 

sample with 250 ALD cycles of MnOx is compared with pristine glassy carbon, 

the current density rises almost 6.5 times. This analysis confirms that ALD 

deposited MnOx certainly contributes in the electrochemical measurements. In 

the previous cases where the lower number of ALD cycles of MnOx were 

implemented on plasma treated and electrochemically pre functionalized glassy 
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carbon lack the performance in the electrochemical measurements is mainly 

because of instability of glassy carbon in the alkaline electrolyte and dissolution 

of MnOx from the surface of glassy carbon (section 4.2 and 5.5). Such 

phenomenon supports the discussed weak chemical interaction of ALD 

deposited MnOx and functional groups which is why the low amount of MnOx is 

very easily dissolved in the electrolyte. The sample behaves just like a pristine 

glassy carbon afterwards and follows the same trend as pristine glassy carbon in 

the two activity tests where the second activity test always display a higher 

current density than the first. The outcome can be correlated to section 4.2 

where the electrochemical area of glassy carbon was found to be increased in 

alkaline media due to the removal of carbon materials from electrode surface. 

This phenomenon was also confirmed by TEM analysis of section 4.3. The 

inability of ALD deposited MnOx sticking on the carbon surface was already 

demonstrated by TEM analysis (section 5.5.1). This further confirms the 

outcome of electrochemical measurement. For this reason, to investigate ALD 

deposited MnOx in the electrochemical process the amount of MnOx has to be 

increased and this 250 cycles ALD deposition was used as reference for the next 

analysis. The accumulation of the vital experimental parameters such as pre 

functionalization and loading of ALD deposited MnOx can be capitalized to 

propose some catalyst design concepts. These catalyst design strategies are 

discussed in the diagram below.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.24 The figure shows different strategies of preparing and testing electrocatalyst for 

OER reaction. In the first column from left, the common strategy of preparing and 
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electrochemical characterization of ALD deposited MnOx is explained. The rest of the 

columns devise different strategies which are considered in this thesis with the additional 

steps of carbon substrate functionalization and post ALD deposition thermal treatment to the 

common strategy. The strategy 3 is termed as the synergistic approach of catalyst synthesis 

and application as here both carbon substrate and ALD deposited MnOx is modified. 

In the figure 5.24 different schemes of preparing the combined carbon and 

ALD deposited MnOx electrocatalyst is shown. In literature the common method 

of preparing electrocatalysis is to deposit MnOx by ALD on carbon material 

such as glassy carbon and analyzing the electrocatalytic property of the catalyst 

[8]. In this thesis, the common method is modified with the added step of carbon 

functionalization. As stated in the introduction, the purpose of creating 

functional groups of carbon was to act as anchoring group to facilitate the 

covalent interaction between ALD deposited MnOx and functional group. 

However, from the detailed investigation described in section 5.2 and 5.4 of this 

chapter confirms that no stronge adherence take place during the ALD 

deposition on functionalized carbon. All these scientific evidences determine 

that the strategy 1 shown in figure 5.24 is not appropriate to prepare a stable and 

active carbon/ALD deposited MnOx electrocatalyst.  

 In the strategy 2, the post deposition thermal treatment is utilized to 

modify both carbon and ALD deposited MnOx to achieve a thermal 

enhancement of the connection between them. The third strategy 3 differs from 

strategy 2 is that the carbon substrate is replaced with a pre functionalized 

carbon substrate. This methodology is perceived by modifying both carbon and 

ALD deposited MnOx to produce a combined electrocatalyst that is capable of 

functioning simultaneously in the regime of OER. From previous 

electrochemical study where pre functionalized glassy carbon was used, it was 

monitored that glassy carbon pre functionalized at 1.5 VRHE in acidic electrolyte 

can sustain as a stable electrode material during the electrochemical 

measurement of “MANGAN” protocol. In addition to this advantage, the post 
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ALD deposition thermal treatment can be aimed to restore the previously 

analyzed shortage of covalent association of ALD deposited MnOx with the 

functional group of the carbon substrate. This concept is termed as “Synergistic 

approach”. 250 cycles of ALD deposited MnOx were deposited on pristine and 

glassy carbon and electrochemically pre functionalized glassy carbon at 1.5 

VRHE were used to explore the proposed strategy 2 and 3. The parameters of the 

post deposition thermal treatment performed on the both sets of samples were 

same and shown in table 5.3. The corresponding investigation of oxidation state, 

crystalline phase and morphological study can be found in section 5.3 of this 

chapter. The relevant results are summarized here briefly. From NEXAFS 

measurements (figure 5.13), the oxidation state of as deposited MnOx was found 

to be Mn
2+

 rich in the bulk with a small portion of Mn
3+

 at the surface. With 

increase of the annealing temperature from 300-600° C, a higher contribution 

from Mn
3+

 and Mn
4+

 is observed in the NEXAFS spectra but still the presence of 

Mn
2+

 could be detected. Overall from the NEXAFS data it was concluded that 

thermal treatment incorporates from Mn
3+

 and Mn
4+

 where the as deposited 

MnOx is mostly Mn
2+

. From the Raman investigation of the annealed samples 

(figure 5.14) it was observed that the as deposited MnOx shows Manganosite 

crystalline phase. After the annealing process, “Bixbyite” and “Hausmannite” 

phases were identified which evolved during the process of heat treatment. The 

morphological study was performed by SEM (table 5.6) where after deposition 

spherical particles of MnOx were observed on the surface of pristine glassy 

carbon. In case of electrochemically pre functionalized glassy carbon; much 

larger spherical particles were encountered. Agglomeration of these large 

particles into island of ALD deposited MnOx is found on the surface of 

electrochemically pre functionalized glassy carbon after thermal treatment. In 

contrast, the size of the MnOx particles deposited on pristine glassy carbon 

maintains its dimension during thermal treatment. One important thing needs to 

be noted that after heat treatment in 600° C the morphology of the glassy carbon 
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underneath degrades massively due to carbon burning in air. Now the 

electrochemical characterizations of the mentioned two sets of sample prepared 

according to strategy 2 and 3 will be discussed.   

The activity and stability measurements from the electrocatalyst prepared 

following strategy 2 are presented in figure 5.25 (a), (b) and (c). In the first 

activity test, it can be observed that 250 ALD cycles of MnOx shows higher 

current density than pristine glassy carbon at 1.8 VRHE which indicates the input 

from ALD deposited MnOx in the electrochemical property of the whole 

electrocatalyst. In strategy 2, the electrocatalyst composed of pristine glassy 

carbon and 250 ALD cycles deposition of MnOx are heat treated to observe the 

changes in their electrochemical property. From the first activity data of figure 

5.25 (a), an adverse effect is found after heat treatment at 300° C but the 

performance improves when the temperature is increased to 450° C. After heat 

treating at 600° C, the electrocatalyst showed higher current density which can 

be explained by to formation of high surface area of glassy carbon as previously 

observed in the SEM images (table 5.6). This change of surface morphology of 

glassy carbon surface is attributed to the burning of carbon during the heat 

treatment. In the stability measurements of these samples (figure 5.25 (b)), they 

all show a relatively higher current density other than pristine glassy carbon. 

The sample annealed at 300° C show very low current density compared to 

others. The sample annealed at 600° C showed a decrease at the beginning of the 

measurement followed by a very broad peak in current density. But due to high 

surface area, the overall current density of this particular sample is higher than 

the other samples. In the second activity test (figure 5.25 (c)), all samples show 

similar level of current density as pristine glassy carbon in the electrochemical 

conditions. The sample annealed at 600° shows a slightly lower current density 

compared to the first activity test at 1.8 VRHE.   
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Figure 5.25 In this figure, the comparison of activity 1, stability and activity 2 data of 

composite electrocatalyst prepared by two different methodology are compared. For this 

reason, they are plotted side by side in two columns. In the left column activity 1(a), stability 

(b) and activity 2 (c) data of electrocatalyst produced by strategy 2 are shown. Here the results 

are presented in a sequence of pristine glassy carbon (PGC), pristine glassy carbon with 250 
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cycles of ALD deposited MnOx and the previous sample after thermal treatment with different 

temperature. The parameters of thermal treatment are describes in the legends of the plot. In 

the right column the same measurements are compared; activity 1(d), stability (e) and activity 

2 (f) but the composite electrocatalyst is prepared with the “synergistic approach”. The 

difference in this case is the pristine glassy carbon is interchanged with electrochemically 

functionalized glassy carbon (FGC). The black arrows in the stability measurements of figure 

(e) points the degradation of current density of the electrocatalyst.  

 

Table 5.10 The KPI data from the samples prepared according to strategy 2 pristine glassy 

carbon with 250 ALD cycles deposition of MnOx after thermal treatment 

Name Catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Pristine Glassy 

Carbon 

 250 cycle 

ALD MnOx 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.89625 89.5 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

5.64E-3 0.018 0.0597   

OCP R  Second EIS measurement 

1.325  90.1Ω    

 

Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Pristine Glassy 

Carbon 

 250 cycle 

ALD MnOx 

+ 300°C  

6 hours air 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.9144 90.45 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

1.38E-3 4.58E-3 0.0144   

OCP R  Second EIS measurement 

1.045  91.7Ω    

 

Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Pristine Glassy 

Carbon 

250 cycle 

ALD MnOx 

+ 450°C  

6 hours air 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 
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0.91858 97.2 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

2.74E-3 0.0126 0.0846   

OCP R  Second EIS measurement 

1.045  99.2 Ω    

 

Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Pristine Glassy 

Carbon 

250 cycle 

ALD MnOx 

+ 600°C  

6 hours air 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.8629 96.3 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

0.0527 0.145 0.428   

OCP R  Second EIS measurement 

1.005  98.7Ω    

 

Table 5.11 The KPI data from the samples prepared according to strategy 3   

electrochemically pre functionalized glassy carbon at 1.5 VRHE with 250 ALD cycles 

deposition of MnOx after thermal treatment 

Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Glassy Carbon 

electrochem. 

oxidized with 1.5 

VRHE 

 250 cycle 

ALD MnOx 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.902 88.5 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

5.22E-3 0.0162 0.04987   

OCP R  Second EIS measurement 

1.264  89.1Ω    

 

Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Glassy Carbon 

electrochem. 

oxidized with 1.5 

VRHE 

250 cycle 

ALD MnOx 

+ 300°C  

6 hours air 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.902 93.1 Ω    
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Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

0.014 0.107 0.387   

OCP R  Second EIS measurement 

1.054  95.9 Ω    

 

Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Glassy Carbon 

electrochem. 

oxidized with 1.5 

VRHE 

250 cycle 

ALD MnOx 

+ 450°C  

6 hours air 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.979 88.6 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

0.0166 0.162 0.586   

OCP R  Second EIS measurement 

1.006  91.1 Ω    

 

Name catalyst Geometric 

area 

Electrolyte, 

pH 

Protocol 

Glassy Carbon 

electrochem. 

oxidized with 1.5 

VRHE 

250 cycle 

ALD MnOx 

+ 600°C  

6 hours air 

0.28 cm
2
 0.1M KOH MANGAN 

OCP R  Initial EIS measurement 

0.876 89 Ω    

Jm,1.6V Jm,1.7V Jm,1.8V Mass activity in mA 

0.0371 0.126 0.412   

OCP R  Second EIS measurement 

1.005  91.4 Ω    
 

The KPI data from the electrochemical characterization of electrocatalyst 

prepared according to synthesis strategy 2 is listed in table 5.10. The resistance 

measured from the impedance measurement provides that pristine glassy carbon 

with 250 ALD cycles of MnOx shows a value of 89 Ω. The resistance slightly 

increases when the sample is thermally treated. For thermal treatment at 300° C, 

it stays almost same but for at 450° C and 600° C the measurement shows 

around 97 Ω. The stationary polarization data shows that the sample before heat 

treatment shows low current density such as 5.64 μA at 1.6 VRHE but start to 

increase the current density at 1.7 VRHE. At 1.8 VRHE the value rapidly increases 

to 0.06 mA. After heat treatment all samples show enhanced current density at 
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these potential except the sample annealed at 300° C. For the sample annealed at 

400° C and 600° C really high current density such as 0.08 and 0.4 mA was 

observed. From the SEM and Raman analysis, it was previously demonstrated 

that thermal treatment readily changes the particle morphology of ALD 

deposited MnOx along with phase transformation. These results can be 

correlated with the observed change of resistance as well as the increase of 

current density. The crystalline phases of MnOx that evolves during thermal 

treatment such as Bixbyite and Hausmannite can influence the stationary 

polarization current density which was witnessed here.    

In this thesis, the electrocatalyst preparation strategy is envisaged to 

enhance the electrocatalytic performance while preserving the structural 

integrity of the electrocatalyst materials. The SEM investigation of section 5.4 

indicated major change of surface morphology of glassy carbon initiated by 

thermal treatment at 600° C. The similar phenomenon was observed on graphite 

substrate which can be explained by rapid burning carbon atoms during the 

annealing process. Therefore, this particular synthesis strategy cannot be 

recognized as a sustainable measure for the purpose. Considering the 

electrochemical data corresponding to strategy 2, highest current density was 

encountered at the OER regime compared to 250 ALD cycles of MnOx 

deposited on pristine glassy carbon when it was heat treated at 450° C. This 

enhancement can be attributed to the presence of electro catalytically active 

phase such as Bixbyite which was detected by Raman spectroscopy alog with 

Hausmannite. However, the degradation during the stability measurement hints 

that this electro catalytically active phase of MnOx was unable to develop a stem 

within the glassy carbon electrode. The comprehension of the short comings of 

the strategy 2 was resolved in the strategy 3 where the only change in the 

process flow is replacing the pristine glassy carbon with electrochemically 

functionalized glassy carbon. 
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 The electrochemical data obtained from the electrocatalysts prepared in 

accordance to strategy 3 is organized in the column at the right side of figure 

5.25. In the first activity measurement in figure 5.25(d), the implementation of 

functionalized glassy carbon can be identified. The functionalized glassy carbon 

with 250 ALD cycles deposition of MnOx emerge with high current density after 

thermal treatment at 300 and 450° C compared to the as deposited sample. The 

highest current density at 1.8 VRHE peaks was marked when the thermal 

treatment was done at 450° C. The sample annealed at 600° C showed a very 

similar extent of current density as found in the previous case accounted to the 

morphological changes during the thermal treatment as it was illustrated earlier. 

When all of these samples were put to a stability test for 2 hours at 1.8 VRHE 

(figure 5.25 (e)), the degradation mechanism of ALD deposited MnOx in the 

electrochemical condition can be clearly distinguished. The current density from 

samples after thermal treatment at 300 and 450° C slowly decrease within 15 

and 45 minutes respectively. There were two patterns of current density 

deterioration spotted in the data. At first a rapid drop of current density can be 

monitored which occurs within 15 and 40 minutes for samples after thermal 

treatment at 300 and 450° C. After this a slowly decreasing transient profile of 

current density is observed. Referring to the sample heat treated at 600° C, it 

shows a comparable current density profile in the stability measurement like 

strategy 2. In the second activity test in figure 5.25 (f), all the samples approach 

low current density correlating with the phenomenon observed in the stability 

measurement except the samples after thermal treatment 300 and 450° C which 

still manifest a slightly higher current density than pristine glassy carbon. The 

sample annealed at 600° C exhibits a slightly lower current density than the first 

activity measurement. The KPI data of the samples prepared following synthesis 

strategy 3 can be found in table 5.11. The impedance measurement showed that 

after deposition of 250 cycles of ALD deposited MnOx the contact resistance 

stays to a very minimum value of 88 Ω compared to previously analyzed 
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samples. After thermal treatment the samples also show similar resistance values 

except the sample annealed at 300° C (93 Ω). The observed current densities at 

1.6, 1.7 and 1.8 VRHE of the as deposited sample showed values such as 5 μA, 

0.01 mA and 0.05 mA. From table 5.11, much higher current densities at these 

potentials were observed after the thermal treatment of these samples in 

different temperature. For example, at 1.8 VRHE the current density is found to be 

almost 8 and 10 order of magnitude higher after annealing in 300° C and 450° 

C. The sample after annealing at 600° C also shows high current density at 1.8 

VRHE but the origin of this steep current density can be different than the other 

sample. Overall, the nature of this particular sample which is annealed at 600° C 

does not display any impact of functionalized glassy carbon compared to other 

samples. This irregularity can be understood as the implication of functionalized 

glassy carbon imparts a very minor change in the outcome in comparison to high 

surface area enhanced by thermal treatment. Hence it is still unclear whether the 

witnessed performance in electrochemical measurement of this sample refers to 

the ALD deposited MnOx or not. 

The results accumulated here for all different synthesis strategies suggest 

that performing thermal treatment of the as deposited MnOx in combination of 

functionalized glassy carbon certainly improves the effectiveness of the 

composite electrocatalyst. This specific strategy or “synergistic approach” is 

capable of fabricating a more efficient electrocatalysts that show high current 

density at the electrochemical conditions of OER (figure 5.25 (d)) but as 

surveyed in case of all sets of sample, they tend to degrade their performance in 

the stability measurement. This aspect of electrocatalyst degradation during the 

stability measurement can be understood in much more elusive manner in this 

last strategy of catalyst preparation which turns out to be the best method for 

studying the electrocatalytic behavior of ALD deposited MnOx. It needs to be 

considered that in the second activity measurement, the samples thermally 

treated 300 and 450° C reveal a very small yet higher current density that the as 
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deposited state which necessitate a further post electrochemical measurement 

analysis of these samples.  

5.7 Post analysis of the electrocatalyst 

For post electrochemical measurement analysis, the samples prepared according 

to strategy 2 and 3 were characterized by SEM for achieving a direct 

comparison. The SEM images after electrochemical characterization are 

presented here in table 5.12 which need to be compared with the SEM images of 

table 5.6. From the left column of the table 5.12, the SEM images recorded from 

the samples with pristine glassy carbon and 250 ALD cycles MnOx are shown. 

As previously seen in table 5.6 that after ALD deposition and thermal treatment, 

spherical MnOx particles were found in the surface of pristine glassy carbon but 

after electrochemical characterization according to “MANGAN” protocol none 

of them could be found. Considering all the images in the left column except the 

last one, they all show a very flat morphology of glassy carbon irrespective of 

post thermal treatment in 300 or 450° C. A few scratches on the surface can be 

identified in the images which can be ascribed to the influence of the 

electrochemical measurement on glassy carbon. The sample annealed at 600° C 

maintains its spongy morphology after electrochemical characterization. This 

confirms that implementation of pristine glassy carbon is inefficient for 

obtaining an electrochemically stable adherence with ALD deposited MnOx 

which could be further improvised by the post thermal treatment. 

In the synergistic approach the pristine glassy carbon is interchanged with 

electrochemically functionalized glassy carbon and the SEM images after 

electrochemical characterization can be found in the right column (Table 5.12). 

First the sample with 250 ALD cycles MnOx was deposited on electrochemically 

functionalized glassy carbon, the SEM image does not confirm any of the 

remaining ALD cycles MnOx. Some MnOx substances were spotted in the SEM 

images when the selection of electrochemically functionalized glassy carbon 
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with ALD deposited MnOx is further enhanced by post thermal treatment 300 or 

450° C 

Table 5.12 SEM images of ALD deposited MnOx on different carbon substrate after 

electrochemical characterization 

 Pristine Glassy carbon Electrochemically  

Functionalized Glassy carbon 
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In case of the sample annealed at 300° C, plenty of agglomerated MnOx 

particles were found but their size appears to be similiar as it was observed 

before the electrochemical characterization (table 5.6). From the SEM images 

taken before electrochemical characterization (table 5.6) revealed that increasing 

the temperature of the post thermal treatment to 450° C facilitates island 

formation on the surface of glassy carbon. According to the SEM images from 

the sample after electrochemical measurement it is clear that these islands had 

been reduced to very small fragments but still looks spherical in shape. 

Referring to the last sample which is annealed at 600° C which undergoes the 

electrochemical measurement, no significant change in morphology could be 

examined in the SEM image. This subsequent morphological study after the 

electrochemical measurement adds valuable information to the electrocatalytic 

property of ALD deposited MnOx along with the optimum methodology to 

prepare the composite electrocatalyst. The comparison of SEM images taken 

before and after the electrochemical measurement clarify a few modifications 

that composite electrocatalyst experiences during the electrochemical 

measurement. Firstly, the inevitable detachment of ALD deposited MnOx from 

the glassy carbon surface which can be mitigated by utilization of 

electrochemically functionalized glassy carbon. Considering the electrochemical 

measurement of this section, it can be stated that a post thermal treatment is 

assists the electrocatalytic performance from this composite electrocatalyst. 

Secondly, the observed enhancement of current density of the considered 

composite electrocatalyst derived from the synergistic approach compared to 

strategy. This illuminates that even if ALD deposition lacks the covalent 

interaction between carbon support and MnOx; it can be further enhanced by the 

post thermal treatment. Lastly, the poor stability in the OER electrochemical 

condition can be attributed to the main problem of the composite electrocatalyst 

which cannot be fully resolved by adjusting the considered synthesis parameters.   



5 . 8  C o n c l u s i o n  | 195 

                                                                                                                                                                                    

      | Doctoral thesis of Sakeb Hasan Choudhury 
 

5.8 Conclusion 

The research work introduced in this thesis was fully dedicated to characterize 

and understand the essential aspects of the electrocatalysis. Therefore, the aim of 

the work was focused on assessing the stability of the involved materials in 

electrocatalysis. The conventional carbon support materials were rigorously 

scrutinized in the electrochemical conditions of OER which is often not 

prioritized in the electrocatalysis. Apart from analysis of the carbon support, 

many critical issues of electrocatalysis such as the physical detachment of 

electrocatalyst from the carbon support are also taken under consideration. To 

remedy the problem, improvised synthesis routes were applied where MnOx was 

implemented the electrocatalyst. The goal of deviating to different synthesis 

route was to enhance a covalent coupling between the electrocatalyst and the 

carbon support. Overall, the research work in the thesis can be sub divided into 

two principal segments where the first part addresses the scope of 

functionalization and electrochemical stability of functionalized carbon. The 

latter is the atomic layer deposition of Manganese oxide followed by the 

incorporation of the functionalized carbon with it. The research work about the 

first topic was performed by atmospheric pressure plasma treatment and 

electrochemical treatment. Atmospheric pressure plasma treatment is beneficial 

in terms of controlling the treatment area and the uncomplicated 

instrumentation. From the study of carbon support materials modified by 

atmospheric pressure plasma, the dynamics of plasma modification with respect 

to the duration of the treatment were understood. Shorter duration of treatment 

was observed to be favorable for functionalization as plasma enhanced etching 

process begins to dominate with time. However, this plasma modified carbon 

again endures further alteration when they are exposed to electrochemical 

conditions familiar to oxygen evolution reaction. These outcomes forced the 

investigation deeper into electrochemical modification of carbon support within 

the OER regime. In this part of study, the electrochemical modification of 
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carbon materials in different electrochemical conditions such as different pH and 

potential was systematically studied. The results indicated that the acidic pH is 

advantageous for achieving functional groups on carbon substrate than alkaline 

pH. In acidic electrolyte, the structural analysis concluded that the graphitic 

structure start to get heavily influenced around 1.8 VRHE.  

Atomic layer deposition of MnOx was studied in detail on Silicon and 

Carbon substrates using Mn(EtCp)2 and water as precursors. The role of 

functionalized carbon support was to act as an anchoring group to satisfy a 

stronge covalent interaction with the Mn precursor that ensures the 

immobilization of the catalyst during the electrocatalysis. From the detail 

analysis, no effective chemical interaction could not be confirmed which is why 

an additional post thermal treatment was adopted to compensate. By comparing 

different strategies of catalyst preparation, the best performance from the 

carbon/MnOx composite electrocatalyst could be extracted when a pre-

functionalized carbon is again modified with a post thermal treatment after ALD 

deposition of MnOx. The electrochemical measurement according to 

“MANGAN” protocol and the post analysis of the samples simultaneously 

confirm the unavoidable detachment of ALD deposited MnOx from the surface 

of carbon support. In conclusion it can be stated that selecting an improvised 

approach for electrocatalyst preparation results only in deceleration of the 

detachment process during electrocatalysis but could not be blocked entirely. 

This lack of adequate stability concludes that the application of carbon/ MnOx 

composite electrocatalyst does not stand as a sustainable solution for 

electrocatalytic operation. 

5.9 Outlook 

The main concept investigated in this thesis was the covalent binding of catalyst 

with the support that serves a remedial measure of catalyst detachment during 

the OER process. Considering the same idea, many other functionalization 
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methods can be studied in future and further optimized for the latter ALD 

process. Many other available plasma modification techniques can be used to 

functionalize carbon support apart from the atmospheric pressure plasma jet. 

Inductively coupled plasma can be a good alternative that offers a similar 

modification. A change in plasma pressure as well as temperature of the sample 

can be also interesting parameters to investigate. Electrochemical oxidation is a 

method where the functionalization process can be controlled by different 

parameters. In this work, the effect of pH and potential was studied in detail but 

the application of different electrolyte with same pH can be also used to 

manipulate the functionalization process. Different electrochemical method of 

functionalization can be also utilized for the same purpose. The surrounding 

temperature during the electrochemical treatment can also change the outcome 

of the experiment. The implementation of composite electrocatalyst mitigates 

the catalyst detachment from the electrode surface during operation shows a deal 

of promise. The metal deposition by ALD provides covalent bonding of the 

metal with functional groups on carbon support that ensures the immobilization 

of the electrocatalyst during the OER process. The synthesis method can be 

further utilized to prepare electrocatalyst with different metals such as Ni, Co, 

Fe. In addition to this, ALD is capable of controlling the deposited metal from 

single atomic sites to nano particles which enables immense possibilities of 

future electrocatalytic research. Following the synergistic strategy of catalyst 

synthesis, the post deposition annealing treatment can be also a step for further 

modifying and optimizing the performance of the electrocatalyst. The annealing 

temperature, time and the annealing atmosphere can be altered to achieve 

desired property of the electrocatalyst. Although in this dissertation, a 

sustainable solution for OER process could not be demonstrated with the 

considered electrocatalyst material but the developed synthesis methodologies 

can be adopted to carry out numerous electrocatalytic research.  
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7.0 Appendix 

7.1 List of abbreviations 

ALD Atomic layer deposition 

AEY                      Auger electron yield 

CA                        Chronoamperometry 

CV                        Cyclic voltammetry 

CVD Chemical vapor deposition 

EDX Energy dispersive X-ray 

EIS                        Electrochemical impedance spectroscopy 

EWS                     Electrocatalytic water splitting 

FWHM                 Full width of half maximum 

GPC Growth per cycle 

HOPG                   Highly oriented pyrolytic graphite 

HTC                      Hydrothermal carbon 

HRTEM High resolution transmission electron microscopy 

HAADF High angle annular dark field  

HER                      Hydrogen evolution reaction 

ISISS                    Innovative station for in situ spectroscopy 

ICP-OES               Inductively coupled plasma optical emission spectroscopy 
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LPVS Low pressure vapor system 

LSV Linear sweep voltammetry  

MBE                     Molecular beam Epitaxy 

Mn(EtCp)2 Bis(ethylcyclopentadienyl) Manganese 

MWCNT              Multi-walled carbon nanotubes 

NEXAFS              Near edge X-ray absorption fine structure 

OES Optical emission spectroscopy 

OER                      Oxygen evolution reaction 

OCP                      Open circuit potential 

PS-II                     Photosystem 2 

PVD                     Physical vapor deposition 

RDE                     Rotating disk electrode 

RHE                     Reverse hydrogen electrode 

Sccm Standard cubic centimeters per minute 

SEM                     Scanning electron microscopy 

SLM Standard liter per minute 

SAED Small area electron diffraction 

TEY                      Total electron yield 

TG-MS                 Thermogravimetric – mass spectrometry    
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TPD-XPS Temperature programmed desorption x-ray photoelectron 

spectroscopy 

UHV Ultra high vacuum 

UV/VIS                Ultraviolet–visible spectroscopy 

XPS                  X-ray photoelectron spectroscopy 

XRD                 X-ray diffraction 
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