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ABSTRACT 

The goal of the dissertation was to optimize synthetic parameters to tune the 

properties of two layered materials, MoS2 and MnO2 for applications such as 

antibacterial, energy storage and water remediation. Two aspects of the materials were 

investigated. Firstly, the synthetic parameters were tuned to prepare material with 

different morphologies and then the effect of morphology and structure on interaction 

with bacterial cells was studied. In the second part, the research was focused on tuning 

the synthetic parameters to improve the intrinsic conductivity of the material for 

electrocatalytic applications. This dissertation work primarily focuses on understanding 

the catalytic and antibacterial activity of layered MnO2 and MoS2.  

One research effort was focused on the antibacterial mode of action of layered 

nanosheets of MnO2 and MoS2 toward Gram-positive and Gram-negative bacteria. 

Bacillus subtilis and Escherichia coli bacteria were chosen as model organisms, which 

were treated individually with randomly oriented and vertically aligned nanosheets. 

Viability measurements of bacteria, by flow cytometry and fluorescence imaging, showed 

that vertically aligned MnO2 and MoS2 nanosheets revealed the highest antimicrobial 

activity and that Gram-positive bacteria showed a higher loss in membrane integrity, 

compared to Gram-negative bacteria. Moreover, scanning electron microscopy images 

suggested that the nanosheets compromised the cell wall upon interaction, which led to 

significant bacterial morphological changes. We propose that the peptidoglycan mesh in 

the bacterial wall is likely the primary target of the 2D layered nanomaterials. 

Another focus of the dissertation research investigated the effect of structural and 

geometrical changes of layered materials on the properties which affect the intrinsic 
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conductivity of material. In the first study, the electrocatalytic activity of layer-by-layer 

(LbL) deposited 1T'-MoS2 (metallic phase) on a fluorine-doped tin oxide (FTO) substrate 

was investigated for the hydrogen evolution reaction (HER) as a function of layer 

number. Conversion of the deposited 1T'-MoS2 to the semiconducting 2H-MoS2 phase 

via exposure to 532 nm wavelength light, confirmed by Raman spectroscopy and 

scanning tunneling spectroscopy (STS), allowed a direct comparison of the HER activity 

of the two phases at a constant mass loading and surface area on the same substrate. The 

morphology, thickness and roughness of the deposited MoS2 layers as a function of the 

number of deposition cycles were investigated using atomic force microscopy (AFM) and 

scanning electron microscopy (SEM). The results showed that the average roughness of 

the surface increased with the number of deposition cycles, indicating that the thickness 

of the deposited layered material became heterogeneous with increasing cycle number. 

For a given number of deposition cycles (i.e., similar mass loading), 1T'-MoS2 exhibited 

a lower overpotential for the HER than the 2H-MoS2 phase. For example, at a sample 

thickness of 19.7 ± 2.8 nm (20 LbL cycle) the overpotentials for the HER for 1T'-MoS2 

and 2H-MoS2 were 0.54 and 0.61 V, respectively (at a current density of -2 mA/cm2). 

Overall, the overpotential for HER associated with both MoS2 phases decreased as the 

mass loading increased. Our study revealed the heterogenous formation of few layer 1T'-

MoS2 on the surface, providing a novel approach to improve HER activity towards water 

splitting applications. 

A further research effort studied birnessite, focusing on the activity of exfoliated 

birnessite and the role of birnessite defects for water oxidation. The catalytic activity of 

layered MnO2 has been studied widely. Birnessite has the lowest oxygen evolution 



v 

 

reaction (OER) activity in alkaline media compared to other manganese oxide phases.  A 

motivation for the study was to investigate the OER activity of exfoliated-restacked 

birnessite sheets which can lead to a better understanding of the birnessite catalytic 

performance.  Synthesized birnessite was exfoliated into monolayer sheets via a cation 

exchange method.  Characterization of the birnessite monolayer sheets using AFM and 

scanning tunneling microscopy (STM) revealed the presence of the holes and point 

defects.  The phase and conductivity of monolayer sheets were measured by STS. 

Electrochemical characterizations of exfoliated birnessite have shown that nanosheets of 

birnessite expose a great number of active sites and exhibit facile electrode kinetics as a 

result of the defective sheets. In particular, the overpotential of exfoliated birnessite 

synthesized at 400°C was 450 mV compared to 550 mV for the exfoliated birnessite 

synthesized at 1000°C. The results indicate that the defective exfoliated sheets have 

higher conductivity and higher OER activity compared to defect free exfoliated sheets.  

Additional research of birnessite focused on its activity for the arsenite (i.e., 

As(III)) oxidation reaction. Birnessite polytypes were synthesized by decomposition of 

KMnO4 at different temperatures, and three polytypes including two-layer orthogonal 

(2O), two-layer hexagonal (2H) and three-layer rhombohedral (3R) were identified in the 

samples. The synthetic temperature controlled the phase formation and heterogeneity of 

the phases. Birnessite synthesized at 600°C contained 2H/3R phases which showed the 

highest activity with first order rate constant of the 0.741 h-1 which is 3.6 and 24 times 

higher than Birnessite synthesized at 800 and 1000°C, respectively. The structural change 

of the polytype birnessite after As(III) oxidation was studied by pair distribution function 

experiment. Results indicated that Mn4+ in the birnessite was reduced to Mn3+ and that 
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this reduced species migrated from the in-layer position to the interlayer region. 

Furthermore, we report the results of in-situ AFM of birnessite sheets exposed to arsenite 

which provides a detailed understanding of the arsenite oxidation reaction at the 

birnessite surface. The reductive dissolution of birnessite was shown to be more active on 

the edges compared to the basal plane of birnessite.  Our findings have important 

implications for material design aimed at removal of arsenite in purification processes. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview       

Remarkable structure and electronic properties of 2D layered materials have 

recently drawn considerable attention. 2D layered materials consist of atomically thin 

sheets that can be used to form few layer materials to macroscopically layered materials 

(i.e., bulk material). The in-layer structures of layered material are predominated by 

strong covalent bonds, while the interlayer region is characterized by weak van der Waals 

forces. The weak van der Waals forces in the interlayer region permit intercalation of 

atoms and molecules into the interlayer region for various applications or exfoliation of 

layers to a monolayer structure.  

The overall goal of this dissertation was to study and optimize the properties of 

2D layered materials for antibacterial and electrocatalysis applications. Layered MnO2 

and MoS2 are naturally occurring in the environment which means they can be cost-

effective materials with many possible applications. MoS2 and MnO2 were synthesized 

and characterized, and the effect of structural changes on properties and surface 

chemistry of two dimensional (2D) layered MoS2 and MnO2 were studied. Our 

investigations highlight physical and chemical properties of 2D layered materials which 

are distinctive from 3D materials. 

The broader impact of this research was to demonstrate that judicious structural 

modifications can augment electronic and physical properties of layered materials and 
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can enhance their catalytic performance towards energy conversion, antibacterial and 

water remediation applications.  

Figure 1.1 captures the research thrusts of the dissertation and highlights 

favorable properties of 2D layered materials which can be tuned for applications in 

catalysis, biomedical and water remediation. The mechanical properties of the edges of 

individual layers are one focus of this dissertation. To probe the importance of the edges 

for the antibacterial activity of layered material, materials with maximized edge density 

were synthesized (left image in Figure 1.1), and the effect of the edges on the viability of 

bacterial cells was studied. The hypothesis that the "thin" edges of non-layered and 

vertically supported 2D layered metal oxide and sulfide sheets could be used to disrupt 

the integrity of the bacterial cell membranes was tested in this dissertation. 

Layered materials have a wide spectrum of potential applications in various areas 

including catalysis, biomedical, water remediation and electronics. Hydrogen is a high 

energy density fuel with great promise for the storage of solar energy and layered 

materials can be optimized as catalysts for the electrochemical water splitting reaction to 

produce hydrogen molecules. Another modifiable characteristic of 2D materials, 

schematically illustrated in Figure 1.1, is the number of sheet layers which affects the 

electronic properties of 2D layered material. An additional research thrust of this 

dissertation was to determine how the number of layers of 2D materials affected their 

chemical reactivity.  Prior studies have shown that the electronic and structural properties 

of 2D layered materials depended on the number of layers and thickness of the 

electrocatalysts.1, 2 To-date, knowledge regarding the effects of layer thickness on the 

catalytic activity of MoS2 (conductive phase) is currently lacking in the literature. 
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Therefore, the correlation between surface thickness and structure and electrocatalytic 

activity of MOS2 for the water splitting reaction, resulting in hydrogen production, was 

tested as a function of mass loading. 

Another prime motivation of this dissertation was to better understand the 

electrocatalytic activity of birnessite by studying the effect of material defects on the 

electrocatalytic activity of different polytypes of exfoliated birnessite. Birnessite is a 

layered manganese oxide material, which is characterized by the lowest electrocatalytic 

activity for water splitting in alkaline media, compared to other manganese oxide phases.3 

This study provides direction for further development of defective metal oxides for 

optimization of the water splitting reaction. 

As the final goal of this dissertation, the catalytic activity of different birnessite 

polytypes for the arsenite oxidation reaction was compared, and the role of the edge sites 

of birnessite during the reductive dissolution process was studied. 2D layered materials 

are often proposed as electrocatalysts for catalysis reactions, but there have been limited 

studies that have utilized the structural properties of the edge sites of layered material for 

water remediation applications. Prior studies have concluded that the edge sites of 2D 

layered materials are likely implicated in catalytic reactions, but to- date, there is no 

 

Figure 1.1. The summary of studies in this dissertation. 
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evidence showing the direct participation of the edge sites of layered material in catalytic 

reactions in environmental chemistry.  For the first time, the morphological changes of 

the birnessite surface during the reductive dissolution process were directly observed via 

in-situ technique, and the arsenite oxidation reaction at the birnessite surface was 

characterized in detail in this work. 

These listed research goals will enhance our fundamental understanding of the 

processes taking place on the surface of layered material. The results of this research are 

expected to provide directions to tune the structural properties of layered materials in the 

interest of optimizing their performance for applications in the areas of energy 

conversion, antibacterial activity, and water remediation.   

Basic principles, background information regarding the studied materials, their 

potential applications and motivation for the research of this dissertation will be 

discussed in the following to allow a better understanding of the results and interpretation 

in subsequent chapters. 

1.2 Birnessite 

Manganese oxide is a mineral, and it plays an essential role in environmental 

chemical reactions and the cycling of manganese in the soil.4-6 Among the various 

manganese oxide minerals, birnessite attracted the attention of the scientific community 

due to its layered structure.4-7 The term, birnessite, was used to describe all natural and 

synthetic layered manganese oxides.4, 5 The layered structure of manganese oxide 

provides unique properties which make it suitable for a wide range of applications such 

as energy storage and water remediation. The structural building blocks of all manganese 
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oxides is [MnO6] octahedra units.5, 8, 9 Whether these structural units are interconnected, 

or are located at corners or edges, various structures such as chain, tunnel, or layered 

structures can be formed.5, 9 The resulting material can be categorized into different 

 

Figure 1.2. Two common types of birnessite phases, triclinic and hexagonal 

birnessite. The Mn3+ is located in the interlayer region below or above the vacancies 

in hexagonal birnessite, while Mn3+ is located in the in-layer structure of triclinic 

birnessite. Adapted with permission from Smith PF, et.al. Coordination geometry and 

oxidation state requirements of corner-sharing MnO6 octahedra for water oxidation 

catalysis: An investigation of manganite (γ-MnOOH). ACS Catalysis. 2016 March 

23;6(3):2089-99. Copyright 2020 American Chemical Society. 
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phases such as α-MnO2, β-MnO2, λ-MnO2, γ-MnO2.
5, 9, 10 The layered manganese oxide, 

birnessite, is a low cost and earth abundant mineral which makes it an exceptional 

candidate for a variety of applications such as energy storage, antibacterial and water 

remediation. Birnessite is the material of interest and explored in detail in the 

dissertation. 

 Layered MnO2, birnessite, is a family of manganese oxides that exist in different 

crystal phases and polytypes. Birnessite is a naturally occurring layered manganese oxide 

and can be synthesized in the laboratory.4, 11 A single sheet of interlayer H2O and cations 

separate birnessite sheets from each other. Birnessite can contain different monovalent 

and divalent cations; these cations compensate for the negative charge of the sheets. The 

negative charge of the sheets is due to the presence of layer vacancies and heterovalent 

Mn cations.4 Layered manganese oxide has a high adsorption capacity of cations that can 

control and reduce the release of heavy metals in soil and water resources.4, 12-15 

 Birnessite can be synthesized under various conditions. Specifically, birnessite 

synthesis can be classified into three categories. The first and the most common synthetic 

method is based on the oxidation of Mn2+ in alkaline condition.4, 16 The second method of 

birnessite synthesis is performed under acidic condition, using MnO4
- as a starting 

reagent. The third synthetic method involves thermal decomposition of KMnO4 at high 

temperature.4, 16-20 

 The different synthetic methods lead to the formation of birnessite with different 

polytype structures and physicochemical properties. Birnessite contains various polytypes 

including two-layer orthogonal (2O), two-layer hexagonal (2H) and three-layer 

rhombohedral (3R), one layer monoclinic (1M) and turbostratic.4, 21 1M polytype, Na-rich 
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birnessite is synthesized at high pH. Turbostratic birnessite is extremely common and 

synthesized by bacterial oxidation of Mn2+, or by reduction of the Mn7+ in permanganate 

in acidic condition.4, 21 The mixed layer structure contains 2O, 2H and 3R polytypes 

which can be synthesized from the decomposition of KMnO4 at high temperature.4, 17, 18, 

22 

The birnessite structure is composed of a combination of manganeses with 

different oxidation states including Mn(IV), Mn(III) and Mn(II). The two most common 

phases of birnessite are hexagonal and triclinic birnessite.8, 23, 24 These two phases can be 

categorized based on the location of manganese (III) within the structure (Figure 1.2). 

Triclinic birnessite contains vacancy-free layers with high crystallinity.8, 23, 24 The Mn 

(III) is located within the plane of sheets in triclinic birnessite, while Mn (III) is in a triple 

corner-sharing position above or below the cation vacancies in hexagonal birnessite.8, 23-25 

Therefore, Mn(III) is located in the interlayer space along with cations and water 

molecules in hexagonal birnessite.8, 23, 24 Hexagonal birnessite contains potassium cations 

in the interlayer region. There is a significant amount of vacant positions in the in-layer 

structure of birnessite which causes a low crystallinity in the sample.8, 23, 24  

 

1.3 Applications of Birnessite 

To-date, birnessite has applications in a wide range of areas such as energy 

storage, catalysis, and wastewater treatment. The application of birnessite chemistry for 

water oxidation and arsenite oxidation are explored in this work. 

 1.3.1 Oxidation of Arsenic in the Environment 
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Arsenic is a toxic and carcinogenic element. Long term exposure to arsenic can 

cause adverse health effects.26-28 Arsenic appears in different forms in the environment, 

but the most common form of arsenic is arsenite (As(III)) and arsenate (As(V)) (Figure 

1.3).29, 30 Arsenite is highly toxic and mobile with low affinity to adsorbents, while 

arsenate is less toxic and mobile.16 It is difficult to remediate arsenite from the 

environment. Fortunately, oxidation of arsenite to arsenate facilitates the removal and 

adsorption rate of arsenic during the remediation process. The arsenite oxidation reaction 

is a kinetically unfavorable reaction in water, and oxidizing agents are necessary to drive 

the reaction.16, 30, 31 The remediation process of arsenic involves oxidation of arsenite, 

followed by adsorption to a metal oxide, to eliminate arsenic species completely from the 

polluted water stream.16, 32-36  

 The arsenite oxidation using birnessite has been widely studied.16, 29, 37-40 The 

effects of morphology and structure on birnessite activity have been highlighted in 

previous studies. An approach, which is relied upon, is a synthesized nanostructure of 

birnessite containing cobalt, generated by substitution of Mn framework ions with cobalt 

ions, as it has a higher arsenite oxidation activity compared to birnessite.14, 29 In a prior 

 

Figure 1.3. Structure of arsenite and arsenate (fully protonated form) 
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study, the effect of birnessite morphologies on the arsenite oxidation reaction was 

studied.41 Birnessite morphologies include formation as flower, nanowire and sheets, and 

it was shown that flower-like birnessite is the most active morphology.41 The effect of 

solar radiation on the arsenite oxidation with birnessite has been investigated by our 

group.16 It was shown that solar radiation increased the reaction rate by the creating of a 

hole-electron pair during the irradiation due to the small bandgap of birnessite.16 

 The properties and activity of a matter are dependent on its atomic arrangement 

and crystallographic structure. The different polytypes of materials demonstrate different 

physical and chemical properties. While the effect of the morphology of birnessite has 

been studied in general, the effect of the crystal structure phase and heterogeneity of 

birnessite on its activity for the arsenite oxidation reaction has not been investigated. 

Therefore, a comprehensive study of the activity of different birnessite polytypes for the 

arsenite oxidation reaction is needed.  

 The activity of different birnessite polytypes for the arsenite oxidation reaction 

was studied for the first time in this dissertation. The atomic structural change of different 

birnessite polytypes after the arsenite oxidation reaction was characterized by the pair 

distribution function technique in this work. 

Meanwhile, the edges of 2D layered materials have been proposed to catalyze 

reactions, but a limited number of studies has utilized the structural properties of edge 

sites in environmentally relevant chemistry. As mentioned, prior studies have often 

attributed edge sites on 2D layered materials to catalytic reactions.  In this work, it was 

shown for the first time by direct visualization that dissolution of the edge sites occurs as 

a result of the arsenite oxidation reaction. 
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1.3.2 Water Oxidation Chemistry on Birnessite 

There is a need for a low-cost technology to store energy. Electricity can be 

generated from solar, wind and other renewable sources. However, an efficient and cost-

effective means of storing electrical energy has not yet been developed. Converting 

electrical energy into chemical energy is one of the most promising techniques. Among 

different methods, water splitting is a well-adopted technique to store energy in the form 

of chemical energy using hydrogen molecules. Water splitting is a process that involves 

the splitting of water molecules into oxygen and hydrogen. Overall, the water splitting 

reaction requires an energy input of 237.11 KJ/mol which is equal to a thermodynamic 

voltage requirement of 1.23 V.42, 43 The overall water oxidation reaction, which can be 

subdivided into two half-reactions, is shown below: 

2H2O → O2 + 2H2    Overall water splitting reaction   (1.1) 

2H+ + 2e- →  H2     Hydrogen evolution reaction (HER)   (1.2) 

H2O → 
1

2
 O2 + 2H+ + 2e-   Oxygen evolution reaction (OER)   (1.3) 

Identifying the active sites of the water oxidation reaction is essential to 

understand the catalytic mechanism of birnessite during water oxidation.43-45 The water 

oxidation activity of birnessite has been extensively studied.44, 45 Different strategies have 

been adopted to enhance the conductivity of birnessite sheets for OER including 

intercalation and doping of birnessite sheets.16, 19, 20, 46, 47 Intercalation of the birnessite 

with metallic cations including Co, Ni and Cu has been shown to increase the out-of-

plane conductivity. The results show that improving the electrical conductivity and 

facilitating electron transport between the material and the electrode surfaces of birnessite 
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can result in a significant enhancement of its catalytic performance.16, 19, 20, 47 In another 

study by our group, it was shown that increasing interlayer space improves OER 

performance due to an increase in active sites in the interlayer region. The structural 

change of birnessite at the nanoscale can improve its catalytic activity and can potentially 

be useful to develop OER catalysts. 

Defect engineering is an effective method to manipulate the electronic properties 

and performance of layered materials.48-52 It was shown that introducing defects improves 

the electron transfer rate.48-52 The electrical behavior of semiconductors is largely 

controlled by crystal defects and imperfections, and the introduction of defects is one of 

the most efficient methods to tune the electronic structure.48-52 In chapter five of this 

dissertation, the electronic structure of layered manganese oxide, birnessite was 

investigated as a function of temperature, and degradation of KMnO4 at high temperature, 

for the oxygen evolution reaction. It was shown that defects can be tuned during the 

synthesis procedure, and, in particular, the high activity of birnessite sheets resulting 

from introduction of defects, enhanced the intrinsic conductivity of the sheets. 

1.4 Molybdenum disulfide (MoS2) 

MoS2 is a transition metal dichalcogenide (TMD) with a crystalline layered 

structure and an interlayer distance of 6.15 Å. The MoS2 structure is composed of a 

single molybdenum atom connected to six sulfur atoms.  Weak van der Waals forces 

connect the individual MoS2 sheets. MoS2 has industrial applications as a lubricant and 

hydrosulphurisation catalyst.42 Based on the coordination structure of MoS2, two separate 

phases of MoS2 exist including 1T and 2H phases (Figure 1.4).42, 53 These two phases 

have very different electronic properties. The 2H phase has trigonal prismatic 
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coordination with semiconducting properties (in-direct-bandgap of 〜1.29eV), while the 

1T phase is a metastable phase, which has a distorted octahedral structure with metallic 

or semi-metallic properties.42, 53-55 The 2H and 1T phases can be differentiated using 

several techniques including Raman spectroscopy and high-resolution scanning 

transmission electron microscopy.56 

MoS2 phase transition from 2H to 1T can occur by intercalation with alkali 

metals.56-59 Another method to synthesize 1T-MoS2 is direct synthesis by hydrothermal 

conversion of orthorhombic MoO3 using a mild reducing agent and thioacetamide as the 

sulfur source.60 Also, lithium intercalation is a well-known reaction inducing phase 

change. Lithium intercalation was performed by adding 2H-MoS2 to an organo-lithium 

 

Figure 1.4. Structure of 2H-MoS2 (trigonal prismatic coordination), 1T-MoS2 

(distorted octahedral structure) and 1T' phase. Adapted with permission from Avinash 

P. Nayak et. al. Pressure-Dependent Optical and Vibrational Properties of Monolayer 

Molybdenum Disulfide. Nano Letters 2015 January; 15;346–353. Copyright 2020 

American Chemical Society. 
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solution followed by exfoliation in water (equation 1.4 and 1.5 respectively).59, 61-63 

MoS2 + (C4H9)Li → LixMoS2 + C4H9
-      (1.4) 

LixMoS2 + H2O → MoS2 + LiOH + H2      (1.5) 

First, Lithium cations were inserted into the interlayer region and separate sheets. 

Li-ions reduce Mo4+ to Mo3+ by donating electrons to the MoS2 sheets. The electron 

donation to the MoS2 layers causes repulsion of layers by a partial negative charge. In the 

second step, the added water removes Li from the interlayer region, and Mo3+ is oxidized 

to Mo4+.59, 61-63 Exfoliation of 2H-MoS2 to monolayer and a few layer sheets lead to 

significant differences in the electronic structure of the layers. One important 

consequence of the formation of monolayer 2H-MoS2 is the change from an in-direct-

bandgap to a direct-bandgap semiconductor which improves photoluminescence 

properties compared to the bulk material.64, 65 Also, 1T-MoS2 is an unstable phase and 

undergoes a dimerization distortion, and 1T' phase forms after exfoliation (Figure 1.4).53, 

66 Therefore, hereafter the exfoliated MoS2 (lithiated MoS2) will be named as 1T'-MoS2. 

 

1.5 Applications of MoS2 

 1.5.1 Water Oxidation of MoS2 

To optimize the water oxidation reaction, great effort has been undertaken to 

design and develop a cost-effective catalyst. Although platinum shows the best HER 

activity, its high cost and scarcity limit its use on the industrial scale.67 Hence, the 

development of earth-abundant, highly active, and stable electrocatalysts is essential. 
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MoS2 is a promising electrocatalyst, but its HER activity is low in bulk form. To 

improve the HER activity, two methods are used- structural engineering of the layers or 

tuning the intrinsic conductivity of the sheets.42, 55, 68, 69 The catalytic activity of MoS2 can 

be tuned by structural engineering of its particles, thereby increasing the surface area 

(active surface) of MoS2.
42 Meanwhile, the intrinsic conductivity of MoS2 can be tuned 

by several methods such as doping MoS2 and increasing the interlayer distance.55, 68, 69 

Experiments and DFT calculations have shown that the basal plane of 2H-MoS2 is 

inactive for HER.57, 70, 71 The active sites of MoS2 were identified experimentally by 

atomically resolving the surface of the electrode before electrochemical measurements.70 

The results show that the HER activity correlates linearly with the number of edges of 

MoS2 on the electrode. Edge sites exhibit higher activity and faster electron transfer 

compared to the basal plane.70 These results motivated researchers to engineer a 2H-

MoS2 nanostructure, thereby increasing the active sites and achieving a better HER 

performance. For example, 2H-MoS2 sheets were synthesized vertically on the 

conductive surface to maximize the exposure of active sites (edges).42 Another strategy to 

improve HER performance of MoS2 is a phase transition from 2H to 1T'.58  

1T'-MoS2 is a conductive phase of MoS2. In contrast to the 2H phase, the basal 

and edges of 1T'-MoS2 are active for HER.42, 67 Although the electrochemical activity of 

2H-MoS2 has been studied extensively, 1T'-MoS2 has attracted less attention due to its 

structural instability.  

Studies have shown that the electronic and structural properties of 2D layered 

materials depend on the number of layers. Prior studies have only investigated the layer 

dependency of 2H-MoS2 for HER, while omitting study of the layer dependency of 1T'-
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MoS2. As described in more detail in chapter two, 1T'-MoS2 layers were assembled on 

the electrode surface by the layer-by-layer method, and HER performance was measured. 

The study of assembled 1T'-MoS2 layers on the electrode surface had two main goals. 

The first goal was to determine the effect of loading of 1T'-MoS2 layers on the electrode 

surface as a function of the deposition cycle number. The second goal was to compare the 

HER activity of the metallic 1T'-MoS2 to the semiconducting 2H MoS2 phase directly for 

the first time. 

 1.5.2 Antibacterial Activity of MoS2 

The antibacterial activity of layered materials has attracted attention because of 

their biomedical and environmental applications. The antibacterial activity of the graphite 

family and its mode-of-action has been studied well. However, research into the 

antibacterial activity of other layered materials such as MXene and MoS2 is at its early 

stage, and the antibacterial activity of layered manganese oxide has not been investigated. 

Therefore, investigating and understanding the antibacterial mode-of-action of MoS2 and 

layered MnO2 is crucial. 

The antibacterial activity of both common phases of MoS2, the 1T' and 2H phases, 

has been studied previously.72, 73 In one approach, the semiconducting properties of 2H-

MoS2 were used to deactivate bacteria by aligning few layers of 2H-MoS2 vertically on 

the surface (Figure 1.5).73 It was demonstrated that this arrangement can harvest the 

whole spectrum of visible light ( ̴ 50% of solar energy), thereby generating reactive 

oxygen species (ROS) and deactivating bacteria.73 In another approach, the antibacterial 

activity of the 1T' and 2H phases of MoS2 was compared. It was revealed that 1T'-MoS2 

kills 90% of bacterial cells while 2H-MoS2 kills less than 40% of cells. The results 
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indicate that exfoliation of MoS2 to 1T'-MoS2 can potentially increase its antibacterial 

activity.72 

In the first chapter of this dissertation, the antibacterial activity of layered MnO2 

and MoS2 toward both gram-positive and gram-negative bacteria was studied, and the 

primary mode-of-action of materials was queried. 

 

 

Figure 1.5. Schematic of bacterial deactivation of MoS2 aligned on the surface 

through visible-light photocatalytic of MoS2. Adapted with permission from Liu C, et. 

al. Rapid water disinfection using vertically aligned MoS2 nanofilms and visible light. 

Nature nanotechnology. 2016 December;11:1098-1105. Copyright 2020 Springer 

Nature. 
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1.6 Organization of Dissertation 

The primary goals of the research of this dissertation were two-fold. The first goal 

was to determine the morphological effect of layered materials on bacteria (chapter 

three). The second goal was to tune the electronic structure of materials for different 

applications (chapters four, five, and six). The aim was to optimize the performance of 

layered materials for potential applications by tuning the structure of the material. 

Different structural features of the layered materials were studied in this dissertation, 

summarized in Figure 1.6. The results extend our knowledge about the material and 

propose interventions to enhance the performance of layered materials for various 

applications in the areas of energy conversion, antibacterial activity, and water 

remediation. 

Chapter one, introduction, provides a review of current knowledge and potential 

applications of layered materials and motivation for the performed research. The 

 

Figure 1.6. Different aspects of layered materials studied in this dissertation work. 
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introduction includes the necessary background information about the analyzed materials 

and current state of research to allow the reader to have a better understanding of the 

research performed in this work. Chapter two is allocated to the basics of the performed 

experiments, synthetic methods, and the fundamentals of the applied characterization 

techniques required to understand the results and collected data.  

Chapter three characterized the morphological effect of layered material on 

bacteria. Research in chapters four, five, and six focuses on the effects of structural 

change of layered materials on the intrinsic conductivity and performance of the material. 

Chapter four inquired about the structural change of MoS2 and its layer dependency 

toward water splitting. Chapter five presents research that investigates the OER activity 

of exfoliated birnessite sheets and the effect of defects on their conductivity and OER 

performance. Chapter six discusses the activity of different birnessite polytypes for the 

arsenite oxidation reaction. In the last chapter, a summary is provided and the impact of 

the performed research is discussed. 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

This chapter describes the procedures used to synthesize the materials 

investigated in this dissertation and the electrochemical techniques used in this 

dissertation. The basic principles associated with the characterization techniques used in 

the dissertation research will be discussed to provide a better understanding of the results 

and interpretation in subsequent chapters. 

2.1 Material Synthesis 

 2.1.1 Layered MnO2 Synthesis 

Various polytypes of birnessite were synthesized and used in the dissertation. For 

the experiments described in Chapter 3, layered MnO2 was prepared by adding 170 mg of 

Mn(NO3)2 to 60 mg copolymer (i.e., poly(ethylene glycol), poly(propylene glycol), 

poly(ethylene glycol) triblock copolymer), followed by stirring for 30 min. Next, the 

solution was heated to 45 °C and 10 mL of 0.1M KMnO4 were added to the solution in a 

dropwise fashion. The product was centrifuged at 8000 rpm for 30 min, collected and 

rinsed five times with DI-water to eliminate by-products. To synthesize the aligned layer 

of MnO2 on the surface, graphene oxide (GO) was used as substrate. The addition of GO 

monolayer sheets to the reaction solution changes the nucleation/growth behavior of 

forming MnO2 sheets because the GO sheets provide nucleation sites, which promote 

heterogeneous nucleation of MnO2 on the GO layer. Therefore, GO was firstly added to 

deionized water (DI-water) and sonicated for 1 hr, and then the precursors were added; 

the same procedure was followed for the synthesis of MnO2. 
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As detailed in chapter six, different polytypes of birnessite, including two-layer 

hexagonal (2H), three-layer rhombohedral (3R), two-layer orthogonal (2O) and 

turbostratic birnessite, were synthesized by decomposition of potassium permanganate 

powder at high temperatures including 400, 600, 800 and 1000°C for 5hr under air 

atmosphere (a ramp rate of 1° C/min for heating and cooling), as shown in Figure 2.1a. 

The acid birnessite, composed of a turbostratic structure, was prepared by the 

McKenzie method. Hydrochloric acid (HCl, 4M) was added dropwise (1 mL/min) to a 

solution of potassium permanganate (KMnO4, 0.2 M, 250 mL) at 80°C, which was 

continued an additional 30 min after addition of the acid. The resulting solution was aged 

for 15 h at 50 °C. The product was washed via vacuum filter and dried at room 

temperature. 

The triclinic phase of birnessite was synthesized in alkaline conditions. Two 

solutions containing MnCl2 (0.064 mol) and NaOH (2.017 mol), in 250 mL of DI-Water, 

were prepared and cooled to 0°C and bubbled with N2 gas for 1h. While the NaOH 

 

Figure 2.1. a) Experimental setup for the synthesis of birnessite by decomposition of 

the KMnO4, b) Setup for the synthesis of MoS2 by solvothermal method. 
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solution was continued to be purged with N2 gas, MnCl2 solution was added. The 

obtained solution was oxidized by replacing N2 gas with oxygen gas for 5hr. The 

resulting solution was aged at 80°C for 9hr. The resulting product was cooled to room 

temperature, washed, and air-dried.  

 

 2.1.2 Exfoliation of Birnessite 

The separation of the layers of 2D layered material is called exfoliation or 

delamination.1-4 Exfoliation occurs due to strong covalent bonds of the atoms in the in-

layer structure, while there is weak interaction in the interlayer space.1, 4 A wide range of 

methods has been applied to exfoliate material, such as mechanical exfoliation, 

sonication in an appropriate solvent and the intercalation/exfoliation method.1-6 The 

intercalation of the atoms or molecules into the interlayer space can lead to exfoliation of 

the sheets.1, 3, 4, 6 In this work, the intercalation/exfoliation method (or ion-exchange 

method) was used to exfoliate the bulk birnessite sheets. 

To prepare the exfoliated birnessite sheets, firstly, bulk layered MnO2 sheets were 

prepared by thermal decomposition of KMnO4 powder at high temperatures, including 

400, 600, 800 and 1000°C for 5 hr under air atmosphere (a ramp rate of 1° C/min for 

heating and cooling). The product was collected, washed and centrifuged several times by 

DI-water and dried at room temperature. Then, the collected powder was treated with 

HCl solution. 50mL hydrochloric acid (2.4M) was added dropwise (1mL/min) to a 

birnessite dispersed solution (2g/L) at 80°C, heating was continued for 30 min and the 
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solution was then aged for 15hr at 50°C. The resulting solution was centrifuged and 

washed with DI-water several times and then used for the exfoliation process. 

To exfoliate birnessite, the bulk birnessite synthesized by degradation of KMnO4 

at high temperature was used as substrate. Firstly, potassium ions of birnessite were 

exchanged with protons by stirring the birnessite dispersion (1g/L) with a nitric acid 

solution (0.1M) for 3 days. The exfoliation of protonated birnessite was performed using 

an aqueous solution of tetra-n-butylammonium hydroxide (TBAOH) at room 

temperature. The solution was stirred for 10 days, and the resulting solution was 

centrifuged at 14000rpm for 30min, and redispersed. It was centrifuged at 8000rpm for 

15min to separate unexfoliated sheets, and finally centrifuged at 14000rpm with DI-

water-ethanol and isopropanol alcohol to remove residual TBAOH.  

 2.1.2 MoS2 Synthesis 

In chapter 3, MoS2 was synthesized by the solvothermal method. A synthesis 

autoclave reactor with a Teflon lined vessel (PTFE inner vessel) and stainless steel outer 

shell was used, as shown in Figure 2.1b. 30mg precursor ((NH4)MoS4) was added to 

15mL DMF solution and stirred for 30min. The solution was transferred to the autoclave 

container and heated for 10h. The product was collected by centrifugation (600 rpm) for 

15 min. The resulting powder was rinsed with DI-water, ethanol, and acetone to remove 

by-products and solvent. To synthesize aligned MoS2 on a surface, MXene or graphene 

oxide (GO) was used as a substrate. MXene or graphene oxide can provide nucleation 

sites to promote heterogeneous nucleation of MoS2 on sheets. Firstly, MXene or graphene 

oxide (GO) was added to DMF and sonicated (30 min for GO, 1hr for MXene), then 
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precursor ((NH4)MoS4) was added to the solution, and the same procedure was repeated 

to synthesize aligned MoS2 on the substrate. 

To exfoliate and prepare 1T'-MoS2, (commercial) bulk molybdenum sulfide was 

used (as described in chapter four). 1T'-MoS2 was synthesized by lithium intercalation of 

bulk MoS2. Bulk MoS2 was added to 1.6 M n-butyl lithium (n-BuLi) in 10 mL of hexane 

under an argon atmosphere for 48 hr. The resulting powder was filtered and washed with 

excess hexane to remove by-products and then dried under vacuum at room temperature 

for 48h. 

 

2.2 Characterization Techniques and Methods 

 2.2.1 Electrochemical Techniques 

 2.2.1.1 Electrocatalyst and Electrode Preparation for Testing 

The electrocatalytic studies described in chapter 4 were performed in 0.5 M 

sulfuric acid and the electrocatalytic studies detailed in chapter five were conducted in 

1M KOH. Potentiated CHI 660E with three electrode configurations was used for the 

electrocatalytic studies (Figure 2.2). The measurements were performed with a Calomel 

electrode as a reference electrode and with graphite as a counter electrode, as shown in 

Figure 2.2. FTO (Fluorine doped Tin Oxide) and glassy carbon (GC) were used as 

working electrodes. GC electrodes were polished using 1, 0.5, and 0.05 μm alumina 

powder.  

 2.2.1.2 Electrode Activity Measurements 
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Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) are powerful and 

simple methods to measure the potential of a half-reaction. These techniques are 

commonly employed to measure the reduction and oxidation process of materials and 

provide quantification of the performance of the material.7 In voltammetry, the potential 

is applied to the working electrode (x-axis) from a lower to higher limit, while the current 

response (y-axis) is recorded.7 In contrast to LSV, which scans one direction to record the 

data, CV scans sweep both directions (forward and reverse) (Figure 2.3). 

LSV is widely used to measure the activity of material. LSV measures the 

overpotential (η), or excess potential, which is required to overcome the thermodynamic 

potential barrier of the reaction. A representative potential scan of a hydrogen evolution 

reaction by LSV is shown in Figure 2.4a. The scan provides useful data to analyze and 

compare the activity of catalysts. Important information, such as onset overpotential, 

 

Figure 2.2. Three electrode cell used for water splitting reaction. 
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Tafel slope, and overpotential at certain current density, can be extracted from LSV.  

To report catalyst performance, onset overpotential and overpotential at pre-

determined catalytic currents are reported to compare different catalysts. Onset 

overpotential is the first observed reaction potential. More meaningful potentials are the 

potentials at certain operating current values, and the most common current value is the 

10 mA/cm2.8, 9 The electric current is dependent on the electrochemical potential which 

can be described with the Volmer-Butler equation2-4: 

j = j0 [𝑒
−𝛼𝑛𝐹𝜂

𝑅𝑇  + 𝑒
(1−𝛼)𝑛𝐹𝜂

𝑅𝑇  ]         (2.1) 

j: Current density 

 

Figure 2.3. The current-voltage response of an electroactive species. 
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j0: Exchange current density 

α: Charge transfer coefficient 

n: Number of electrons transferred 

F: Faraday constant 

 

Figure 2.4. Schematic, a) Polarization curves, b) Tafel plots comparing two 

electrocatalysts, c) Nyquist plot (impedance plot) arising from the Randles circuit, and 

d) Randles equivalent circuit for a charge transfer reaction at an electrode surface. Rct 

is the charge-transfer resistance, C is the double-layer capacitance and Rs is the 

solution resistance.  
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R: Ideal gas constant 

T: Temperature 

At high overpotential (η> 0.05V), the Volmer-Butler equation can be simplified and 

derived as Tafel equation: 

η= a + b log j = 
−2.3𝑅𝑇

𝛼𝑛𝐹
 log j0 + 

2.3𝑅𝑇

𝛼𝑛𝐹
 log j      (2.2) 

Parameter b ( 
2.3𝑅𝑇

𝛼𝑛𝐹
), which is called the Tafel slope, presents the linear 

relationship of overpotential and log j.8, 10, 11 Practically, the Tafel slope determines the 

overpotential increase necessary to increase the catalytic current density by an order of 

magnitude, as shown in Figure 2.4b. Therefore, Tafel analysis of the electrode provides 

meaningful kinetic information on catalysts. A good catalyst is characterized by a small 

overpotential and a low Tafel slope. 

 

 2.2.1.2 Impedance spectroscopy 

Impedance spectroscopy assesses the resistance and capacitance properties of the 

electrode by applying a sinusoidal perturbation on a DC voltage and measures the 

magnitude and phase angle of the current response.12-14 EIS is a powerful technique to 

measure performance and properties of the electrode. EIS data can be summarized with 

Nyquist plots (Figure 2.4c).12-15 The x-axis (Z’, real component) represents the resistance 

and y-axis (Z”, imaginary component) represents a function of capacitance, which can be 

described by the below equations:  16, 17 
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Z’= 𝑅𝑠 + 
𝑅𝑐𝑡

1+ 𝜔2𝑅𝑐𝑡
2 𝐶𝑑𝑙

2  
          (2.3) 

Z”= 
𝑅𝑐𝑡

2 𝐶𝑑𝑙 𝜔

1+ 𝜔2𝑅𝑐𝑡
2 𝐶𝑑𝑙

2  
         (2.4) 

Rs: solution resistance 

Rct: charge transfer across an interface 

Cdl: double layer capacitance 

ω: angular frequency 

Impedance spectroscopy can measure charge transfer resistance (Rct) and 

differentiate it from other resistances.13, 15, 16 The EIS data should be simulated to 

quantify the physical phenomena. EIS data can be simulated with regard to equivalent 

electronic circuits.12-15 One of the most used equivalent electrical circuits is the Randles 

equivalent circuit model (Figure 2.4c and 2.4d). The Randles equivalent circuit model 

provides an effective impedance measurement simulation to model interfacial 

electrochemical reactions.12-15  

EIS is used to measure the performance of the electrodes and also to correlate the 

catalytic activity and charge transfer resistance of the materials for the water splitting 

reaction.12, 13 In this dissertation, impedance spectroscopy was used to characterize the 

charge resistance of the electrode. The impedance spectroscopy data were fitted 

according to the Randles equivalent circuit model and simulated with CH Instruments 

(CHI660E) software. 
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 2.2.2 Electron Microscopy 

For research in material and surface science, it is necessary to characterize and 

observe surface morphology. Electron microscopy is a powerful and reliable research 

technique to visualize the surface of the material. In contrast to light microscopy, wave-

like properties of electrons are used to observe and visualize material, which offers the 

advantage of higher magnification and resolution.18 Two main types of electron 

microscopes, scanning electron microscopes (SEM) and transmission electron 

microscopes (TEM), are frequently used depending on the desired information, as shown 

in Figure 2.5. SEM probes the surface by scanning it with a focused beam of electrons 

and provides three-dimensional visualization of surfaces.18 TEM generates images from 

transmitted electrons, while SEM records images from emitted electrons from the 

surface.18 The two types of electron microscopy, SEM and TEM, were used in the present 

dissertation and are discussed in detail below. 

 

  2.2.2.1 Scanning Electron Microscopy (SEM) 

SEM is a powerful technique to study the surface of the material because it 

provides a higher resolution than optical microscopy. A high-energy beam of electrons 

beams bombards the surface with primary electrons. The electron beam can penetrate the 

sample and interact with the sample, thereby producing secondary electrons, back-

scattered electrons, X-ray continuum, or Auger electrons (Figure 2.5e). The two main 

types of electrons, secondary and backscattered electrons, can be collected and used to 

record the image in SEM. However, it is more common to use secondary electrons to 
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record the image.18-21 Secondary electrons are generated and ejected from atoms of the 

sample as a result of inelastic interaction, while backscattered electrons are reflected by 

elastic interaction of primary electrons and the sample. Therefore, the number of emitted 

backscattered electrons is proportional to the atomic number of the sample. The 

resolution of images recorded by back-scattered electrons is less than those generated by 

secondary electrons. 18-21 The resolution of SEM depends on multiple factors such as 

electron spot size or accelerating voltage.18 

SEM can be complemented with energy-dispersive X-ray spectroscopy (EDX). 

Through scanning of the surface, the sample is ionized, and a vacancy in the shell of the 

atoms is generated which can be filled by an electron from a higher energy level, 

resulting in the emission of an X-ray photon. The resulting X-ray can be detected by 

EDX and provide information about the elemental map and elemental composition of the 

surface.18 The SEM samples were prepared by drop-casting appropriate amounts of the 

dispersed samples on silicon wafers, as shown in Figure 2.5c, following by drying in a 

fume hood and at room temperature. 

In the presented research, SEM was used to investigate the morphology and 

microstructure of the material and to study the interaction of layered material with 

bacterial cells. EDAX analysis was applied or utilized to analyze the elemental ratio of 

the layered material, and to confirm the formation of MoS2 layers on the surface in 

chapter four. A FEI Quanta 450FEG instrument, equipped with an Oxford energy 

dispersive analysis of X-ray (EDAX) system using Aztec 2.1 as the analyzing software, 

was used for all the measurements. 
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 2.2.2.2 Transmission Electron Microscopy (TEM) 

TEM is a powerful tool to image materials at the nanoscale. Transmission 

electron microscopy can characterize a thin layer of the sample by detection of a beam of 

electrons transmitted through the sample. The generated electron is focused by a series of 

electromagnetic lens coils and passed through the sample. A charge coupled device 

(CCD) camera can be positioned underneath the sample to capture the image. The image 

 

Figure 2.5. a) Scanning electron microscopy, b) Transmission electron microscopy, c) 

SEM sample holder (silicon wafers on top of the SEM stub). The samples were 

prepared by drop-casting an appropriate amount of dispersed product on silicon 

wafers, d) Carbon-coated copper grid for TEM imaging, e) Schematic of signals 

emitted from the sample after interaction with primary electrons. 



39 

 

contrast results from the difference in chemical composition or thickness of materials 

which differ in the number of transmitted electrons.18 The TEM samples were prepared 

by drop-casting appropriate amounts of the dispersed samples on carbon-coated copper 

grids, as shown in Figure 2.5c, followed by drying at room temperature. 

TEM can be used to observe the morphology and structure of materials. TEM has 

a higher resolution than SEM and can characterize the sample at an atomic level. TEM 

requires a high vacuum level to avoid the collision of electrons with the gas.18 In the 

present research, TEM was used to analyze the morphology of layered materials. A JEOL 

JEM-1400 TEM instrument, operating at an accelerating voltage of 120 kV, was used for 

all measurements.  

 

 2.2.3 Scanning Probe Microscopy 

A scanning probe microscope (SPM) is a class of microscopy that records images 

of surfaces using a physical probe which scans the sample. Two common types of 

scanning probe microscopes are AFM and STM.22, 23 Scanning tunneling microscopy 

(STM) and Atomic Force Microscopy (AFM) were introduced about 30 years ago. STM 

is based on a physical effect known as quantum mechanical tunneling. The tunneling 

current is generated by applying potential from one surface (tip) to another (sample) at a 

close distance when their electron distributions overlap. The high resolution STM can 

obtain atomic-scale imaging. In contrast, AFM is based on the detection of forces acting 

between the tip and the sample.22, 23 Recent advances of STM and AFM instruments 

provide high-resolution visualization of structures at atomic and nanometer scales. 
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Although STM and AFM instruments can operate at an ultrahigh vacuum, their ability to 

probe samples at ambient conditions and even in liquids is their distinguishing feature.23-

25  

The AFM technique permits surface characterization, including high-resolution 

examination of surface topography and compositional mapping of samples on scales from 

hundreds of microns down to nanometers.23-25 AFM can visualize the surface and provide 

information about interactions of the tip with surfaces (Figure 2.6). There are three 

common modes to scan the surface of a sample, including contact mode, non-contact 

mode and tapping mode.26-28 In contact mode, the tip scans the surface at short distance. 

The difference in frictional force of tip and surface leads to reflection of cantilever, and 

the deflection signal represents the topology of surface.26-28 In contrast to the contact 

mode, there is no contact between tip and surface in non-contact mode (Figure 2.6), in 

which the tip oscillates near its resonance frequency.26-28 Changes in the phase and 

amplitude of the oscillations represent the surface topology. The tapping mode is an 

 

Figure 2.6. A schematic diagram of, a) an atomic force microscopy, b) contact 

mode imaging, and c) tapping mode imaging. 
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alternative mode to the non-contact mode, in which the cantilever oscillates at a higher 

amplitude above the surface.26-28  

AFM has found unique applications in physics, chemistry, materials, geology, and 

biology. AFM has been successfully applied for imaging of solid surfaces with sub-

nanometer resolution for natural materials, such as minerals, synthetic materials such as 

polymers and ceramics, and biological materials such as live organisms and bacteria.  

AFM allows measuring surface topography with a sharp probing tip and can 

provide three-dimensional high-resolution images of samples under a variety of 

environmental conditions.  AFM has made significant contributions in surface science, 

provides information about the surfaces and interfaces at nanoscale, and is usually used to 

complement information made by SEM and TEM. AFM has found various applications 

to analyze surface texture without a prior coating of specimens.29, 30 Atomic force 

microscopy (AFM) has provided new opportunities for imaging of layered material to 

visualize the layered structure and provide accurate measurement of the height of the 

layers.31-33 

In the dissertation, exfoliated sheets were characterized by AFM to confirm the 

formation of monolayers. Furthermore, in chapter four, the height profile analysis of 

layers assembled on the surface was performed by AFM after using the deposition 

cycling method. By contrast, the STM technique was used as a complementary technique 

to provide an atomic resolution image of the layered materials to confirm the presence or 

absence of vacancies and to measure the conductivity of the layers. STM imaging was 

performed with Agilent 4500 (molecular imaging). AFM measurements were performed 

with an Agilent 5100 (Agilent technologies, AZ, USA). 
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 2.2.4 X-ray Diffraction 

X-ray diffraction is a versatile analytical technique and is used to characterize 

crystal structure.34-36 Recently, X-ray diffraction has become an increasingly important 

technique for qualitative and quantitative analyses as well as for fundamental studies of 

the properties and structures of particles and layered materials. X-ray diffraction is a non-

destructive technique; a large amount of information about a relatively small sample of 

material can be obtained.34-36 The operative equation in X-ray diffraction is the Bragg 

equation:34-36 

 

Figure 2.7. a) Bruker D8 X-ray diffractometer, b) Si low background sample holder 

(Ø 51.5 mm, Ø 24.5 mm Si crystal). The samples were prepared by drop-casting an 

appropriate amount of dispersed product onto the Si low background sample holder, 

and c) Schematic of Bragg’s Law. 
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nλ = 2d sin Ѳ          (2.5) 

n is the order of a reflection (n є [1, 2, 3, …]), λ the wavelength, d the distance between 

parallel lattice planes, and Ѳ the angle between the incident beam and a lattice plane, 

called the Bragg angle (Figure 2.7). When the path length in the crystal (2d sin Ѳ) is a 

multiple of the wavelength, constructive interference occurs, and the diffracted intensity 

increases. Generally, the d-spacing is a function of the lattice parameters (a, b, c) and 

angles (α, β, λ), defining the unit cell. Therefore, it is the geometry of the crystal lattice 

that specifies the position of the peaks in an x-ray diffraction pattern.34-36 

In the dissertation, XRD was carried out by using a Bruker D8 x-ray 

diffractometer with Cu Kα radiation (λ=0.15406) (Figure 2.7a). A Si low background 

sample holder (Ø 51.5 mm, Ø 24.5 mm Si crystal) was used to record the XRD pattern 

(Figure 2.7b). 

 

 2.2.5 Pair Distribution Function (PDF) 

To study the crystal structure of powder or single crystal, the long-range order of 

material can be determined with the conventional X-ray diffraction method by analyzing 

the Bragg peak position and intensities in data. 37-39 Determining the short-range order of 

material, however, is a challenging problem. PDF is a scattering method (X-ray, neutron 

or electron sources) that can determine the local structure of the material at an atomic 

scale. It can provide the probability of finding two atoms at a certain distance (r).37-39 

PDF is a total scattering experiment that is based on diffuse and Bragg scattering, 

while conventional X-ray diffraction provides information by Bragg scattering alone. 
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Bragg scattering represents the long-range order, while diffuse scattering represents the 

short-range order. 37-39 In many materials, the short-range order is distinct from the long-

range order (average structure). The PDF provides an opportunity to bring this difference 

to light. In other words, to study the structure of the material, the long-range order 

(Rietveld refinement) can be combined with PDF analysis to probe local deviation from 

the long-range order.37-39  

Direct information that can be extracted from PDF includes average intraatomic 

distances, structural disorder, and particle size effect.37-40 The average intraatomic 

distances (bond length) can be estimated by the PDF peak position. Meanwhile, PDF is a 

 

Figure 2.8. The experimental PDF setup and schematic of the process to obtain 

atomic pair distribution functions. 
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sensitive technique to analyze particle size, because probing the local structure cannot be 

 

Figure 2.9. Atomic distance of As2O3 as function of Qmax. Adapted with permission 

from Clare A.G., et.al. A neutron diffraction investigation of the structure of vitreous 

As2O3, Journal of Non-Crystalline Solids. 1989 Nov;111(2–3);123-138. Copyright 

2020 Elsevier. 
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extended to a range longer than the maximum diameter of the particle.37-40  

The high energy of X-ray is used for the PDF method which is provided by 

synchrotron radiation sources. In contrast to the conventional X-ray diffraction method, 

PDF can provide structural information for nano structures, amorphous, and disordered 

materials.37-40 Using short wavelength of X-ray makes it possible to measure all 

scattering (diffuse and Bragg scattering). The atomic pair distribution function, G(r), can 

be obtained by analyzing raw data through Fourier transfer, and it can be calculated by 

the below equation:37, 39 

Q= 4𝜋 𝑠𝑖𝑛 𝑠𝑖𝑛 
𝜃

𝜆
      (For Elastic scattering)        (2.6) 

𝐹(𝑄) = 𝑄[𝑆(𝑄) − 1]           (2.7) 

𝐺(𝑟) =  
2

𝜋
 ∫

𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛
𝐹(𝑄) 𝑆𝑖𝑛(𝑄𝑟) 𝑑𝑄       (2.8) 

2θ: scattering angle 

λ: the wavelength of the scattering radiation 

Q: the magnitude of scattering momentum 

S(Q): the normalized diffraction intensity 

Figure 2.8 shows the experimental setup for the PDF experiment, executed at 

Argonne National Laboratory, as well as the process to obtain atomic pair distribution 

functions. Qmax, the magnitude of the scattering Vector, represents the resolution of the 

experiment. Consecutively, a higher Qmax provides higher real space-resolution. The peak 

position is independent of Qmax, while peak intensity is proportional to Qmax.
37, 39, 41 The Q 
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variable for the conventional X-ray diffraction is around 5Å-1, while in a total scattering 

experiment, it can be increased to 30 Å-1 or higher.37 The PDF analysis of As2O3 as a 

function of Qmax is shown in Figure 2.9.41 As demonstrated, by increasing the Qmax the 

resolution of the data can be increased.  

In chapter 6, the PDF technique was used to examine the birnessite structure 

before and after the arsenite oxidation reaction. The PDF experiment was performed with 

X-ray (λ=0.24105) on beamline 17-BM at the Advanced Photon Center (APS) at 

Argonne National Laboratory. The collected data (Qmax of 20.6 Å-1) was transferred to 

PDF pattern using GSAS Ⅱ software. 

 

 2.2.6 Brunauer–Emmett–Teller (BET) 

Brunauer–Emmett–Teller (BET) surface area analysis can directly measure the 

surface area and pore size distribution of a material.42, 43 The BET experiment is based on 

the BET theory, e.g. the adsorption of a gas on the surface.43-45 The adsorption process of 

a gas can be physical or chemical. The physical adsorption process relies on Van der 

Walls forces, while the chemical adsorption process is based on a chemical reaction.43 

There is a correlation between the amount of the adsorbed gas and the surface area of the 

adsorbent.43-45 The BET theory assumes that the adsorbed gas forms a monolayer with a 

closed-packed structure on the surface and that the adsorbed gas acts as a site for 

adsorption of the gases in the layers above.43-45 The BET theory is based on the 

multilayer adsorption model.43-45 
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In the BET surface analysis, nitrogen gas is released to the system (sample cell) in 

a stepwise process, and the relative pressure is recorded.43-45 The increasing pressure 

causes the formation of the adsorbate molecule layers. At maximum pressure, no 

additional adsorption of gas is possible, regardless of any increase in pressure, and bulk 

condensation develops.43-45 The amount of adsorbed gas as a function of relative pressure 

can be plotted, and the surface area can be calculated by BET equation. The BET 

equation is described as below:43-45 

P/P0

n(1− P0)
 = 

1

nm C
+ 

C−1

nm C
 (P/P0)         (2.9) 

n: specific amount of the adsorbed gas at relative pressure (P/𝑃0) 

𝑛𝑚: monolayer capacity of the adsorbed gas 

P: pressure 

𝑃0: saturation pressure of a substance 

C: BET constant 

To calculate the specific surface area, the linear range of the BET plot should be 

selected, and the monolayer capacity ( 𝑛𝑚), and the surface area (𝑆𝑎) can be calculated 

by following equation:43-45 

𝑆𝑎 = 𝑛𝑚 . 𝐿 . 𝐶𝑠𝑎 / m         (2.10) 

L is the Avogadro constant, 𝐶𝑠𝑎  is the cross-sectional area of the adsorbate, and m is the 

mass of the adsorbent.43, 45 N2 adsorption was applied to measure the surface area (SA) of 

birnessite, using a Quantachrome Monosorb surface area analyzer. 
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 2.2.7 Antimicrobial tests 

 Flow Cytometry and Fluorescence Imaging 

In chapter 3, the antibacterial activity of layered material was discussed, and flow 

cytometry was used to assess the viability of large populations of bacterial cells, treated 

with layered MnO2 and MoS2. 

Flow cytometry is a technology, which involves the analysis of multiple physical 

and chemical properties of single cells, individual particles, or, as shown in this study, 

bacteria in solution, using light scattering and fluorescence properties.46, 47 When 

illuminated by a laser beam, cells in a fluid stream scatter light, and cell components 

labeled with fluorochromes emit fluorescence. The emitted light signals are collected by 

lenses and directed to detectors by beam splitters and filters and then converted to 

electronic signals. Data on light scattering and fluorescence of each cell is analyzed by a 

computer allowing the characterization of subpopulations within the sample.  Flow 

cytometry allows sorting of viable highly purified cell populations and has applications in 

multiple disciplines, e.g. immunology, molecular and cancer biology, infectious disease. 

46, 47 

Light scatter is analyzed as Forward Scatter (FSC), indicative of the relative size 

of the cell, and Side Scatter (SSC), determined by the internal complexity or granularity 

of a cell. Correlation of FSC and SSC parameters allows discrimination of cell 

subpopulations, for example, leukocyte subsets. 
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Fluorescence of cells transfected to express fluorescent proteins or stained with 

fluorescent dyes or fluorochrome- conjugated antibodies can be measured, allowing for 

identification and quantification of a cell type or subset, when combined with FCS and 

SSC data. Mean fluorescence intensity of multiple cell populations can be compared and 

differential expression of the labeled cell constituent can be quantified. 46, 47 

A fluorochrome absorbs light energy over a characteristic spectrum of 

wavelengths and emits the excess energy as a photon of light. When passing through the 

laser stream, each fluorochrome label emits a fluorescent signal which is proportional to 

the number of fluorochrome-stained cells or fluorochrome-conjugated antibodies labeling 

a cell constituent. Multiple fluorochromes can be combined if they are excited by the 

wavelength of the laser and if their peak emission wave lengths are distinct and can be 

detected by a separate detector. 

Cell viability can be assessed via exclusion of dyes (Propidium iodide, DAPI) or 

by binding of a dye to intracellular amines, indicative of loss of cell membrane integrity. 

SYTO® 9 stain is a green-fluorescent nucleic acid stain which penetrates both 

prokaryotic and eukaryotic cell membranes and is used to assess the viability of bacterial 

cells. While SYTO® 9 dye enters both viable and dead cells, the red-fluorescent nucleic 

acid stain Propidium iodide (PI) only enters cells with interrupted cell membranes (dead 

and damaged cells).  As PI has a greater affinity to nucleic acids than SYTO® 9, SYTO® 

9 is displaced by PI, when cells are incubated with both dyes. When incubated with 

SYTO® 9 and PI nucleic acid stains, viable bacteria with intact cell membranes are 

characterized by green fluorescence, and dead bacteria with interrupted cell membranes 

show red or yellow fluorescence. Mostly dead or dying bacteria cells show yellow 
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fluorescence (instead of red), indicating that SYTO® 9 has not been completely replaced 

by PI yet. 46-48  

In the present research, flow cytometry and fluorescence imaging were used as 

complementary techniques to study the antibacterial activity of layered materials. To this 

end, gram-positive and gram-negative bacteria samples, which were untreated (control) 

or treated with layered MnO2 and MoS2, respectively, were stained with PI and SYTO® 

9 dyes. Bacteria populations were then analyzed by flow cytometry or fluorescence 

imaging. Viability of bacteria was assessed by comparing red-fluorescent dead and green-

fluorescent viable cell populations for treated and untreated conditions, respectively. 

Flow cytometer data was collected by BD Accuri C6 Flow Cytometer with a 

medium fluid rate and a limit of 100 000 events.  
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CHAPTER 3 

ANTIMICROBIAL PROPERTIES OF 2D MnO2 AND MoS2 NANOMATERIALS 

VERTICALLY ALIGNED ON GRAPHENE MATERIALS AND Ti3C2 MXENE 

(Note: Content of this Chapter was adapted from the Publication “Farbod 

Alimohammadi, Mohammad Sharifian Gh., Nuwan H. Attanayake, Akila C. Thenuwara, 

Yury Gogotsi, Babak Anasori, and Daniel R. Strongin, Antimicrobial Properties of 2D 

MnO2 and MoS2 Nanomaterials Vertically Aligned on Graphene Materials and Ti3C2 

MXene, Langmuir, 2018, 34, 24, 7192–7200” with permission. Copyright 2020 

American Chemical Society.) 

 

ABSTRACT 

In chapter three, the interaction of layered materials with bacterial cell has been 

investigated, and the effect of the edges on the antibacterial activity pursued. In the 

interest of investigating the primary antimicrobial mode-of-action of 2D nanomaterials, 

the antimicrobial properties of MnO2 and MoS2 were studied toward Gram-positive and 

Gram- negative bacteria. Bacillus subtilis and Escherichia coli bacteria were treated 

individually with 100 µg/mL of randomly oriented and vertically aligned nanomaterials 

for 3 h in the dark. The vertically aligned 2D MnO2 and MoS2 were grown on 2D sheets 

of graphene oxide, reduced graphene oxide and Ti3C2 MXene. Measurements to 

determine the viability of bacteria in the presence of the 2D nanomaterials performed by 

using two complementary techniques, flow cytometry and fluorescence imaging showed 

that while MnO2 and MoS2 nanosheets show different antibacterial activities, in both 

cases, Gram-positive bacteria show a higher loss in membrane integrity. Scanning 

electron microscopy (SEM) images suggest that the 2D nanomaterials, which have a 

detrimental effect on bacteria viability, compromise the cell wall, leading to significant 

morphological changes.  We propose that the peptidoglycan mesh (PM) in the bacterial 
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wall is likely the primary target of the 2D nanomaterials. Vertically aligned 2D MnO2 

nanosheets showed the highest antimicrobial activity, suggesting that the edges of the 

nanosheets were likely compromising the cell walls upon contact. 

 

3.1 Introduction 

According to the World Health Organization (WHO), antibiotic resistance has 

become one of the biggest concerns to human health and food security, demanding a 

continuous development of new classes of antimicrobial agents.1-4 In the interest of 

dealing with the antibiotic resistance, nanomaterials with antibacterial properties (e.g., Ag 

nanoparticles) have been widely studied for various applications such as water treatment,5 

food packaging,6 medical devices,7 and in textile industries.8, 9 Among the various types 

of nanomaterials, ones with a two-dimensional (2D) motif and antimicrobial activity have 

been recently introduced for biomedical and environmental applications.10-12 

Understanding the primary antimicrobial mode-of-action (MoA) of 2D 

nanomaterials is crucial in designing new nanomaterials with higher antibacterial activity 

and lower toxicity toward human cells. Among 2D nanomaterials, the graphite family 

(i.e., graphite, graphene oxide (GO), graphite oxide, and reduced graphene oxide (rGO)) 

has been well studied for antibacterial applications.10, 13-15 Research has shown that 

antibacterial properties of the graphite family are driven by both chemical and physical 

factors.10, 16, 17 For instance, it has been reported that sharp edges of GO nanosheets (i.e., 

called ‘nano-knives’) damage bacterial membranes, which results in the release of 

cytoplasmic materials and bacteria death.10-12, 16, 17 It is proposed that smaller nanosheets 
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might permeate into the microorganism through direct physical penetration or via 

endocytosis.10-12 

A goal of the present study is to evaluate the role of ‘nano-knife’ characteristics of 

2D nanomaterials on their antibacterial properties. While there have been many studies 

on graphite family nanosheets, there is a little understanding about the antibacterial 

properties of other common 2D nanomaterials, such as MnO2 and MoS2. Among 

transition metal chalcogenides,18-20 MoS2 has been widely used for various applications 

that have included catalysis,21 energy storage,22 drug delivery,23-26 and environmental 

chemistry.27 To the best of our knowledge, however, there are only a few studies on 

antibacterial properties of those nanomaterials. Yang et. al. have shown that monolayer 

MoS2 with less aggregation has higher antibacterial activity than bulk MoS2 which is due 

to their morphology differences, including shape and specific surface area.28 Research 

has reported that production of  reactive oxygen species (ROS) is increased in the 

presence of vertically aligned MoS2 on a glassy carbon substrate, which results in higher 

antibacterial activity of the nanomaterial.29 Prior work has also shown that the basal plane 

of the GO- MoS2 nanocomposite has antibacterial properties.30  MnO2 nanomaterial has 

found use in the environmental arena as a material capable of destroying aqueous 

pollutants31, 32 and showing antibacterial activities 31, 33-36 as well. For example, it has 

been shown that MnO2 coated onto an ultrafiltration membrane can be used in drinking 

water treatment. Moreover, antibacterial properties of α-MnO2 are enhanced when 

decorated onto carbon nanotubes.34 However, the antibacterial activity of layered MnO2 

(i.e., birnessite phase) has not been studied yet.  
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In the current study, we build on prior research and investigate antibacterial 

properties of MnO2 toward both Gram-positive (i.e., Gram+) and Gram-negative (i.e., 

Gram−) bacteria. Our scientific hypothesis to be tested is that the sharp edges of 2D 

nanosheets play a key role in damaging the bacterial cell wall, which results in the loss of 

membrane integrity and bacteria death. To this end, we compare the antibacterial activity 

of randomly oriented (i.e., dispersed flower-like MnO2 and MoS2) versus vertically 

aligned MnO2 and MoS2 nanomaterials grown individually on GO, rGO, and Ti3C2 

 MXene substrates (i.e., MnO2/GO, MoS2/rGO, and MoS2/MXene). The scientific logic 

used to test our hypothesis is that if sharp edges of the 2D nanomaterials play a 

significant role in reducing the bacteria membrane integrity, the antibacterial activity of 

the nanosheets vertically grown on 2D substrates should be greater compared to the 

randomly oriented sheets of the respective nanomaterial. Escherichia (E.) coli and 

Bacillus (B.) subtilis bacteria species were chosen as Gram− and Gram+ model systems, 

respectively. To reduce the effects of oxidative stress (i.e., mainly ROS-dependent 

oxidative stress) in antibacterial properties, we incubated bacteria with the nanomaterials 

in the dark. Flow cytometry (FC) and fluorescence imaging (FI) techniques were used for 

bacteria viability measurements and scanning electron microscopy (SEM) was used to 

evaluate interactions of 2D nanomaterials with the bacteria.  

 

3.2 Experimental Section  

 Materials and Methods 

All reagents were analytical grade and were used without further purification. 
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 Synthesis of 𝐆𝐎 and 𝐌𝐗𝐞𝐧𝐞 

The GO nanosheets were synthesized via the modified Hummers’ method.37 The 

MXene (i.e., Ti3C2Tx) 2D sheets were synthesized by hydrochloric acid-lithium fluoride 

etching and delamination method as has been reported in detail previously.38 

 

 Synthesis of 𝐌𝐧𝐎𝟐 and 𝐌𝐧𝐎𝟐/𝐆𝐎 

MnO2 nanomaterial was synthesized via the Redox reaction as reported in ref. 39. 

About 80 mg of GO nanomaterial was added to deionized water (DI-water) and was 

sonicated for 1 h. Then, 170 mg of Mn(NO3)2 and 60 mg copolymer (i.e., poly(ethylene 

glycol), poly(propylene glycol), poly(ethylene glycol) triblock copolymer) were added to 

the GO solution and stirred for 30 min. The solution was heated to 45°C and then 10 mL 

of 0.1 M KMnO4 was added into the solution dropwise. The solution was centrifuged and 

the collected pellet was rinsed five times to eliminate byproducts. Pristine MnO2 was 

synthesized through the same procedure, but without addition of the GO nanomaterial. 

 

 Synthesis of 𝐌𝐨𝐒𝟐, 𝐌𝐨𝐒𝟐/𝐆𝐎 and 𝐌𝐨𝐒𝟐/𝐌𝐗𝐞𝐧𝐞 

The procedure for synthesis of MoS2 and MoS2/GO nanomaterials have been 

reported in details previously.40 Briefly, 8 mg GO nanosheets were added in to 15 mL 

DMF solution and then sonicated for 30 min. Subsequently, 30 mg (NH4)2MoS4 was 

added into the solution and stirred for 30 min. The solution was transferred to a 25 mL 

Teflon-lined autoclave and heated to 200°C for 10 h (i.e., without ramping or cooling rate 

control). The product in the form of a precipitate was recovered by centrifugation (6,000 

rpm) for 15 min. The precipitate was rinsed in DI-water to remove the solvent and 
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byproducts. This procedure was repeated using ethanol and acetone to completely remove 

residual solvent and byproducts. Pristine MoS2 was synthesized through the same 

procedure, but without the addition of GO nanosheets. To synthesize MoS2 on the MXene 

substrate, we first sonicated MXene in dimethylformamide (DMF) for 1 hr to exfoliate 

the material. Thereafter, the same procedure was applied to synthesize MoS2 nanosheets 

on to the MXene as that on GO. 

 

 Characterization of Nanomaterials 

SEM images of the nanomaterials were obtained by using a FEI Quanta 450 FEG 

instrument. Samples were prepared by drop-drying from a water suspension on to Si 

wafers. TEM images were obtained by a JEOL JEM-1400 instrument. Samples were 

prepared by drop-drying a diluted suspension onto copper grids covered with lacy carbon 

films. X-ray diffraction (XRD) was performed on a Bruker d8 instrument. Zeta potential 

measurements were performed by using a Zetasizer Nano (Malvern Instruments). AFM 

measurements were performed with an Agilent 5100 (Agilent technologies, AZ, USA) 

operating in tapping mode in air. Conical tips with aluminum reflex coating were 

obtained from MikroMasch (radius < 8 nm, spring constant = 5 N/m, resonant frequency 

= 160 kHz). Samples were prepared by drop-drying a diluted suspension onto mica 

substrate. The WSXM software was used for the image analysis.41 

 

 Bacterial Strains 

The antibacterial properties of the nanomaterials were evaluated using the Gram− 

E. coli (mc4100 strain, ATCC 35695) and the Gram+ B. subtilis bacterial strains 
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(Ehrenberg Cohn 168 strain, ATCC 23857). The bacterial strains were cultivated on 

Lauria Broth agar medium plates (LB Broth with agar Lennox, Cat. No.: L2897, Sigma-

Aldrich) at 37°C for 24 h and then stored at 4°C for future use. 

 

 Bacteria Preparation 

A discrete colony of each bacterial strain was grown aerobically at 37°C in 50 mL 

Terrific Broth solution in a shaking flask at 150 rpm for 8 hours (i.e., at middle-to-late 

exponential phase). The harvested bacteria were centrifuged (i.e., 1500xg, 2 min, room 

temperature) and then washed twice with phosphate buffer saline (i.e., 1xPBS; pH = 7.3) 

to remove waste and residual Terrific Broth. For each washing step, we used a Rotamix 

(10101-RKVSD, ATR Inc.) at 20 rpm to suspend the pellet cells in 1xPBS with no 

biomechanical forces applied to the bacteria during the resuspensions. After twice 

washing with enough 1xPBS, the supernatant was removed and the pellets were collected 

for preparing the E. coli and B. subtilis stock samples in 1xPBS with the cell density of 

OD600 =  0.15 ± 0.05. We point out that we applied experimental conditions that were 

deemed least detrimental to the viability of the bacteria (e.g., osmotic shock, mechanical 

force) to make sure that all antibacterial activity in our experiments stemmed only from 

exposure to the nanomaterials. 

 

 Fluorescence Imaging of Bacteria 

In each fluorescence imaging experiment, a 20 µL aliquot of the untreated and 

treated bacterial suspensions were placed on microscope glass slides for performing the 

viability staining. For treated samples, bacterial stock samples were exposed to 100 
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µg/mL of each 2D nanomaterial for 3 hours in complete darkness (i.e., nanomaterial 

stock suspensions of 200 µg/mL were sonicated at 37 kHz for 1 h before use). Then, the 

samples were incubated with 20 µM propidium iodide, PI (Sigma-Aldrich) and 5 µM 

SYTO9 (Molecular ProbesTM) for 15 min at room temperature. To avoid osmotic stress 

on bacterial samples, the PI/SYTO9 solution was prepared in 1xPBS. The samples were 

enclosed by glass coverslip slides and were mounted on the microscope stage. Epi-

fluorescence images of at least 15 filed-of-view (FOV) were recorded for each glass slide 

(i.e., each sample) and more than 2,000 cells were counted for three separate 

experiments. The SYTO9-stained bacteria (i.e., green) correspond to the live bacteria and 

the PI-stained bacteria (i.e., red) correspond to the dead bacteria. The percentage of 

viable bacteria was calculated by using these two values.  

 

 Fluorescence Microscope Setup and Image Analysis 

A Nikon ECLIPSE TE200 microscope with a 40x/0.60 PlanFlour (Nikon) 

objective lens coupled to a digital image capture system (Hamamatsu C11440) was used 

to record images by the NIS Elements (ver. 4.20) software. Images were saved using the 

tagged image file format (TIFF). For the fluorescence imaging, we used a epi-

fluorescence configuration. A EXFO X-cite 120 Fluorescence Illuminator system was 

used as the light source to excite the PI and SYTO9 molecules and the red and green 

fluorescence emission were recorded in the backward direction through appropriate filter 

cubes. Filter cubes had an excitation and detection wavelengths respectively centered at 

560 and 630 nm for PI (Prod. No.: 49008, CHROMA) and 480 and 535 nm for SYTO9 

molecules (Prod. No.: 49011, CHROMA). Image analysis was performed by using 
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ImageJ software (National Institutes of Health, 1.43u). In a typical image analysis, the 

images recorded by the two filter cubes were stacked to show the PI-stained and SYTO9-

stained bacteria in a single FOV. 

 

 Flow Cytometry of Bacteria 

Bacterial stock samples were exposed to 100 µg/mL of each 2D nanomaterial for 

3 h in the dark (i.e., 2D nanomaterial stock suspensions of 200 µg/mL were sonicated at 

37 kHz for 1 h before use). 100 µL of each treated and untreated bacterial sample was 

added in to a 96 flat-bottom well and incubated with 20 µM PI (Sigma-Aldrich) and 5 

µM SYTO9 (Molecular ProbesTM) in 1xPBS (i.e., 1xPBS was used to avoid osmotic 

shock) for 15 min at room temperature. Samples were then placed on to the flow 

cytometer, FC (BD Accuri® C6 Flow Cytometer) stage for analysis. The FC analysis was 

carried out with a medium fluid rate and a limit of 100,000 events. The PI and SYTO9 

were illuminated with a 15 mW argon ion laser (488 nm) and their fluorescence signals 

were collected through the FL2 and FL1 channels with the detection wavelengths of 585 

± 20 nm and 533 ± 15 nm, respectively. To obtain statistical results, three FC trials were 

done on each sample and for three separate bacterial suspensions. The fluorescence 

signals and the forward angle scattering signal were amplified with the logarithmic mode. 

The FC data were collected and analyzed by the BD Accuri® C6 Software. For the 

details of FC data analysis, see Appendix A. 

 

 SEM Images of Bacteria 
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Visual inspection of the morphological changes of bacteria resulting from their 

interaction with 2D nanomaterials was accomplished by using SEM (FEI Quanta 450 

FEG instrument). For treated bacteria, bacterial stock samples were exposed to 100 

µg/mL of each 2D nanomaterial for 3 h (i.e., 2D nanomaterial stock suspensions of 200 

µg/mL were sonicated at 37 kHz for 1 h before use). The freeze-dry method was used to 

prepare the bacterial samples for SEM imaging experiments. About 50 µL aliquot of the 

untreated and nanomaterial-treated bacterial suspensions were dropped on to a silicon 

wafer (i.e., silicon wafer was first cleaned and then attached onto a SEM stub before 

adding bacteria). The silica was then inserted into a mixture of dry ice and ethanol (ca. – 

60°C) to quickly freeze the samples.42 The frozen samples were then quickly placed in to 

a manifold freeze-dryer for at least two days. 

 

3.3 Results and Discussion 

 3.3.1 Characterization of 2D Nanomaterials  

Atomic force microscopy (AFM) was used to characterize the thickness and 

lateral size of the GO and MXene nanomaterials after deposition onto an atomically flat 

mica surface (see Figure A1 and A2). Visual inspection of the micrographs shows that 

the GO monolayer has a thickness of 1 nm and a lateral size varying between 0.3 and 10 

µm. The thickness of MXene nanosheets was in the range of 1 nm (monolayer) to 350 

nm, with the latter dimension being associated with the stacking of many nanosheets. 
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Raman spectroscopy of GO (see Figure A3) showed two broad characteristic 

peaks at 1345 cm−1 (D band) and 1582 cm−1 (G band). The D band is associated with 

the amount of disorder introduced in to the crystalline structure by the presence of defects 

while the G band reflects the sp2-bonded carbon regions (i.e., tangential radial mode). 

The presence and intensity of the D band confirms that the graphene is oxidized to some 

extent.43 

The morphology of the 2D nanomaterials was also investigated with transmission 

electron microscopy (TEM) and SEM. Figure 3.1 presents TEM images of MnO2, MoS2, 

MXene, MnO2/GO, MoS2/rGO, and MoS2/MXene. Flower-like MnO2 and MoS2 had an 

average particle size of 320 and 110 nm, respectively (see Figures 3.1, A4, and A5). 

 

Figure 3.1. TEM images of MnO2 (a), MoS2 (b), Ti3C2 MXene (substrate) (c), 

MnO2/GO (d), MoS2/rGO (e), and MoS2/MXene (f). The TEM images confirm the 

individual nanosheets aligned on the substrates. The scale bar is 100 nm. 

a) b) c)

d) e) f)f )
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The oxide groups on the graphene oxide sheets act as nucleation sites for the growth of 

MnO2 and MoS2. As depicted in the TEM and SEM images (Figures 3.1, A4, A5, and 

A6), MnO2 and MoS2 were uniformly aligned onto the substrate surfaces. TEM 

confirmed that the few layer MnO2 and MoS2 were vertically aligned on the substrates 

(Figure 3.1d, 1e, and 1f).  

 

 3.3.2 Antibacterial Activity of Vertically Aligned versus Randomly Oriented 

 𝐌𝐧𝐎𝟐 and 𝐌𝐨𝐒𝟐 Nanomaterials 

There are a variety of experimental strategies to determine the viability of bacteria 

under an external stress. Among these strategies is the use of fluorescent probes. 

Propidium iodide (PI), for example, has commonly been used as a stain capable of 

assessing the viability of bacteria.44, 45 PI is known to exhibit a fluorescence enhancement 

of up to 20- to 30-fold upon intercalation into double-stranded regions of DNA.46, 47 

Given that bacterial DNA is found exclusively within the cytosol, such an interaction is 

possible only if PI can diffuse across the cytoplasmic membrane (CM) of bacteria. Of 

significance, it has been shown that PI with a concentration of 20 µM, does not cross 

the CM in live bacteria, leading to no fluorescence enhancement. Bacteria with damaged 

membrane, however, exhibit a breakdown-induced permeability enhancement of the CM 

which results in the uptake of PI into the cytosol, which is followed by fluorescence 

enhancement. In contrast to PI, the SYTO9 molecule can easily transport across the CM 

of both live and dead bacteria (i.e., with damaged membrane). Using both stains allows 

us to estimate the ratio of dead/live bacteria (i.e., SYTO9-stained for live; PI-stained for 

dead). Flow cytometry (FC) and fluorescence imaging (FI) of bacteria incubated with 
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concentrations of 20 µM PI is a convenient means of evaluating bacterial viability 48-52 

and deducing mortality rates of bacteria which are exposed to a stimulus such as 

antimicrobial treatment 53 and nanoparticles.54 Here, we evaluate antibacterial properties 

of the 2D nanomaterials (i.e., MnO2 and MoS2) against the two common Gram− and 

Gram+ bacterial species (i.e., E. coli and B. subtilis, respectively) by performing viability 

 

Figure 3.2. Antibacterial activity of MnO2 and MnO2/GO nanomaterials against E. coli 

and B. subtilis bacteria. Fluorescence imaging (a) and flow cytometry (b) results of 

bacteria treated with 100 µg/mL of the nanomaterials for ca. 3 hours in the dark. In 

fluorescence images, the live bacteria are green (SYTO9-stained) and the dead bacteria 

are red (PI-stained). In flow cytometry results, the percentage of viable populations for 

untreated bacteria is shown for comparison. The errors are obtained from three separate 

experiments on each bacterial strain. 
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measurements of the samples using the two complementary methods, FC and FI 

techniques. 

Figure 3.2 exhibits FC and FI results of E. coli and B. subtilis bacteria species, 

untreated and treated with 100 µg/mL of MnO2 and MnO2/GO for 3 h. For the FI and FC 

experimental methods and data analysis, the reader is referred to the Appendix A. As 

shown in Figure 3.2a, the population ratio of the PI-stained to the SYTO9-stained 

bacteria (i.e., red/green ratio) is higher for the MnO2/GO treated bacterial population 

(Figure 3.2a right panels), which is consistent with MnO2/GO having a stronger 

antimicrobial activity than MnO2 (Figure 3.2a left panels). Of significance is that the 

antibacterial activity of MnO2/GO against the Gram+ bacteria (i.e., B. subtilis) is 

noticeably higher than that for the Gram− species (i.e., E. coli). While the FI results 

show stronger antibacterial activity of the vertically aligned MnO2, it does not provide 

statistical information over a large population of bacteria. However, FI results allow us to 

visualize the bacterial populations. Figure 3.2b depicts the complementary results 

obtained by the FC technique, where the percentage of viable populations for untreated 

bacteria is shown for comparison. The strong antibacterial activity of randomly oriented 

MnO2 is reflected in the significant drop of the viable B. subtilis bacteria from 97 to 38%. 

We stress that all bacterial samples were exposed to the 2D nanomaterials in the dark, 

and therefore, we expect that oxidative stress due to ROS is not an important 

consideration. Data presented in Figure 3.2 show that the activity of MnO2 is 

significantly increased for the vertically aligned motif (i.e. MnO2/GO) where the 

population of the viable bacteria decreases to 10%. A similar trend is observed for the 

Gram− species where the percentages of viable bacteria were 87 and 82% for MnO2/GO 
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and MnO2 treated samples, respectively. Similar to previous reports on other 2D 

nanomaterials,55-57 the antibacterial activities of MnO2 against Gram+ bacteria are higher 

than against Gram− bacteria. While the mass of aligned nanosheets in solution are lower 

in comparison to the randomly oriented MnO2 sheets, the higher antibacterial activity has 

been observed for the aligned nanosheets. It is important to mention that the entire 

substrate was covered by vertically aligned MnO2 and we do not expect any physical 

interaction of the bacteria with the substrate. By vertically aligning the MnO2 sheets the 

density of edge increased. The results confirm that increasing the density of edges 

 

Figure 3.3: Antibacterial activity of MoS2, MoS2/rGO, and MoS2/MXene 

nanomaterials against E. coli and B. subtilis bacteria. Fluorescence imaging (a) and 

flow cytometry (b) results of bacteria treated with 100 µg/mL of the nanomaterials for 

ca. 3 hours in the dark. In fluorescence images, the live bacteria are green (SYTO9-

stained) and the dead bacteria are red (PI-stained). In flow cytometry results, the 

percentage of viable populations for untreated bacteria are shown for comparison. The 

errors are obtained from three separate experiments on each bacterial strain. 

 

 

Figure 3.3. Antibacterial activity of MoS2, MoS2/rGO, and MoS2/MXene 

nanomaterials against E. coli and B. subtilis bacteria. Fluorescence imaging (a) and 

flow cytometry (b) results of bacteria treated with 100 µg/mL of the nanomaterials for 

ca. 3 hours in the dark. In fluorescence images, the live bacteria are green (SYTO9-

stained) and the dead bacteria are red (PI-stained). In flow cytometry results, the 

percentage of viable populations for untreated bacteria is shown for comparison. The 

errors are obtained from three separate experiments on each bacterial strain. 
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improves antibacterial activity. We believe that the edges play a pivotal role in the 

antibacterial activity of nanomaterials, likely via a nano-knife mode-of-action. 

Figure 3.3 exhibits results for viability measurements of the bacterial samples 

that were treated with 100 µg/mL MoS2 for 3 h. As depicted, the antibacterial activity of 

MoS2 toward both types of bacteria is lower than MnO2. However, the number of viable 

bacteria reduced from 95% (i.e., for untreated bacteria) to 60% and 75% for MoS2/rGO 

treated and MoS2/MXene treated B. subtilis, respectively. Although, we observe a 

slightly different activity for MoS2 on the two substrates (i.e., which can be attributed to 

the different physical properties of substrates including dimension and flexibility), we 

observe a stronger antibacterial activity for the vertically aligned samples for both 

bacterial species. Similar to MnO2, the antibacterial activity of MoS2 (i.e., and aligned 

samples) is stronger against Gram+ than Gram− bacteria.  

Prior research has reported that the density of edges on graphene nanosheets play 

an important role in antibacterial activity.12 Vertically oriented nanosheets were shown to 

have maximum antibacterial activity. Our results show that an increase in the density of 

MnO2 edges improves the antibacterial activity of the nanomaterial. We should note that, 

in both studies, the substrates are fully covered by the 2D nanomaterials. Therefore, the 

antibacterial activities of the materials are expected to be dominated by the properties of 

the MnO2 and MoS2 2D nanomaterials rather than the substrates (i.e., GO and MXene). 

 

 3.3.3 Proposed Inhibition Mechanism of 2D Nanomaterials 

The viability measurements of the bacterial species treated with the 2D 

nanomaterials (data in Figures 3.2 and 3.3) suggest that the Gram− bacteria are more 
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resistant to the nanomaterials. While MnO2 and MoS2 show different antibacterial 

activities against the bacterial species, in both cases, Gram+ bacteria show a higher loss 

in membrane integrity when exposed to the materials. These results are in a good 

agreement with previous reports which were carried out for MXene and graphene family 

nanomaterials.55-57 Here, with the purpose of investigating interactions of the nanosheets 

with the bacterial surfaces (i.e., to better understand the antibacterial MoA of our 2D 

nanomaterials), we used SEM 58 to visualize the bacterial morphology changes due to 

those physical interactions. Specifically, we investigated the interaction of randomly 

oriented and vertically aligned MnO2 nanosheets with B. subtilis.   

Figure 3.4 presents the SEM images of the Gram+ bacteria, untreated B. subtilis, 

and after being exposed individually to GO, MnO2 and MnO2/GO nanomaterials at a 

loading of 100 µg/mL for 3 h. Untreated bacteria (Figure 3.4a) have a rod-shape 

morphology with a smooth surface and we interpret this image as being representative of 

intact bacterial membranes. The physical interaction of the graphene oxide before 

aligning the sheets on the surface is presented in Figure 3.4b. Inspection of the 

micrograph suggests that graphene oxide sheets wrap around the bacteria. Wrapping or 

trapping of the cell by graphene, in addition to the nano-knife mechanism, is another 

proposed antimicrobial mechanism of the graphene.10, 11, 59, 60 The thin layers of graphene 

oxides are flexible allowing them to wrap around the bacteria, thereby isolating the cell 

from the environment. The lack of natural physiochemical conditions and nutrients could 

ultimately lead to decreased bacterial viability. However, the bacteria morphology does 

not change following exposure to graphene oxide, and it was shown that, after removing 

graphene oxide, the bacteria can proliferate.59 Inspection of Figure 3.4c, shows that the 
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physical interaction of the MnO2 nanomaterial with the bacterial surface alters the 

morphology of bacteria to a significant extent. Regional shrinkages of the cell are 

observed all around the bacteria where the nanomaterial is attached on to the bacterial 

wall. This observation confirms that direct interactions of the nanomaterial with the 

bacteria can cause morphological changes and presumably bacterial death. Figure 3.4d 

presents the SEM image of B. subtilis exposed to MnO2/GO nanomaterial. As expected, 

 

Figure 3.4. SEM images of the B. subtilis bacteria untreated (a), treated with 100 

µg/mL of graphene oxide (substrate) (b), and treated with 100 µg/mL of MnO2 (c), 

and MnO2/GO (d) nanomaterials for 3 hours in dark. The scale bar is 1µm. 

 

a) c)

b) d)
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vertically aligned MnO2 causes more drastic change to the bacterial morphology and 

membrane integrity. The wrapping mechanism which was observed for graphene oxide 

(substrate, Figure 3.4b) is not observed here which shows that the substrate likely does 

not play a key role in the antibacterial activity. However, graphene oxide is a very thin 

layer and is flexible and it, therefore, can probably facilitate the interaction of the aligned 

edges of MnO2 with bacteria. The induced morphological change of bacteria is likely the 

result of the higher density of edge sites associated with the vertically aligned nanosheets, 

 

Figure 3.5. (a) General membrane ultrastructure of Gram− and Gram+ bacterial 

species. Gram− bacteria contain a pair of lipoprotein membranes (i.e., OM and CM) 

separated by a rigid PM. Gram+ bacteria have a significantly thicker PM and a single 

lipoprotein membrane (i.e., CM). (b) Schematic representation of direct physical 

interaction of the bacterial surface with sharp edges of vertically aligned nanosheets 

onto a substrate. 
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which play the role of nano-knives. The shrinkage of bacteria is likely due to loss of 

cytoplasmic material. SEM images show that there is no observable interaction of the 

microbes with the substrate (GO), suggesting that the entire antimicrobial activity is due 

to the vertically aligned nanosheets. 

To investigate the probable MoA of the 2D nanomaterials, we need to review the 

membrane ultrastructure of bacteria in more details. As depicted in Figure 3.5a, Gram− 

bacteria are composed of a pair of distinct lipoprotein membranes: a lipopolysaccharide 

(LPS) coated outer membrane (OM) and an inner cytoplasmic membrane (CM), which 

are separated by a peptidoglycan mesh (PM).61, 62 Conversely, Gram+ bacteria (Figure 

35a, right panel) are comparatively simpler and possess only a single lipid bilayer 

membrane (i.e., CM), though their PM is typically ca. 10−20+ times thicker than that 

found in Gram− bacteria.61 Figure 3.5b is a schematic representation depicting possible 

direct physical interactions of the bacterial surface with sharp edges of vertically aligned 

nanosheets. 

We note that previous studies have not explicitly appreciated the presence of PM 

in the bacterial wall and the role it might play in antibacterial MoA of the 2D 

nanomaterials. Of significance, in both bacterial classes, PM (i.e., the bacterial cell wall 

scaffold) has an important role in maintaining the morphological integrity of the bacteria. 

Inhibition or degradation of the PM results in bacterial shrinkage and eventually cell 

lysis.63 If the integrity of the PM is compromised by an external stimulus (e.g., interaction 

with the nanomaterials), a turgor pressure of 4 atm from the cytoplasmic space toward 

the exoplasmic region is created which results in loss of the bacterial membrane 

integrity.63, 64 Furthermore, for any external molecule or nanomaterial to reach the lipid 
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bilayer of the bacteria CM, PM plays the role of a diffusion barrier. In Gram+ species, the 

PM function is much more pronounced due to its thickness. A majority of previous 

research (i.e. especially, molecular dynamics (MD) simulations) has proposed that 

graphene nanosheets pierce into the lipid bilayer of the bacterial membrane 65 resulting in 

the extraction of the lipid molecules from the bilayer. This mechanism, however, does not 

consider the presence of the PM in the cell wall of the bacteria. We believe that this 

particular mechanism does not fully explain the cell shrinkage that has been noted in 

prior research and in our research presented here.  

Here, we propose that PM is likely the primary target of the 2D nanomaterials. 

We note that although Gram− bacteria has a thinner layer of PM,64, 66 it possesses an 

external protective OM which protects the PM from external stimulus (i.e., PM in Gram+ 

bacteria which has no OM is more susceptible to the interaction of the sharp nano-knives 

of the 2D nanosheets). It has also been reported that Gram− bacteria exhibit more 

resistance to a direct contact interaction caused by an AFM tip than Gram+ due to the 

presence of the OM in Gram− bacterial species.67 It is also worthwhile to note that the 

isoelectric point of the surface of bacteria is in the range of 1.75 - 4.15 for Gram+ and 

2.07 - 3.65 for Gram− bacteria.55, 68-70 Therefore, at the pH used in our research (i.e., pH 

7.3), both bacterial species have a negatively charged surface which are expected to be 

repelled by the negatively charged 2D nanomaterials (i.e., the zeta potential of the 2D 

nanomaterials are measured and shown in Table A1). Therefore, the bacterial surface 

charge is likely not the driving force for the interactions of the 2D nanomaterials with 

bacterial species. However, the slightly higher negative charge on the Gram− bacterial 
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surface may be another reason for higher resistance of Gram− species (e.g., E. coli) to 

2D nanomaterials. 

 

3.4 Conclusion 

We have investigated the antimicrobial mode-of-action of 2D nanomaterials. The 

viability measurements of the bacteria species (i.e., B. subtilis as a Gram+ and E. coli as a 

Gram− classes) treated with the vertically aligned and randomly oriented MnO2 and 

MoS2 nanosheets confirm that the sharp edges of the nanosheets play a significant role in 

damaging the bacterial cell wall and reducing membrane integrity. Although MnO2 and 

MoS2 nanosheets show different antibacterial activities against the bacteria species, in 

both cases, Gram+ bacteria show higher loss in membrane integrity. We propose that the 

PM in bacteria cell wall is likely the primary target of the 2D nanosheets which is 

supported by the experimental observation that show that 2D nanomaterials show a 

higher antibacterial activity toward Gram+ species. Finally, though we propose PM as an 

important target of the 2D nanomaterials, more studies are needed to understand the 

molecular-level nature of the interaction. Our study shows that vertically aligned 2D 

nanosheet motif show a higher antibacterial activity against both bacteria classes than 2D 

nanomaterials that have been previously investigated. Toxicity and environmental 

impacts of the vertically aligned layered material, however, needs to be studied further to 

evaluate their utility for environmental applications or industrial use. 

 

Abbreviations 
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FC, flow cytometry; FI, fluorescence imaging; SEM, scanning electron microscopy; 

TEM, transmission electron microscopy; AFM, atomic force microscopy; XRD, X-ray 

diffraction; OM, outer membrane; CM, cytoplasmic membrane; PM, peptidoglycan 

mesh; PI, propidium iodide; E. coli, Escherichia coli; B. subtilis, Bacillus subtilis; MoA, 

mode-of-action; 2D, two-dimensional; GO, graphene oxide; rGO, reduced graphene 

oxide; MXene, Ti3C2TX; Gram+, Gram-positive; Gram−, Gram-negative; ROS, reactive 

oxygen species.  
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CHAPTER 4 

LAYER BY LAYER DEPOSITION OF 1T'-MoS2 FOR THE HYDROGEN 

EVOLUTION REACTION 

 

ABSTRACT 

The LbL method has been used to assemble catalytic materials for the electrochemical 

HER for the first time. The electrocatalytic activity of layer-by-layer (LbL) deposited 

1T'-MoS2 (metallic phase) on a fluorine-doped tin oxide (FTO) substrate was investigated 

for the hydrogen evolution reaction (HER) as a function of the number of deposition 

cycles (mass loading). Conversion of the deposited 1T'-MoS2 to the semiconducting 2H-

MoS2 phase via exposure to 532 nm wavelength light, confirmed by Raman spectroscopy 

and scanning tunneling spectroscopy (STS), allowed a direct comparison of the HER 

activity of the two phases at a constant mass loading and surface area on the same 

substrate. The morphology, thickness, and roughness of the deposited MoS2 layers as a 

function of the number of deposition cycles were investigated using atomic force 

microscopy (AFM) and scanning electron microscopy (SEM). The average roughness of 

the surface increased with the number of deposition cycles, indicating that the thickness 

of the deposited layered material became heterogeneous with increasing cycle number. 

For a given number of deposition cycles (i.e., similar mass loading), 1T'-MoS2 exhibited 

a lower overpotential for the HER than the 2H-MoS2 phase. For example, at a sample 

thickness of 19.7 ± 2.8 nm (20 LbL cycles) the overpotentials for the HER for 1T'-MoS2 

and 2H-MoS2 were 0.54 and 0.61 V, respectively (at a current density of -2 mA/cm2). 



86 

 

Overall, the overpotential for HER associated with both MoS2 phases decreased as the 

mass loading increased. 

 

4.1 Introduction 

Transition metal chalcogenides have attracted significant interest recently due to 

the earth-abundancy of the constituent elements and their favorable physical and 

chemical properties for potential use in technological applications.1 Among this class of 

materials, molybdenum disulfide (MoS2) has been extensively studied due to its potential 

in energy storage, catalysis, and photodetectors.2-6  

MoS2 is a promising low-cost alternative to platinum-based catalysts for hydrogen 

production via the electrochemical hydrogen evolution reaction (HER) in the energy 

intensive water splitting process.7-10 Two common phases of MoS2 are 1T' and 2H,11, 12 

and both the 1T' (distorted metallic octahedral structure) and 2H (semiconducting trigonal 

prismatic structure) phases of layered MoS2 have been studied for the HER.13-15 In 

general, it has been shown that while edge sites are active for electrocatalytic HER on 

both 2H and 1T' MoS2 phases, basal planes are the primary HER-active sites on the 

metallic 1T'-phase.16, 17 The enhanced conductivity and likely higher density of active 

catalytic sites, the 1T'-phase exhibits superior electrocatalytic kinetic parameters 

compared to the 2H-phase.13  

Perhaps, due to the structural stability of the 2H phase relative to the 1T' phase, 

there has been a greater effort in understanding the electrocatalytic activity of the 2H 

MoS2 phase.8, 17, 18 Prior studies have investigated the layer dependence (controlled by 

using the chemical vapor deposition technique) of the 2H phase for the electrocatalytic 
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HER15, 19, 20,showing that the single layer catalyst is the more active catalyst compared to 

the few-layer catalyst. This observation was attributed to the relatively poor out of plane 

conductivity of the semiconducting phase which limits the electrocatalytic activity of 

layers spatially removed from the electrode surface.19  

In the present contribution, we investigated the HER activity of the conductive 

1T' phase of MoS2. To the best of our knowledge, the layer‐dependent HER-catalytic 

activity for this particular phase has not yet been studied. The MoS2 was assembled by a 

layer-by-layer (LbL) deposition method using the sequential adsorption of negatively 

charged 1T'-MoS2 sheets and positively charged cations (Na+) that resided in the 

interlayer region between the 2D sheets. We note that similar LbL solution phase 

assembly methods have been used for various applications including biomedical21-23 and 

energy storage,24 such as supercapacitors and fuel cells.24-26 No prior studies, however, 

have applied the LbL method to synthesize catalytic materials for the electrochemical 

HER. 

The goals of the research effort were two-fold. The first was to determine the 

effect of mass loading, i.e. the number of deposition cycles, on HER activity for the 

metallic 1T' phase of MoS2 (supported on fluorine doped tin oxide (FTO)). The second 

goal was, for the first time, to directly compare the electrocatalytic HER activity of the 

metallic 1T' MoS2 to the semiconducting 2H MoS2 phase. A prior study showed that the 

exposure of 1T’-MoS2 (few microns thick) to laser light from a commercial DVD optical 

drive could be used to transform the material to 2H-MoS2.
27 Along the same lines, our 

study used 532 nm laser light to convert few layer 1T'-MoS2 to 2H-MoS2. This strategy 

allowed us to directly compare the HER activity of the two pseudomorphic phases at a 
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constant mass loading and surface area.  Raman spectroscopy, atomic force microscopy 

(AFM), scanning tunneling microscopy (STM), and scanning tunneling spectroscopy 

(STS) were used to characterize the thickness, morphology, and electronic structure of 

the few-layer MoS2 catalyst. Our results demonstrate that at equivalent mass loadings 

(and MoS2 layer thicknesses), the 1T'-MoS2 exhibited a lower overpotential for the HER 

than 2H-MoS2. Our study provides a novel approach to control the formation of the MoS2 

sheets on the surface by the combination of LbL deposition and laser induced 

transformation for the investigation of HER catalytic activity, showing that the formation 

of layers and heterogeneity of MoS2 on a surface could play a key role in water splitting 

applications. 

 

4.2 Experimental Section 

 Chemicals 

Sulfuric acid (H2SO4, 98%) was obtained from Fisher Chemical. Aniline 

(≥99.5%), n-butyllithium (n-Butyllithium solution, 1.6 M in hexanes), and molybdenum 

(IV) sulfide were purchased from Sigma-Aldrich. All chemicals were used as received 

without further purification. Deionized (DI) water was provided by an in-house 

Thermoscientific Barnstead Easypure II purification system equipped with a UV lamp 

(water resistivity >18 MΩ.cm). 

 

 Exfoliation of Bulk MoS2 

1T'-MoS2 was prepared by Li-intercalation of bulk MoS2 which involved treating 

the metal dichalcogenide with 1.6 M n-butyl lithium (n-BuLi) in 10 mL of hexane under 
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an argon atmosphere for 48 h.13 The Li-MoS2 (LixMoS2) was filtered and washed with 

excess hexane to remove residual lithium and organic material. The sample was then 

dried under vacuum at room temperature for 48 hours. The Li-MoS2 sample was 

exfoliated by sonicating 0.10 g of the material in 40 ml of DI water for one hour. The 

resulting material was centrifuged and washed to eliminate any unexfoliated MoS2 and 

LiOH. This procedure provided a solution with a 1T'-MoS2 loading of 2 mg/ml. The 

characterization of exfoliated sheets is presented in the supporting information (Figure 

B1-B2). 

 

 Preparation of LbL Films of 1T'-MoS2 and 2H-MoS2 

1T'-MoS2 layers were assembled by the LbL method on three different substrates: 

FTO coated glass, a thin Au(111) overlayer on mica, and highly oriented pyrolytic 

graphite (HOPG). With regard to FTO, coated glass pieces (1×2 cm) of the material were 

cleaned by ultrasonic washing in acetone, ethanol, and water. The assembly procedure 

was started by by exposing (dip-coated for 5 min) the FTO surface into a solution of 

polyaniline (PANI) to create a positively charged layer on the FTO surface to 

electrostatically bind the first deposited layer of negatively charged MoS2.
26, 28  PANI 

was synthesized by a previously reported procedure.29-31 In brief, 1.4 ml of aniline (0.15 

M) was dissolved in 0.1 M HCl (100 ml). A 40 ml ferric chloride solution (50 g/L) was 

added dropwise to the aniline solution. The resulting polyaniline was collected by 

centrifugation, and washed with 1 M HCl, 1 M NH3, N-Methyl-2-pyrrolidone, and 

methanol. Infrared spectroscopy was used to confirm the formation of PANI (Figure B3). 
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 Deposition of MoS2 layers on Au(111) was carried out without the use of a 

transition layer (i.e., PANI). The PANI layer was not needed presumably due to the 

strong interaction of the S component of MoS2 with gold. Subsequent assembly of MoS2 

layers was carried out by utilizing two solutions: a 1T'-MoS2 solution with a loading of 

0.5 mg/ml and a 10 mM sodium chloride solution. A single initial cycle (i.e., cycle 1) 

consisted of 1) dipping the PANI coated FTO in the 1T'-MoS2 solution for 1 min, 2) 

dipping the resulting MoS2/FTO material in DI water, and 3) then dipping the DI washed 

 

Schematic 4.1. a) Schematic showing the deposition procedure to grow MoS2 layers 

on PANI/FTO. Individual films were prepared for study by using 1, 5, 10 or 20 

deposition cycles, b) Schematic cross section of a two-layer assembled material on the 

FTO surface. 
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MoS2/FTO in the NaCl solution for 1 min and rinsing with DI water. Additional cycles, if 

desired, were carried out by repeating steps 1 – 3 (Schematic 1).  

The conversion of the 1T' MoS2 into the 2H-MoS2 phase on FTO (for 

electrochemical measurements) or HOPG (for STM measurement) was carried out by 

individually exposing the 1T'-MoS2 samples to continuous wave of 532 nm laser light 

(Coherent Verdi V5). The laser spot had a 4.5 mm diameter at a power of 4.5 W with the 

5 min exposure time for each spot. Sample was partitioned into several 4x4 mm2 sections 

and each section was exposed to the laser for 2.5 minutes. An XY micrometer 

translational stage was used to move the sample orthogonally to the laser beam to ensure 

uniform laser exposure across all sections.   MoS2 assembled on electrodes (FTO) were 

exposed to nitric acid (70%) for three days and then diluted and analyzed by an 

inductively coupled plasma mass spectrometer (ICP-MS, Agilent 7900 ICP-MS) to 

quantify the MoS2 mass.32, 33  

 

 Scanning Tunneling Microscopy 

 A 1T'-MoS2 suspension was drop-cast on HOPG for STM measurements. HOPG 

(grade ZYB) was purchased from Bruker and treated with UV/ozone (PSD-UVT from 

NOVASCAN company) for 5 min prior to deposition of MoS2. The STM imaging was 

performed with an Agilent 4500 (Molecular Imaging) microscope in ambient condition 

using a mechanically cut Pt-Ir (9:1) wire (diameter 0.25 mm) as an STM tip. All imaging 

experiments were performed in constant current mode at 300 mV bias voltage. The 

Gwyddion software,34 was used for visualization and analysis of data from scanning 

probe microscopy techniques. 
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 Atomic Force Microscopy 

Au(111) on mica (Phasis company) was used as the substrate to study the layer by 

layer formation of MoS2 sheets by AFM. In order to produce flat, contaminant-free Au 

(111) surfaces, the substrate was annealed in a hydrogen flame for 2 minutes, followed by 

immediate quenching in hydrogen-saturated ultraclean water. Three different spots of the 

sample surface were probed by AFM for the further image analysis (2.5 × 2.5 µm2). AFM 

image analysis of assembled MoS2 on the gold substrate was estimated using Gwyddion 

software.34 The surface coverage of the sheets with diameter greater than 50 nm (surface 

area higher than ~ 0.002 μm2) was measured, and the surface coverage of three images 

were used to calculate the standard deviation. AFM imaging was performed with Agilent 

5100 microscopes in ambient condition in tapping mode with conical tips with an 

aluminum reflex coating (MikroMasch (radius < 8 nm, spring constant = 5 N/m, resonant 

frequency = 160 kHz)). The roughness average (Ra) was calculated by Equation 1. rj 

represents the vertical distance (height) from the mean value to the jth data point. 

Ra = 
1

N
 ∑ |𝑟𝑗|𝑁

𝑗=1                                                   (1)     

 

 Raman Spectroscopy 

Raman measurements were performed using a Horiba Labram HR800 Evolution 

confocal Raman spectrometer with an Olympus MPLN100x objective and 1600 gr/mm 

grating. An excitation wavelength of 532 nm was used, and two accumulations were 

obtained per spectrum using an integration time of 100 s. The bulk 1T'-MoS2 drop-cast 

on sapphire, and the layers assembled on the FTO for the Raman measurements. 
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 Electrochemistry 

Electrochemical measurements were performed at room temperature using a CH 

instrument electrochemical analyzer (model CHI604E). A saturated calomel electrode 

(SCE) served as the reference electrode, graphite as the counter electrode, and FTO 

(1cm×1cm) was used as the working electrode. Linear sweep voltammetry (LSV) 

measurements were carried out in 0.5 M H2SO4 electrolyte solution and with a scan rate 

of 10 mV/s. The LSV polarization data obtained for 1T' and 2H-MoS2 (after laser 

transformation) samples were collected from the same electrode. The potential was 

measured relative to the saturated calomel reference electrode (SCE) and then converted 

to the potential versus the reversible hydrogen electrode (RHE) using the relationship, 

ERHE = ESCE + E0
 SCE + 0.059 pH. To obtain Tafel plots to evaluate the HER kinetic 

parameters of the samples, the polarization curves were replotted as overpotential versus 

log current density (log j) (equation 2)  

 

η = ρ Log j + Log j0                                                                     (2) 

 

where j is the current density and ρ is the Tafel slope. The LSV polarization data were 

normalized to mass by using data from the ICP-MS technique which allowed the 

determination of the mass and the composition of the MoS2 electrocatalyst (the 

polarization curve and mass loading were measured on the same electrode). 

 Impedance spectroscopy data was obtained at an applied potential of -0.7 VSCE 

over the frequency range from 5 MHz to 5 mHz. The equivalent circuit for the impedance 
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spectroscopy is presented in Figure B4. The polarization curves were replicated at least 

two times. 

 

4.3 Results and Discussion 

 4.3.1 AFM of LbL Assembled MoS2 Layers   

Analysis of AFM images recorded on Au(111) on mica substrate before (Figure 

4.1a) and after the deposition of MoS2 for 1, 2, 5, 10, and 20 LbL cycles (Figure 4.1) 

revealed an increasing height/thickness, surface roughness and coverage (Table 4.1) with 

increasing cycle number. After one LbL cycle, the median height of the MoS2 was 1.9 ± 

 

Figure 4.1. Topographic AFM images (2.5 × 2.5 µm2) of the 1T'-MoS2 layers 

assembled on the single crystal gold coated mica. a) bare Au substrate, b) one cycle, c) 

two cycles, d) five cycles, e) ten cycles, f) twenty cycles. 

 

c)a) b)

d) e) f)
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0.6 nm and after 20 cycles the median height increased to 19.7 ± 2.8 nm. The results of a 

linear regression fit of the cycle number vs. average height indicate that after each LbL 

cycle, the thickness increases 〜1 nm. The AFM data showed that during each cycle both 

single and few layers materials were deposited on the surface. The analysis of the AFM 

images showed that the median height and surface roughness increase, and the height 

distribution becomes wider after each deposition cycle (Figure 4.1, Figure B5, and 

Table 4.1). While the average thickness of the deposited MoS2 layers is relatively 

proportional to the cycle number, it is important to keep in mind that the height 

distribution in each cycle is wide. For example, after 20 cycles the median height of the 

MoS2 layers is 20 nm but features as thin as 15 nm and as thick as 25 nm are present on 

the substrate (Figure B5 and Table 4.1). Also, AFM images (Figure 4.1, Figure B6 and 

Table 4.1) show that while the entire gold substrate is not covered by MoS2 

homogeneously, the surface area increases after every deposition cycle, because of the 

addition of sheets to previously bare areas on the Au(111) substrate.  

 

 4.3.2 SEM of LbL Assembled MoS2 Layers   

Using the LbL method we assembled MoS2 layers on FTO and characterized the 

morphology of the films as a function of deposition cycle with SEM. Deposition of the 

sheets on FTO was investigated since this substrate was more robust and conducive for 

use as an electrode support material to determine the electrochemical properties of the 

MoS2 sheets. The intrinsic roughness of FTO, however, precluded meaningful height 

measurements by AFM. SEM micrographs of MoS2 sheets assembled on FTO and 

features due to layered MoS2 are shown in Figure 4.2 after 5, 10, and 20 LbL cycles. The 
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associated energy dispersive spectroscopy data for the 20 cycle MoS2/FTO sample shows 

the presence of Mo and S, confirming the presence of MoS2 layers. The MoS2 mass 

loading for each MoS2/FTO sample was determined by ICP-MS and data acquired from 

this technique showed that the MoS2 loading on FTO increased linearly with the cycle 

number (Figure B7), consistent with the rise of the height and coverage by AFM images. 

Both SEM and ICP-MS analysis confirm the formation of increasing numbers of layers 

with each deposition cycle.  

 4.3.3 Raman of LbL 1T-MoS2 and after Conversion to 2H-MoS2  

 Previous studies have shown that Raman is a powerful technique to study 

monolayer and few layer MoS2.
35, 36 The evolution of the assembled MoS2 layers on the 

surface was studied by Raman spectroscopy. The results for bulk 1T'-MoS2 (Figure 

4.3a), 1T'-MoS2 layers on FTO (Figure 4.3b), and 2H-MoS2 layers on FTO (Figure 

4.3c) reveal the characteristic features of the different phases. Bulk 1T'-MoS2 exhibits 

 

Figure 4.2. SEM images of a) bare FTO surface, b) 1 layer assembled, c) 5 layers 

assembled, d) 10 layers assembled, e) 20 layers assembled, f) EDAX spectra of 20 

layers assembled 1T'-MoS2. 
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strong Raman peaks at 153, 220, 290, 328, 381, and 403 cm-1 that are attributed to the J1, 

J2, E1g, J3, E2g
1, and A1g vibrational modes, respectively.27, 37-41 The E2g

1 and A1g are 

characteristic peaks for 1T'- MoS2 and 2H-MoS2, and are attributed to in-plane 

(intralayer) and out-of-plane (interlayer) vibrations.42, 43 The J1 mode at 153 cm-1 is 

 

 

Figure 4.3. a) Raman spectrum of bulk 1T'-MoS2 on sapphire, b) Raman spectra of 

the 1, 5, 10, and 20 layer 1T'-MoS2 assembled on the FTO, c) Raman spectra of the 1, 

5, 10, and 20 layer 2H-MoS2 after laser treatment. 

 

a) b)

c)
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associated with the distorted octahedral structure of the 1T' phase of MoS2.
15, 37, 41 This 

particular mode is absent in the Raman spectrum of bulk 2H-MoS2 (Figure B8).15, 41 The 

2H phase has relatively strong E2g
1 and A1g Raman modes at 380 and 406 cm-1 (compared 

to the 1T' phase), respectively (Figure B8). Along with the J1 mode, the J2, and J3 

features are unique to the 1T' phase and are assigned to the superlattice structure in the 

basal plane of the monolayer MoS2 that possess the distorted octahedral structure.40, 42, 43 

The E1g and E2g
1 vibrational modes are attributed to the octahedrally coordinated Mo in 

1T'-MoS2.
9 The Raman spectra of the MoS2 verifies the presence of 1T' phase. 

 Inspection of the Raman data for the one-cycle LbL assembled MoS2 in Figure 

4.3b shows a weak A1g mode at 403 cm-1, but the 1T'-characteristic J1, J2, and J3 modes 

are absent, presumably due to the low concentration of the deposited metal 

dichalcogenide. We attribute the broad mode(s) between 200 and 300 cm-1 to the FTO 

substrate. After 5 LbL cycles the A1g mode at 403 cm-1 grows in intensity and the 1T'-

characteristic J1, J2, and J3 modes become apparent along with the E1g and E2g
1 mode. 

Increasing the LbL cycles to 10 and then to 20 leads to a progressive increase in the 

intensity of the Raman peaks associated with the 1T'-MoS2 phase.  

The phase transition of deposited MoS2 layers from 1T' to 2H can be induced by  

exposure to laser light.1, 38 This phase transformation is confirmed with Raman 

spectroscopy (Figure 4.3c). Perhaps, the most significant spectral change after the laser 

treatment is that the intensities of the E2g
1 and A1g modes (Figure 4.3c) become greater 

than the respective Raman modes for the 1T' samples (Figure 4.3b). Furthermore, the J1, 

J2, and J3 modes associated with 1T'-MoS2 are absent after phase conversion to 2H-MoS2 

(Figure 4.3c). All the spectra in Figure 4.3c are similar to the Raman spectra of our 
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control 2H-MoS2 sample (Figure B9). Hence, these data show that in each case the 1T' 

phase was converted into 2H-MoS2 during the 532 nm laser light irradiation. In addition, 

the SEM images show that the morphology of MoS2 sheets did not change after 

converting the 1T' phase into the 2H phase (Figure B9). 

 

 4.3.4 STS of MoS2 before and after Conversion to 2H-MoS2 

 STS provides important information about the electronic structure of 2D-

materials. For example, the general profile of the density of states around the Fermi level 

can be used to categorize materials based on their conductivities. To shed light on the 

local electronic properties of the 1T'-MoS2 and 2H-MoS2 sheets we carried out STS 

under ambient conditions (Figure 4.4). Metallic and semi-metallic materials do not show 

a gap between the occupied states (valence band) and unoccupied states (conduction 

band). 2H-MoS2 is a semiconductor, and there is a gap between filled dz
2 and empty dx

2
-

y
2
, xy, orbitals of MoS2, while 1T-MoS2 does not show a gap between the occupied states 

(valance band) and unoccupied states (conduction band).44  In this study, the tunneling 

current response vs. bias was recorded above the central area of the 1T'-MoS2 sheets, 

spatially removed from any step edges and possible defects (Figure 4.4a and 4.4b). An 

average of ~ 20 I-V spectra were recorded on the MoS2 sheets before (1T' phase) and 

after the laser transformation process that converted the 1T' phase to the 2H phase. The 

numerical derivative (dI/dV) of the spectra (Figure 4.4c) for 1T'-MoS2 (black, dotted 

line) shows a semi linear current-response as a function of bias, suggesting a semi-

metallic behavior for the 1T' phase.  After laser irradiation (red, solid line) and 

conversion of the 1T' phase to 2H-MoS2 an analysis of the STS data shows that there is 
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the emergence of a band gap (~1 eV), which is close to the values reported in literature 

for the 2H phase (~1.6 eV).45, 46 The lower band gap measured for the laser transformed 

material could indicate the incomplete transformation of the 1T'-MoS2 into the 2H phase, 

although Raman does show an essentially complete conversion.  This result indicates that 

the MoS2 band gap could be tuned by laser exposure and is sensitive to physical and 

chemical modifications. To the best of our knowledge, the experimental measurement of 

the tunneling conductance of 1T'-MoS2 in ambient and non-vacuum environment is 

reported here for the first time (Figure 4.4c). 

 

 4.3.5 Electrocatalytic Activity of MoS2 Layers for the HER 

 

Figure 4.4. a) STM topography image of 1T'-MoS2 on HOPG (0.10 × 0.10 µ𝑚2), b) 

2H-MoS2 formed after laser irradiation of 1T'-MoS2 on HOPG, Ebias=300 mV, It=100 

pA, (0.15 × 0.15 µ𝑚2), c) Average of 20 I-V response curves collected for the 1T'-

MoS2 and 2H-MoS2 on HOPG (yellow square indicates the area where the STS data 

was acquired). The inset shows the first derivative of the I-V response. The bandgap is 

estimated by finding the intersection between the linear fit of band edges (conduction 

and valence bands) and the region where the tunneling current drops to zero. 
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The HER activity of the assembled 1T'-MoS2 and 2H-MoS2 (formed via the laser 

irradiation of the 1T' phase) on FTO was studied by recording polarization curves 

(Figure 4.5).19 Perhaps the most significant conclusions that can be drawn from an 

inspection of the polarization data are: 1) at a particular MoS2 film thickness, the 1T' 

phase shows a lower overpotential than the 2H phase, and 2) for a given MoS2 phase the 

overpotential decreases with the number of deposition cycles. At a MoS2 thickness of 1 

nm, the 1T' phase exhibited an HER overpotential of 0.67 V (at a cathodic current of -2 

mA cm-2) compared to 0.71 V for the same thickness 2H-MoS2 sample (Table 4.2). The 

difference in the HER overpotentials for the two phases of MoS2 is maintained up to the 

thickest samples (higher mass loading) (Table 4.2). This general result of 1T'-MoS2 

exhibiting a lower HER overpotential than the 2H phase is in general agreement with 

prior studies.13, 14, 17 Supported by the STS results (Figure 4.4), we propose that the 

higher HER overpotential associated with 2H-MoS2 is likely due to its higher electrical 

resistance, compared to the semi-metallic electrical properties of the 1T' which could lead 

to enhanced electron transport processes between layers critical for electrocatalysis. Prior 

studies have suggested that the metallic 1T' phase can utilize both basal and edge sites to 

catalyze HER13, 47 and this experimental observation likely is due in part to the metallic-

like electrical conductivity of the 1T' phase. 

The observed decrease in HER overpotential associated with the 1T' and 2H 

MoS2 phases as a function of cycle number, however, is not entirely expected and should 

be discussed in the light of prior studies. One relevant prior study compared the 

electrocatalytic activity of a 2H-MoS2 monolayer for the HER to bi- and tri-layer MoS2, 

where it was found that there was an increase in the HER overpotential with increasing 
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number of layers.19 The prior experimental observation was rationalized by arguing that 

the out of plane conductivity of layered MoS2 is limited and that layers more distant from 

the electrode surface are less able to kinetically compete in the redox charge transfer 

processes critical for the electrochemical reaction (HER). 19   

 

 

Figure 4.5. a) Polarization curves of 1T' and 2H-MoS2 layers assembled on FTO for 

HER (The potential sweep rate was 10 mV. s-1), b) Tafel plots for 1T'- MoS2, c) Tafel 

plots for 2H- MoS2, and d) Nyquist plot of the 1T'-MoS2 assembled layers. 
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To rule out the possibility that the decreased overpotential as a function of the 

number of LbL cycles is not simply due to the increased mass loading of MoS2 at higher 

deposition cycle numbers, we present polarization curves that were normalized to mass 

(Figure B10). These data show a similar trend as the data normalized only to the 

geometric surface area of the electrode. One possible difference between our MoS2 layer 

materials and those used in the prior study is that our materials contain alkali metal 

cations (Na+) that were used to assemble the layers.19 The solvation of the water in the 

interlayer region has been shown in prior computational studies to promote the charge 

transfer and in addition to the cations32, 39, this might lead to an increase in the interlayer 

electrical conductivity compared to samples, prepared by chemical vapor deposition as in 

the prior work. Another explanation for the higher activity of our thick LbL MoS2 

assemblies is the increase in the surface area and the coverage that results from each 

Table 4.1: Average roughness, median height and surface coverage of 1T'-MoS2 

assembled on the Au(111) coated Mica. Gwyddion software was used for 

visualization and analysis of images. 

Number of 

cycles 

Roughness 

average (R
a
) 

Height 

median (nm) 
Coverage % 

0 0.4 ± 0.1 - - 

1 1.0 ± 0.4 1.9 ± 0.6 2.1 ± 0.3 

2 0.9 ± 0.3 3.1± 0.7 7.7± 0.9 

5 1.5 ± 1.0 4.6 ± 1.0 9.2 ± 2.1 

10 2.0 ± 1.0 10.5 ± 1.4 25.6 ± 3.2 

20 3.9 ± 2.3 19.7 ± 2.8 38.7 ± 10.3 
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deposition cycle. Although the MoS2 thickness increases with each successive deposition 

cycle, the resulting film is not uniform, and the surface area and the coverage of sheets on 

the FTO substrate likely increase after each deposition step (Figure 4.1, Table 4.1). This 

behavior was experimentally observed via our AFM studies of the MoS2 sheets that were 

grown LbL on the Au(111) substrate. Hence, as the mass loading is increased the average 

thickness of the sample increases, but the enhancement in  HER electrocatalytic activity 

after each deposition cycle may at least in part due to an increase in the fresh few layer 

MoS2  material that is deposited on previously bare parts of the FTO surface.  

In contrast to the overpotential trend, the Tafel slopes for both the 1T' and 2H-

MoS2 layered systems increase with the deposition cycle number (Figure 4.5).  Tafel 

slopes of 1T'-MoS2 increase from 170 mV/dec for low LbL cycle number to 208 mV/dec 

at the highest deposition cycle number. Variations of the Tafel slope and overpotential 

with catalyst loading were reported by prior study. 48-50 Prior research has shown that the 

origin of the high Tafel slope in HER catalyzed by molybdenum sulfides can be due to 

limited mass transport.48-51 The kinetics of this process results in a relatively high Tafel 

slope for the material.48 

The increase of the Tafel slope with mass loading is likely due to the increase in 

surface area and roughness factor.49, 51 Increasing the surface area and the roughness 

factor, as shown by AFM results, decreases the overpotential for HER, while the mass 

transport (or charge transport) is inherently limited and is reflected in the increasing Tafel 

slope. In short, as discussed in prior research the roughness factor and the surface area 

tend to reduce the overpotential, but this effect is counterbalanced by an increasing 

resistivity of the film leading to the higher Tafel slope.  
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 4.3.6 Impedance Spectroscopy Experiment and Analysis 

In order to understand the charge transfer resistance of the electrode after each 

deposition cycle, impedance spectroscopy was applied to distinguish charge transfer 

resistance (Rct) from other resistances.52 As shown in Figure 4.5d and Table 4.2, Rct 

decreased from 787 Ω (1 layer) to 70 Ω (20 layers), with increasing MoS2 deposition 

cycles (or loading), consistent with the polarization curve results showing that HER 

performance improves with an increase in the number of deposition cycles.  

 

Table 4.2: Summary of electrochemical data of 1T'-MoS2 before and after Conversion to 

2H-MoS2 and average MoS2 mass on the FTO electrode surface 

Sampl

es 

Overpote

ntial (V) 

at 2 mA 

cm-2 

Overpotenti

al (V) at 2 

mA cm-2 µg-

1 

Overpotential 

(V) 

at 2 mA cm-2 

after laser 

treatment 

Charge 

transfer 

resistanc

e (Ω) 

Cdl  

(mF 

cm−2) 

Average 

MoS2 

mass 

(µg cm-2) 

1 cycle 0.67 0.57 0.71 712.3 0.051 0.15 

5 

cycles 
0.63 0.51 0.72 543.1 0.053 0.33 

10 

cycles 
0.59 0.50 0.66 169.4 0.112 0.51 

20 

cycles 
0.54 0.47 0.61 69.9 0.177 0.86 

 

We also determined the double layer capacitance (Cdl) of the electrodes, 

associated with the formation of the electric double layer at the electrode/electrolyte 

interface53 (Table 4.2). The rise in double layer capacitance is associated with an increase 

of electrode surface area which is consistent with the overpotential decrease,  likely due 

to the growth in the total active surface area resulting from the increase of height and the 
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fraction of the surface covered by a single layer or multilayer MoS2 sheets, as 

demonstrated by the analysis of AFM images (Figure 4.1 and Table 4.1).  

 

4.4 Conclusion 

The LbL method has been used to assemble catalytic materials for the 

electrochemical HER for the first time. 1T'-MoS2 layers were successfully assembled on 

various metallic and insulating substrates by the LbL technique. Analysis of the AFM 

images showed that the median height of the MoS2 layers increased and the height 

distribution became broader after each deposition cycle. The overpotentials associated 

with the electrocatalytic activity for the HER of 1T'-MoS2, as well as 2H-MoS2 formed 

via the laser-induced conversion of 1T-MoS2, were determined as a function of the 

number of deposition cycles. The onset potential and the overpotential for HER 

decreased with increasing number of LbL deposition cycles for both phases. The 1T' 

phase of MoS2 exhibited a lower HER overpotential than the 2H phase for a given 

deposition cycle number (i.e., at equivalent mass loading). The electronic properties of 

MoS2 monolayer sheets were determined by STS, and the results indicated that the 1T'-

MoS2 sheet was semi-metallic and the 2H-MoS2 has semiconductor properties. Our study 

provides a new way to understand the formation of MoS2 layers on surface, the impact of 

surface area and their HER-performance for water splitting electrocatalysis and future 

renewable energy technologies. 

 

Abbreviations 
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SEM, scanning electron microscopy; AFM, atomic force microscopy; XRD, X-ray 

diffraction; 2D, two-dimensional; LbL, layer-by-layer; FTO, fluorine-doped tin oxide; 

HER, hydrogen evolution reaction; STM, scanning tunneling microscopy; STS, scanning 

tunneling spectroscopy; ICP-MS, inductively coupled plasma mass spectrometry  
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CHAPTER 5 

ENHANCED OXYGEN EVOLUTION CATALYSIS FROM EXFOLIATED 

BIRNESSITE NANOSHEETS 

 

ABSTRACT 

Among the various structures of manganese oxides, the layered birnessite (δ-

MnO2) is of particular interest.  Birnessite as an earth-abundant material plays a pivotal 

role in the geochemistry of soils.  Birnessite has the lowest OER activity in alkaline 

media compared to other manganese oxide phases.  A prime motivation for this chapter is 

to study the OER activity of the exfoliated birnessite and the effect of point defects on the 

OER activity and conductivity of the sheets which can be led to a better understanding of 

the birnessite catalytic performance.  Herein, synthesized bulk birnessite is exfoliated into 

monolayer sheets via the cation exchange method. The morphology of the exfoliated 

sheets was characterized using scanning probe microscopy, showing macroscopic holes 

and point defects in the sheets. The electrical conductance of layers measured using 

scanning tunneling spectroscopy shows that, by increasing the number of layers, 

conductivity decreases, confirming an increase of the electron transfer resistance. The I-V 

curve of monolayer sheets reveals the semimetallic behavior of defective birnessite. The 

oxygen evolution reaction (OER) activity of exfoliated birnessite investigated in alkaline 

media shows that the exfoliated sheets are highly active and correlated with the presence 

of defects on the sheets. In particular, the overpotential of exfoliated birnessite 
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synthesized at 400 °C was 450 mV compared to 550 mV for the material synthesized at 

1000 °C. Our study provides a new route for further development of defective metal 

oxides for applications in catalysis. 

 

5.1 Introduction 

Electrochemical water splitting can be considered as a promising pathway for 

energy storage and conversion.1 The efficiency of water splitting is conferred in part by 

the electrocatalysts for two electrode reactions, namely, the hydrogen evolution reaction 

(HER) and the oxygen evolution reaction (OER), and it is crucial to develop catalysts 

with a low overpotential.2, 3 Birnessite is an earth-abundant layered form of MnO2 which 

could be utilized in a wide range of fields, e.g., energy storage and environmental 

applications.4-6 Birnessite is composed of layers of edge-sharing MnO6 octahedra.7 

Birnessite attracts the attention of researchers because the oxidation state of Mn in the 

material plays a key role in naturally occurring water oxidation chemistry similar to the 

oxygen-evolving complex in photosystem Ⅱ for photosynthesis.8 Birnessite has been 

reported to have a moderate catalytic performance with an overpotential for the OER 

higher than 0.7 V.9 The OER activity of the manganese oxides depends on crystal 

structure and chemical compositions.9-12  

 Previous studies have shown that the optimization of the intrinsic electrical 

conductivity of 2D materials could lead to a remarkable enhancement of their catalytic 

performance.13-17 Therefore, different strategies have been tested to improve the 

conductivity of birnessite sheets to enhance the OER. For example, the out-of-plane 
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conductivity of birnessite sheets was improved by intercalation of transition-metal ions 

between sheets, allowing more facile electron transport between the material and the 

electrode surface.18, 19 

The electrical behavior of semiconductors is largely determined by crystal 

imperfections and defects20. Therefore, introducing defects is a method to manipulate the 

electronic structure of a material and improve electron transfer rate.13, 20-25  Many 

methods have been used to create defect-rich layered materials such as plasma etching26 

and chemical treatment.27 The effect of defects on the conductivity of monolayer sheets 

of MnO2 has been studied theoretically, showing that introducing Mn, O and/or multi 

vacancies improves the electrical conductivity of the sheets, which was introduced as a 

new half-metallic 2D crystal.13, 25 

The prior studies have shown that the monolayer and a few layer sheets exhibit 

physical properties that are different from their bulk form in two dimensional layered 

materials, which can be used to tune electronic structure.28-30 One method to prepare 

monolayer and/or few layer sheets is the exfoliation of 2D sheets by surfactants.31, 32 In 

this work, we present a method to synthesize bulk material at different temperatures with 

a varying amount of cation vacancy defects, and then exfoliating to monolayer and a few 

layer sheets. The presence and types of defects in a single sheet of birnessite were 

characterized. The generation of defects was modulated by controlling the synthesis 

temperature. The effect of the defects on conductivity and OER activity of the sheets was 

studied using scanning tunneling spectroscopy (STS) and electrochemical methods (for 

OER performance). The results reveal that the defective sheets exhibit a significantly 

higher electrochemical activity than the defect-free sheets. The exfoliation of sheets 
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improves the electronic conductivity. STS results demonstrated the semi-metallic 

behavior of the defective birnessite and higher electronic conductivity of monolayers 

compared to bilayer sheets.   

 

5.2 Experimental Section 

 Chemicals 

Potassium permanganate (KMnO4) was purchased from Fisher Chemical; an 

aqueous solution of tetra-n-butylammonium hydroxide (TBAOH) was purchased from 

Sigma-Aldrich. All chemicals were used as received without further purification.  

 Instrumentation 

TEM images of exfoliated sheets were obtained by a JEOL JEM-1400 instrument. 

Elemental analysis was performed using TEM-EDS. XRD was performed on a Bruker d8 

instrument. Raman spectra were collected using a LabRAM HR Evolution spectrometer 

(laser excitation wavelength of 532 nm and 1800 g/mm diffraction grating). 

Scanning tunneling microscopy (STM) and scanning tunneling spectroscopy 

(STS) measurements of layered birnessite were carried out on HOPG. STM images were 

recorded using Agilent 4500 (Agilent Technologies, AZ, USA) in ambient condition 

using Pt (90%),-Ir(10%) tip (diameter 0.25 mm). Atomic force microscopy (AFM) 

measurements were performed with an Agilent 5100 (Agilent Technologies, AZ, USA) 

operating in tapping mode in air. Conical tips with aluminum reflex coating were 

obtained from MikroMasch (radius < 8 nm, spring constant = 5 N/m, resonant frequency 
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= 160 kHz). Samples were prepared by drop-drying a diluted suspension onto a mica 

substrate. 

 

 Synthesis of the Bulk Birnessite 

Bulk layered MnO2 sheets were synthesized by thermal decomposition of KMnO4 

powder at different temperatures including 400, 600, 800, and 1000 °C for 5 hr in air with 

a ramp rate of 1° C/min for heating and cooling. The resulting powder was washed and 

centrifuged several times by DI-water. The presence of the point defects and macroscopic 

holes can be controlled by temperature. At low temperature, there are defects while at 

higher temperature, birnessite has a defect free structure.33-35 

MnO2 sheets were treated with HCl solution. 50ml hydrochloric acid (2.4 M) was 

added dropwise (1 ml/min) to MnO2 dispersed solution (2 g/L) at 80°C. Heating was 

continued for 30 min and then aged for 15 hr at 50°C. The resulting solution was 

centrifuged and washed with DI-water several times. The resulting powder was referred 

to as bulk birnessite. The formation of the defects and the surface area can be controlled 

by synthesis temperature (Figure C2-C4).  

 

 Exfoliation of Bulk Birnessite Sheets 

The potassium ions of bulk birnessite were exchanged with protons by stirring the 

bulk birnessite dispersion (1 g/L) in a nitric acid solution (0.1 M) for 3 days. Then, the 

resulting mixture was centrifuged and washed. The exfoliation of protonated birnessite 
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was performed using an aqueous solution of tetra-n-butylammonium hydroxide 

(TBAOH; 40 wt % in H2O) at room temperature. The solution was stirred for 10 days, 

and the resulting solution was centrifuged at 14000 rpm for 30 min, then redispersed in 

DI-water and centrifuged at 8000 rpm for 15 min to separate unexfoliated sheets and 

again centrifuged at 14000 rpm in a mixture of DI-water-ethanol and isopropanol alcohol 

to remove residual TBAOH. The exfoliated birnessite samples were prepared from the 

bulk layered MnO2, synthesized at 400, 600, 800 and 1000°C, hereafter referred to as 

Bir-400, Bir-600, Bir-800, and Bir-1000. 

 

 Electrochemical Characterization 

 Electrochemical activity measurements were conducted with a CHI potentiostat 

(model CHI604E). A commercial saturated calomel electrode (SCE) was used as a 

reference electrode. An aqueous solution of 1 M KOH was used as an electrolyte with a. 

6 mg of exfoliated birnessite and 5 mg carbon black were dispersed in 1 ml isopropanol 

in the presence of the 5 wt% Nafion, followed by ultrasonication for 1hr. The dispersion 

(20 µl) was dropcast onto a glassy carbon working electrode and dried at room 

temperature.  

 

5.3 Results and Discussion 

 5.3.1 Materials Characterization 
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 X-ray diffraction of bulk birnessite confirms the formation of the layered MnO2 

(Figure C1), with (001) and (002) peaks at 2θ~12.1° and 2θ~24.2°, corresponding to the 

stacking direction. Scanning electron microscopy of the bulk layered MnO2 shows the 

formation of sheets. The porosity and surface area of the sheets decreased as the synthesis 

temperature increased (Figure C2). A close look at SEM images of bulk layered MnO2 

synthesized at 1000 °C show predominantly large micrometer sized crystals exhibiting 

well-defined crystallographic faces, while the presence of macroscopic holes was 

observed for the bulk layered MnO2 synthesized at a lower temperatures (Figure C2). 

We carried out Brunauer–Emmett–Teller (BET) measurements, revealing that the 

specific surface area of the bulk layered MnO2 particles decreases with increasing 

synthesis temperature (Figure C3). The specific surface area was around 25.7 m2/g for 

bulk layered MnO2 at 400°C, while it decreased to 5.2 m2/g at 1000 °C. Based on the 

XRD, SEM images and the BET analysis of the sheets, the crystallinity of sheets are less 

at low temperature, and also the presence of the macroscopic holes increases the surface 

area for birnessite synthesized at 400 °C compared to1000°C. 

 

 Exfoliation of Birnessite 

The swelling and exfoliation of the layered metal oxides have been extensively 

studied.36-41 For example, metal oxides undergo a high degree of swelling in aqueous 

media containing quaternary ammonium hydroxides.41 Extensive swelling following the 

introduction of a large amount of H2O into the interlayer region led to the exfoliation of 

sheets into single sheets.39, 41, 42 The protonation of the bulk layered binessite was 

performed to extract the potassium ions, and then the materials were exfoliated to yield 
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monolayer sheets by the intercalation of the quaternary ammonium ions. The morphology 

and structure of the exfoliated sheets were studied in detail.  

 Transmission Electron Microscopy 

The morphology and crystal structure of the exfoliated birnessite sheets were 

investigated by TEM. TEM images of exfoliated birnessite confirm the formation of few 

layers (restacked) birnessite. Macroscopic holes also can be observed by TEM (Figure 

 

Figure 5.1. TEM images of exfoliated birnessite at different temperatures, a) 400°C, 

b) 600°C, c) 800°C, d) 1000°C (Scale bar 50 nm). Insets: corresponding SAED 

patterns.  

a) b)

c) d)
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5.1 and C4). TEM- EDS analysis of birnessite confirms the presence of Mn vacancies 

which decrease by increasing the synthesis temperature. Selected area electron diffraction 

(SAED) patterns of exfoliated sheets were also obtained to study crystallinity of samples. 

SAED patterns contain weak and additional reflections at a lower temperature while they 

disappear at a higher temperature which indicate the higher crystallinity of the sample at 

higher temperature. The structure of exfoliated sheets consists of hexagonal octahedral 

layers which are consistent with prior studies.43, 44  

 

 Atomic Force Microscopy 

The detailed morphology and structure of the exfoliated sheets were studied by 

STM and AFM to identify point defects and macroscopic holes (Figure 5.2). Birnessite 

sheets were deposited on the freshly cleaved mica. AFM images of Bir-400 and Bir-1000 

show that the thickness of the sheets is around 0.4 nm, which can be attributed to the 

formation of monolayer sheets with a lateral size from nanometers to micrometers 

 

Figure 5.2. A schematic of the a) defect free MnO2 layer, b) MnO2 with Mn and O 

vacancies (point defects), c) MnO2 layer with a macroscopic hole. 
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(Figure 5.3). In addition, irregular holes appeared which have a higher density in Bir-

400. The average size of small macroscopic holes is 41.8 ±9.5 nm; however, the larger 

macroscopic holes were observed to be around 540 nm in diameter.  While AFM images 

of Bir-1000 show large macroscopic holes around 112 nm, the small macroscopic holes 

disappeared. The AFM images show that the sheets are not perfect and macroscopic holes 

formed on the sheets, which can be controlled by the synthesis temperature. 

 Scanning Tunneling Microscopy 

High resolution STM images of Bir-400 and Bir-1000 show that there are sites in 

the Bir-400 structure that are not occupied by one or multi-atoms and remain vacant, 

while we did not observe any vacancies for Bir-1000 (Figure 5.4). Two-dimensional fast 

Fourier transformation (2D-FFT) of the atomic resolution images provide information for 

analyzing periodic features appearing in the corresponding real space image which 

exposes the lattice structure of birnessite.45-47 2D-FFT analysis of Bir-1000 images shows 

 

Figure 5.3. AFM images of exfoliated birnessite synthesized at, a) 400 oC and b) 1000 

oC  (4×4 µm2). 

a) b)
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the hexagonal pattern, while STM images of Bir-400 show a distorted pattern (Figure 

5.4). Scanning tunneling spectroscopy (STS) was employed to probe the local electronic 

structure of the monolayer sheets. Surprisingly, Bir-400 images show no gap between 

conduction and valence bands, confirming the semi-metallic behavior of the Bir-400. On 

the other hand, the current response of Bir-1000 shows the existence of a band gap and 

suggests semiconducting properties. 

As a result, STM images of Bir-400 confirm that the arrangement of atoms is not 

perfect, interrupted by crystallographic defects, and the point defects (vacancies) are 

formed while Bir-1000 is a defect-free sheet. STS measurement confirms that the 

intrinsic conductivity of the monolayer sheets can be tuned. 

 X-Ray Diffraction Pattern and Raman Characterization 

 

Figure 5.4. Characterization of exfoliated birnessite. High resolution STM images of 

birnessite monolayer a) 400 oC, (30× 30 𝑛𝑚2), The red circles indicate the presence 

of the point defects. b) 1000 oC, (20× 20 𝑛𝑚2); It=0.1 nA, VBias=200 mV, The inset at 

bottom left shows 2D-FFT analysis of images. c) I-V curve of birnessite synthesized at 

400 and 1000 oC indicates semi-metallic behavior of defective birnessite.  
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The X-ray diffraction pattern of the exfoliated birnessite sheets (restacked sheets 

after drying process) show two sharp peaks at 2θ = 12.5° and 2θ = 25.1° (d=7.1 and 

3.61Å) (Figure 5.5), representing a set of basal reflections (001 and 002) with d values 

corresponding to a periodicity along c axis which is characteristic of the MnO2 layered 

structure.48 The XRD pattern confirms that the monolayer birnessite sheets are 

reassembled and restacked after drying the symples. When comparing XRD patterns of 

the bulk and restacked birnessite sheets, it is obvious that the majority of reflections, 

 

Figure 5.5. a) X-ray diffraction pattern, b) Raman spectra of the exfoliated birnessite 

sheets synthesized at different temperatures, c) Raman peak ratio (associated Raman 

peaks at ∼575 & ∼650 cm−1  with in- and out of -plane Mn−O stretch). 

a) b)

c)

001

002
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except the 001 and 002 reflections, disappear after the exfoliation process (Figure 5.5a), 

which can be due to the fact that the (001) directions, c axis, the birnessite sheets were 

restacked periodically, while the crystallinity and the periodicity along other directions is 

low48 because of random orientation of sheets for the a and b axis directions after 

reassembling layers. 

Additional insight into the structure of the exfoliated birnessite was obtained with 

Raman spectroscopy (Figure 5.4b). Strong peaks were observed at 571.6 cm-1 and 648.8 

cm-1, which are characteristic peaks for MnO2 and could be attributed to the in-plane 

(intralayer) Mn-O vibration and out-of-plane (interlayer) Mn-O stretching, respectively.49, 

50 The weak band at 503.7 cm-1 is assigned to the stretch vibration (A1g).
50 The overall 

ratio of the intensities of the in-plane to out-of-plane stretch increases by increasing the 

synthesis temperature (which also eliminates defects); the same phenomena were 

observed for bulk layered MnO2 (Figure C5). A similar result has been previously 

reported following the intercalation of cations to the interlayer of birnessite, which is 

attributed to the disintegration of structure caused by the intercalation of atoms to the 

interlayer region.18, 51 

 

 5.3.2 Electrochemical Activity of Restacked Layers 

The OER activity of bulk layered MnO2 and of exfoliated sheets was examined in 

alkaline media using a typical three electrode setup. The bulk layered MnO2 shows a 

significantly higher overpotential (η=840 mV at 10 mA), compared to the exfoliated 

sheets (Figure C8). An analysis of the OER performance of the restacked birnessite 
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sheets synthesized at different temperatures revealed that the Bir-400 (defective 

birnessite) has the highest activity. The improved OER activity of the exfoliated sheets 

was further assessed by determining the turnover frequency (TOF), active surface area 

and mass activity presented in Table 5.1 (see Figure C9), showing an improvement of 

more than an order of magnitude relative to the bulk birnessite (0.0004 s-1). The TOF of 

the samples appears to improve by introducing defects. Bir-400 exhibits a water 

oxidation TOF (=0.45 V) of 0.019 s-1, 2.4 times higher than Bir-1000 and 47.5 times 

higher than reported flower-like birnessite.19 

Table 5.1: Summary of Catalytic Activities 

Catalyst 
η (mV) at 

10 mA cm−2 

TOF (s−1) at 

η = 0.45 V 

Tafel slope 

(mV dec−1) 

CDL 

(mF/cm2) 

Mass 

Activity (A/g) 

at η = 0.45 V 

Bir-400 450 0.019 s-1 140.1 0.0832 6.18 

Bir-600 480 0.013 s-1 174.1 0.0373 4.03 

Bir-800 500 0.010 s-1 199.5 0.0232 3.40 

Bir-1000 560 0.008 s-1 313.1 0.0086 2.69 

 

The kinetics of OER catalyzed by birnessite can be determined from linear 

regions of the logarithmic current density and overpotential (η).52 The Tafel slope 

represents the kinetic metrics of a catalyst, with a lower Tafel slope being an indication of 

a better electrocatalyst. Our results show that by increasing the synthesis temperature, the 

Tafel slope increases from 140.1 mV/dec (Bir-400) to 313.1 mV/dec (Bir-1000) (Figure 

5.6), suggesting that the defects increase the catalytic activity of the restacked sheets. 
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Birnessite is not stable during the OER reaction, and the deactivation mechanism 

is not well understood. In order to evaluate the stability of the exfoliated birnessite, 

chronopotentiometry (at constant current of 10 mA cm-2) was performed. Although Bir-

1000 has a higher overpotential, it shows higher stability (~30 min). Previous studies 

have shown that corrosion occurs on the birnessite surface due to the formation of the 

MnVII=O intermediate species, which leads to the release of MnO4
- to the solution.53  

 

5.4 Discussion and Conclusion 

The enhancement of the OER activity of exfoliated sheets can be attributed to 

several factors.  

(1) Restacked sheets provide a large active surface area, and the formation of few-

layer sheets improves the overall electron transport through the layers, resulting in an 

increase of the rate catalysis. During the exfoliation and restacking process few-layer 

sheets form, facilitating electron transfer through the out of plane sheet. 

Furthermore, potassium ions are removed from the interlayer region during the 

protonation process, and a larger number of water molecules have access to the interlayer 

region. As the X-ray photoelectron spectroscopy (XPS) spectrum shows, the oxygen 

atom environment is changed during the exfoliation process (Figure C6 and C7). As a 

result, restacked sheets provide a larger number of active sites for the water splitting 

reaction. 
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(2) The large enhancement in intrinsic conductivity through defect engineering 

causes a significant improvement in electro-catalytic performance. Prior studies have 

shown that improving the electrical conductivity facilitates electron transportation and 

that it can promote electrocatalytic activity.13, 15, 54 It was shown that intrinsic electrical 

conductivity of layered MnO2 can be tuned through defect engineering.13, 25 While defect-

free monolayer MnO2 is a typical semiconductor, defective monolayer birnessite shows a 

half-metallic behavior.13, 25 The point defects influence the conductivity of the sheets. 

 

Figure 5.6. a) Normalized polarization curves of exfoliated birnessite catalysts 

synthesized at different temperatures for OER on glassy carbon electrodes. The 

potential sweep rate was 5 mV s−1. b) Tafel plots, c) Chronopotentiometry at 5 mA 

cm−2. 

 

b)a)

c)
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Theoretical calculations have shown that oxygen defects alone cannot tune the 

conductivity properties of layered MnO2 and that Mn defects, or the combination of Mn 

and O defects, play a key role in improving the intrinsic conductivity of sheets.25 In 

contrast to this finding, our OER results indicate that the presence of defects plays a 

pivotal role for the electronic structure of materials and their catalytic performance. 

Although the role of defects on the conductivity of birnessite was previously 

addressed in the literatures,13, 25 no direct experimental results demonstrating the impact 

of defects on the electrical conductivity have been reported. We used STM and STS 

experiments to observe the birnessite monolayer structure and conductivity. STM images 

of Bir-400 confirmed the presence of point defects, and AFM images confirmed the 

presence of macroscopic holes. The STS analysis reveals a higher conductivity and semi-

metallic behavior of Bir-400 (defective birnessite), while no point defects and a semi-

conductive behavior were observed for Bir-1000 (defect-free birnessite). In defective 

birnessite sheets, the increased electrical conductivity of layered MnO2 facilitates 

electron transport, which can increase electrocatalytic activity. 

 (3) Since the OER reaction occurs in the interlayer region of sheets, the 

introduction of macroscopic holes facilitates the passage of oxygen and water to the 

active sites. The ideal catalyst should have good ionic transport, such as H+ and OH-, 

which facilitates the supply of reactants to the water splitting reaction. It was shown that 

α-MnO2 has a high OER activity, which was attributed to large tunnel sizes of the crystal 

structure that facilitate diffusion of the products.9  

The discussed features of exfoliated birnessite all contribute to a decrease of the 

activation barrier and an increase of the catalytic activity of the birnessite sheets by 
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improving the kinetics of electron transport and increasing the number of catalytic active 

sites.   

Here, we report a novel method to introduce defects into birnessite to improve 

conductivity and catalytic activity of sheets. Bulk layered MnO2 was synthesized at 

different temperatures and exfoliated through the ion exchange method. AFM images 

confirm the formation of monolayers and the presence of macroscopic holes, which can 

be controlled by the synthesis temperature. Furthermore, high resolution STM images 

showed the presence of point defects, and STS analysis demonstrated the semi-metallic 

behavior of defective birnessite. Our results show that the OER kinetic rate and turnover 

frequency was improved by introducing defects to the birnessite structure. A combination 

of resulting features can explain the high activity of the birnessite sheets following the 

introduction of defects, in particular the enhanced intrinsic conductivity of the sheets, and 

the increased active surface area. Our results further the understanding of the role of 

defect on crystal structure and provide a direction for the rational design and fabrication 

of highly efficient and low‐cost water oxidation catalysts. 

 

Abbreviations 

SEM, scanning electron microscopy; AFM, atomic force microscopy; XRD, X-ray 

diffraction; 2D, two-dimensional; OER, oxygen evolution reaction; STM, scanning 

tunneling microscopy; STS, scanning tunneling spectroscopy 
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CHAPTER 6 

THE POLYTYPES OF BIRNESSITE FOR ARSENITE OXIDATION REACTION 

 

ABSTRACT 

Arsenite [As(III)] is more toxic and mobile in the environment when compared to 

arsenate [As(V)].  A strategy to eliminate arsenite from environmental settings and water 

resources is to oxidize arsenite to arsenate using the redox active manganese oxide, 

birnessite. Arsenate exists as a negatively charged ion at pH values that are common to 

many environmental settings unlike arsenite which often exists as a fully protonated 

species with zero net charge. The charged nature of arsenate often results in a strong 

electrostatic interaction with materials used as adsorbents. In the chapter 6, the activity of 

various polytypes of birnessite for the arsenite oxidation reaction are investigated. 

Several birnessite polytypes were synthesized by decomposing KMnO4 at different 

temperatures. The synthesis temperature controlled the phase formation and 

heterogeneity of the resulting material. Birnessite synthesized at 600°C contained the 2H 

and 3R phases which showed the highest activity. Pair distribution function (PDF) 

analysis of samples indicates that Mn4+ was reduced to Mn3+ and that this species 

migrated from the 2D birnessite sheet to the interlayer region. We report in-situ atomic 

force microscopy of birnessite sheets exposed to arsenite providing a detailed 

understanding of the arsenite oxidation reaction at the birnessite surface. The reductive 

dissolution of birnessite was shown to proceed most readily on the birnessite sheet edges 

compared to the basal plane of the of the material.  Our findings can be significant in 

terms of material design in the removal of arsenite for purification process. 
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6.1 Introduction 

Arsenic is a highly toxic element that is present at high levels in the groundwater 

in some countries.1-4 Long term exposure to arsenic can cause acute and chronic adverse 

health effects, such as cancer.1-4 Arsenic can be found in the environment in several 

different oxidation states:  arsenite (III) and arsenate (V) being the two most common 

forms.5 Arsenite has high toxicity and mobility with low affinity to adsorbents compared 

to arsenate.5 The oxidation of the arsenite to arsenate has been the focus of many 

remediation methods since arsenate retains a net charge at typical environmental pH 

while arsenite does not. The charged arsenate species is typically easier to remove by 

adsorption than the neutral charge arsenite species.  

A wide range of the oxidants such as hypochlorite, chlorine, ozone, and hydrogen 

peroxide have been used in prior studies6-11 however, there is a demand for 

environmentally friendly oxidants.12 Among the various oxidizing agents, birnessite is 

one of the most commonly used earth abundant materials to oxidize arsenite.13-21 

Birnessite is a layered manganese oxide containing both Mn3+ and Mn4+ in its structure, 

and it consists of sheets of edge-sharing MnO6 octahedra separated by a layer of cations. 

The most common polytypes of birnessite are turbostratic and triclinic birnessite, both of 

which are used for arsenite oxidation.22-26 

Researchers have been motivated to increase the arsenite (III) oxidation rate in the 

presence of the birnessite. Previous research has highlighted the effect of morphology on 

birnessite activity.14, 27 Yin and coworkers reported an approach relying on synthesized 
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nanostructure birnessite containing cobalt which was substituted into the MnO2 

framework.27 They showed that birnessite containing cobalt has a higher arsenite 

oxidation activity compared to birnessite.27, 28 Meanwhile, the effect of the birnessite 

morphology, including flower, nanowire and sheets, on the arsenite oxidation reaction 

has been studied, showing that birnessite with flower-like morphology is highly active for 

the arsenite oxidation reaction.14 The effect of simulated solar radiation on the arsenite 

oxidation with triclinic birnessite was studied, and indicated that simulated solar radiation 

increased the reaction rate during the irradiation due to the small band-gap of triclinic 

birnessite.21 

It has been shown that different polytypes have various physical and chemical 

properties.29-32 As an example, the layered MoS2 has two common polytypes, 1T’ and 

2H, with different physical 33-35 and  electronic properties. The 2H polytype has 

semiconducting properties (in-direct-bandgap of 〜1.29 eV), while the 1T’ polytype is a 

metastable phase with metallic properties.33-35 These two phases have shown different 

catalytic activity driven by their physical properties.33-35 Crystal structure plays a key role 

in the electronic structure and activity of the material. 

The impact of crystal structure phase and heterogeneity of birnessite on its 

activity in the arsenite oxidation reaction has not been examined. In this study, the 

birnessite was synthesized by the thermal degradation of the KMnO4 at various 

temperatures which led to the formation of different polytypes. The activity of 

synthesized birnessite has been studied and compared to the most common forms of 

birnessite, turbostratic (acid birnessite) and triclinic birnessite. The results indicate that 

the crystal structure of birnessite plays a key role in the activity of birnessite for arsenite 
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oxidation reaction. We demonstrated that birnessite synthesized at 600°C has the highest 

reported activity for the arsenite oxidation reaction.  

To provide new insights into the role of birnessite polytype in arsenate oxidation, 

the pair distribution function (PDF) method was used for the to examine the birnessite 

polytype structure to have a better understanding of the surface adsorption mechanism 

and birnessite structural changes after the arsenite oxidation reaction. 

There is no direct experiment to study the active sites of the birnessite for the 

arsenite oxidation reaction. in-situ atomic force microscopy (AFM) studies were carried 

out to identify structural and chemical changes of layered birnessite during arsenite 

oxidation reaction. The goal of our study is to provide a direct observation of the 

morphological changes in the birnessite surface during the reductive dissolution process 

as well as a detailed understanding of the arsenite oxidation reaction at the birnessite 

surface. The reductive dissolution of birnessite has shown to be more active on the edges 

compared to the basal plane of birnessite. Our findings can be significant in terms of 

material design in the removal of arsenite for purification process. 

 

6.2 Experimental Section 

All chemicals were purchased from commercial vendors without further 

purification. Potassium permanganate (KMnO4) was purchased from Fisher Chemical. 

 Synthesis of Birnessite 
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Turbostratic birnessite (acid birnessite) was synthesized by the McKenzie 

method.36, 37 A potassium permanganate solution (KMnO4, 0.2 M, 250 ml) was heated 

(80°C) and hydrochloric acid (HCl, 4M) was added dropwise (1 ml/min). After adding 

hydrochloric acid, the solution was heated at 80° C for an additional 30 min. The 

resulting solution was aged for 15 h at 500C. The obtained powder was washed via 

vacuum filtration and dried at room temperature. 

Triclinic birnessite was synthesized by preparing MnCl2 (0.064 mol) and NaOH 

(2.017 mol) in 250 mL DI-Water. Nanopure deionized (DI) water (18.2 MΩcm−1) was 

used to prepare all the solutions and suspensions. The solutions were cooled to 0°C and 

bubbled with N2 gas for 1 h. The NaOH solution was continuously purged with N2 gas 

and MnCl2 solution was added. The mixed solution was oxidized by replacing the 

nitrogen with an oxygen gas flow for 5h. The solution was aged at 80°C for 9 h. The 

product was cooled to room temperature, washed and air-dried. The SEM and X-ray 

characterization of the turbostratic birnessite and triclinic birnessite are shown in Figure 

D1 and D2.  N2 adsorption was applied to measure the surface area of birnessite, using a 

Quantachrome Monosorb, the Brunauer–Emmett–Teller (BET) surface area analyzer. 

BET surface areas of the hexagonal and triclinic birnessite were determined to be 28.04 

and 20.23 m2g-1, respectively. 1  

Birnessite with a mixed polytype layer structure was synthesized by 

decomposition of KMnO4 at high temperatures. The samples were heated at a rate of 1 

°C/min to the desired temperature, including 400, 600, 600, and 1000 °C. After 5h at the 

target temperature the sample was returned to room temperature. The samples were 

washed and centrifuged 5 times with DI-water. The bulk birnessite samples synthesized 
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at 400, 600, 800, and 1000 °C are hereafter referred to as Bir-400, Bir-600, Bir-800, and 

Bir-1000, respectively. The Brunauer–Emmett–Teller (BET) surface areas for Bir-400 

Bir-600, Bir-800, and Bir-1000 were determined to be 25.66, 13.27, 7.70, and 5.19 m2g-1, 

respectively. 

 

 Batch Experimental Procedure 

All experiments were performed in the dark (the reaction vessels were wrapped in 

aluminum foil). Bulk birnessite (16 mg) was suspended in 75 ml DI-Water and pH was 

adjusted to 5.0 and then 75 ml 1 mM arsenite (NaAsO2, pH=5) was added to the 

suspension.  

Ion chromatography (IC, Dionex ICS1000) was used to measure the concentration 

of arsenite in solution during the oxidation of arsenite. All collected samples were filtered 

(through 0.22 µm filters) to separate birnessite particles from solution for further 

analysis. 

 

 Exfoliation of Birnessite Sheets 

Bir-1000 was exfoliated for AFM studies. As a first step, protonation of the bulk 

birnessite (Bir-1000) was performed by stirring the bulk birnessite dispersion (1g/L) with 

nitric acid solution (0.1M) for 3 days. The resulting solution was centrifuged and washed. 

Exfoliation of the protonated birnessite was achieved by using an aqueous solution of 

tetra-n-butylammonium hydroxide (TBAOH; 40 wt % in H2O) at room temperature. The 
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solution was stirred for 10 days, and then centrifuged at 14000 rpm for 30 min, and 

redispersed in DI-water. The resulting solution was centrifuged at 8000 rpm for 15 min to 

separate unexfoliated sheets, and final supernatant was centrifuged at 14000 rpm with DI-

water, ethanol, and isopropanol alcohol to remove the residual TBAOH.  

 

 Instrumentation 

SEM images were recorded by the FEI Quanta microscope operated at 30 kV. 

XRD was carried out using a Bruker D8 x-ray diffractometer with Cu Kα radiation 

(λ=0.15406 nm). Atomic force microscopy (AFM) measurements were performed with 

an Agilent 5100 (Agilent technologies, AZ, USA) operating in tapping mode in air. 

Conical tips with analuminum reflex coating were obtained from MikroMasch (radius < 8 

nm, spring constant = 2.8 N/m, resonant frequency = 75 kHz). A fresh surface of HOPG 

was cleaved with scotch tape prior to experiments. The dispersed solution of exfoliated 

birnessite drop-casts on a mica substrate and after drying in air at room temperature, the 

mica was mounted in the AFM liquid cell, and then 1 mL of deionized water was injected 

into the cell. After performing the first scan , the water was replaced with 1mL of arsenite 

solution 500 μM (pH=5) and images were captured, with the scan area of 1.8×1.8 µm2. 

 

 Pair Distribution Function 

X-ray synchrotron radiation experiments were carried out with on beamline 17-

BM tuned to λ=0.24105 nm at the Advanced Photon Center (APS), Argonne National 

Laboratory. Ground birnessite powder was placed into 0.0395” ID × 0.0435” OD 
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polyimide tubes (Cole-Parmer). The collected data (Qmax of 20.6 Å-1) processed and 

analyzed using GSAS Ⅱ software. 

 

6.3 Results and Discussion 

The morphology of the synthesized birnessite was studied by SEM, showing that 

the porosity of the sheets was decreased by increasing the synthesis temperature (Figures 

6.1 and D1). Inspection of the SEM image of Bir-1000 shows predominantly micrometer 

sized crystals exhibiting well-defined crystallographic faces, while a higher density of 

macroscopic holes is observed for birnessite synthesized at a lower temperature. The 

 

Figure 6.1. SEM images of synthesized birnessite at different temperatures, a) 400°C, 

b) 600°C, c) 800°C, d) 1000°C. 
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BET analysis of sample (experimental part) confirmed the rise of the surface area at the 

lower temperature, consistent to the SEM images.  

Previous studies have shown that the birnessite synthesized by decomposition of 

the KMnO4 has a mixed polytype layer structure that can be controlled by temperature, 

and XRD can differentiate between birnessite polytypes.26, 38, 39 The crystal structure of 

birnessite synthesized by the thermal decomposition of KMnO4 has been studied 

extensively, and three polytypes including two-layer orthogonal (2O), two-layer 

hexagonal (2H) and three-layer rhombohedral (3R) were identified in the samples.39 

These polytypes differ by their stacking modes and layer symmetry. 2H and 3R polytypes 

contain hexagonal layers (vacancy defects), while 2O polytype contains orthogonal layers 

(vacancy-free). The layer stacking mode of the 2H and 3R have shown in Figures D3 and 

D4. 2O polytype has the same layer stacking while it contains the orthogonal layers. 

Temperature plays a key role to control the crystal structure of birnessite (Figure 6.2). 

Birnessite synthesized at 400°C has turbostratic structure which is the most common type 

of the birnessite.25 From 600°C and up, the XRD patterns show a crystalline structure 

with sharp and intense reflections. By increasing the temperature, the intensity and peak 

positions change, indicating the evolution of the crystal structure.  

XRD patterns for the all samples show basal reflections and interlayer distances at 

around 7.1 Å (2θ~12.1°)  and 3.56 Å (2θ~24.2°) which are characteristic of the birnessite 

layered structure.23, 28 Sharp and intense reflections at 36.48, 38.66, 41.30 and 44.74 Å, 

which can be indexed as a hexagonal two-layer (2H) unit cell, are observed for Bir-600 

and higher temperatures.28 Previous studies have shown that the density of 2H polytype 

decreases at a higher temperature.26, 28, 39 When examining the XRD pattern more closely, 
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it can be observed that the peak position in the range of the 36-60° 2θ are different, 

implying transformation from one phase to another phase. When the intensity scale is 

enlarged over the 35-45° 2θ for the Bir-600 (red pattern), two broad peaks can be 

observed at 37.2° 2θ (2.41 Å) and 42.1° 2θ (2.14 Å) which are attributed to the 3R 

birnessite polytype and disappeared at a higher temperature.28 These peaks are 

characteristic of the 3R polytype which confirms the formation of the mixed layer 

structure (2H/3R). Furthermore, the formation of the 2O polytype can be demonstrated by 

the appearance of a peak at 52.8° 2θ (1.73 Å) for Bir-800 and Bir-1000,28, 39 our XRD 

results are consistent with prior studies.26, 28, 39 Increasing the temperature to 800° and 

1000° C led to the transition from birnessite with hexagonal symmetry to orthogonal 

 

Figure 6.2. X-ray diffraction pattern of birnessite synthesized by decomposition of the 

KMnO4. Zoomed in sections show the formation of the 3R polytype in Bir-600 and 

2O polytype in Bir-800 and Bir-1000. 
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symmetry.26, 28, 39 Bir-800 and Bir-1000 have mixed layer structure containing the 2H 

polytype interstified with 2O polytypes. The 2O polytypes represent the most stable 

phase, which are predominated by increasing temperature to 1000°C.26, 28, 39 As a result, 

there is a 2H/3R mixture at a lower temperature (Bir-600), while the 2H/2O mixture 

predominates at higher temperatures (Bir-800 and Bir-1000).  

The solution phase concentration of the arsenite as a function of the time at pH 5 under 

dark conditions shows that Bir-400 and Bir-600 are highly active with similar oxidation 

kinetics (Figure 6.3). The arsenite concentration change was analyzed by applying first 

order kinetics (Figure D5) as suggested by prior studies of arsenite oxidation reactions5, 

14, 21 Bir-600 shows the arsenite oxidation first order rate constant of  0.741 h-1 which is 

3.6 and 24 times higher than Bir-800 and Bir-1000, respectively (Table D1).  

The activity of the materials depends on the surface area and the number of active 

 

Figure 6.3. a) Oxidation of arsenite by polytype birnessite: The amount of arsenate 

released into the solution during oxidation of As(III) in the presence of birnessite as a 

function of time under dark conditions, b) Arsenate concentration normalized to 

surface area.  
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sites.40-42 To compare the intrinsic activity of the samples, they were normalized to their 

respective surface area. The normalized data revealed that Bir-600 is the most active 

sample and that Bir-400 activity is lower than Bir-600 and Bir-800. Our results indicate 

that the birnessite crystal structure (Figure D3-D4) plays a key role in the reactivity of 

the samples for arsenite oxidation activity.  

In order to study the effect of the crystal phase on the activity of birnessite, two 

common polytypes of birnessite, turbostratic and triclinic,25, 26 were synthesized and their 

activity was compared to the other birnessite polytypes (Figure D1-D2, D4, and D6). The 

acid birnessite has turbostratic crystal structure and the flower-like morphology (Figure 

D4), and the crystal structure is similar to Bir-400 (Figure D1-D2, D4). The results show 

that acid birnessite has a higher activity compared to triclinic birnessite (Figure D6), 

while it has lower activity than Bir-600 and Bir-800. The Bir-400 and turbostratic 

birnessite have a similar activity which was expected due to their similar X-ray 

diffraction pattern. Furthermore, the reaction rate of samples was compared to the 

previous studies, confirming that the Bir-600 synthesized in this study is the most active 

birnessite for arsenite oxidation reaction reported to-date (Table D1). The amount of 

arsenate released into the solution during oxidation of As(III)  results indicate that the 

birnessite 2H/3R polytype has the highest reactivity on the oxidation of arsenite.  

 

 Pair Distribution Function (PDF) 

Complementary to XRD, the local (short-range) structure of the material can be 

investigated using PDF analysis, providing direct structural information from local 
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atomic bond lengths. PDF determines the probability of finding an atom at a certain 

distance from another atom and has been used in this study to determine the atomic bond 

lengths of birnessite before and after arsenite oxidation reaction. The PDF analysis is 

sensitive to the interlayer manganese and was used to provide direct experimental 

evidence for the presence or absence of the interlayer manganese (III) in a triple-corner-

sharing (TCMn) position, the interlayer Mn atom is bonded to the layer through three 

oxygen atoms in a triple-corner-sharing (TCMn) position above or below the vacancies. 

 

Figure 6.4. Pair distribution functions of Bir-600 (black line), and Bir-600 treated 

with arsenite after 6h (red line). 
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Therefore, PDF method is a powerful method to investigate the presence and destination 

of the TCMn after arsenite oxidation reaction. 

In order to study the short-range structural change of birnessite, the pair 

distribution function (PDF) method was performed before and after the arsenite oxidation 

reaction (Figure 6.4). The low r region provides extensive information about Mn-Mn, 

Mn-O and Mn-TCMn distances.43-46 The first peak at 1.91 Å is attributed to the Mn-O 

bond length. The second peak at 2.87 Å is attributed to Mn-Mn and O-O (bridged O) 

correlations.43-46 The position of these two peaks did not change after the reaction while 

the intensity decreased which confirm the dissolution of the birnessite. 

Although the PDF experiment cannot provide information about the distance and 

position of light molecules and atoms such as interlayer water and potassium, it is 

sensitive to the presence of interlayer manganese (triple corner-sharing manganese 

(TCMn)).43-45 Bir-600 contains triple-corner-sharing manganese (III) above or below the 

vacancies. A sharp increase in the Mn-TcMn peak is apparent at 3.5 and 5.5 Å after the 

reaction, indicating the appearance of TcMn in the interlayer region.43-45 In another word, 

the results indicate the migration of the Mn atoms from in-layer to the interlayer sites, 

either above or below the layer vacancies.  The formation of the triple corner sharing 

manganese can be explained by two possible mechanisms.17, 47 The first is that Mn+4 can 

be reduced directly through the oxidation of arsenic and formation of TCMn+3. 

2(MnIV-OH) + H3AsIIIO3(aq) + H2O → 2(MnIII-OH2) +HAsVO4
2-(aq) + 2H+ 

The second possible reaction mechanism may include the desorption and 

oxidation of Mn2+ above the vacancies and reduction of the in-layer Mn4+. 
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MnIV-OH + MnII(aq) + H2O + H+ →  2(MnIII-OH2) 

The PDF results support the first mechanism, as confirmed by the decrease of the 

in-layer Mn-O and Mn-Mn peaks intensity and increase of the interlayer MnIII intensity, 

consistent in all samples (Figure D7).  

The birnessite has a higher activity at an initial stage (earlier time scale, below 

120 min) for arsenite oxidation (Figure 6.3), while the surface deactivates at higher time 

scale (higher 120 min). Previous studies have shown that MnIII and MnII passive the 

surface activity and that MnIII is less active than MnIV sites.5, 48 Our PDF results confirm 

the increase in the formation of triple corner sharing MnIII during the reaction which can 

cause passivation and decrease in birnessite activity. Furthermore, a peak shoulder at 3.14 

Å appeared in the plot of treated samples which can be attributed to the Mn-As(V) 

distance. The peak at 3.14 Å can be due to formation of the bidentate-binuclear complex 

between As(V) and birnessite, consistent with previous studies.17, 47 

 In-Situ AFM 

Identifying the birnessite active sites is essential in the design of an active 

material for arsenite oxidation reaction. Ex-situ experiments cannot easily identify active 

sites; the ex-situ AFM imaging of the exfoliated birnessite after arsenite oxidation 

reaction only revealed the aggregation of the sheet and did not provide information about 

active sites of the sheets (Figure D8). Therefore, an in-situ technique to observe the real 

time reaction is necessary. The birnessite sample (Exfoliated Bir-1000) was exfoliated to 

monolayer sheets and drop-casted onto mica. The in-situ AFM experiment confirmed that 

injecting arsenite solution drove the dissolution of the birnessite monolayer. The 
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magnified AFM image shows the dissolution of the sheets initiates from the edges. Prior 

density functional theory calculations have shown that the adsorption of arsenite occurs 

near vacancies, whose presence improves the reaction rate.14 Therefore, the birnessite 

activity is dominated by the edges rather than the basal plane. Scanning tunneling 

microscopy has been used as a complementary technique and confirmed the results 

 

Figure 6.5. Topographic in-situ AFM images of birnessite on mica, a) birnessite 

before arsenite exposure, b and c) after exposure to arsenite solution b) after 3h, c) 

after 3h and 30 min, (1.8 × 1.8 µ𝑚2). Bottom right shows the magnified images of 

birnessite sheets before and after exposure (0.52 × 0.52 µ𝑚2). 

a) b)

c)
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(Figure D9). 

To have a better understanding of the birnessite activity, the in-situ AFM and bulk 

experiment results should be compared together to provide a comprehensive information 

for the arsenite oxidation reaction. AFM results demonstrate the importance of edges on 

the birnessite oxidant activity. In the bulk analysis of the samples, we expect a higher 

activity of Bir-400 due to its higher surface area and edge like structure, while the 

intrinsic activity of the Bir-400 is less than Bir-600 and Bir-800 (activity normalized to 

surface area). The results indicate that other parameters, such as the crystal phase of the 

samples, and defects play a key role in the oxidant activity of the samples.  

6.4 Conclusion 

We explored the arsenite oxidation performance of different birnessite polytypes. 

Heterogenous and mixed-layer structures of birnessite were synthesized by degradation 

of KMnO4 at various temperatures. These mixed layer structures lead to the formation of 

a new type of heterogeneous disorder, which affects the activity of layered MnO2 for the 

arsenite oxidation reaction. Bir-600, which consists of a mixed layer structure composed 

of the 2H polytype and interesterified at random with the 3R polytype, has the highest 

activity. PDF analysis of birnessite samples was performed to evaluate structural changes 

of samples after arsenite oxidation reaction for the first time. Our results reveal the 

migration of the Mn atoms from layer to the interlayer sites, either above or below the 

layer vacancies.  Furthermore, in-situ AFM showed that the birnessite edges are highly 

active compared to its basal plane in the arsenite oxidation reaction. Our results provide a 

direction for the design and development of material applicable in the removal of 

arsenite, for example in water purification processes. 
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Abbreviations  

 SEM, scanning electron microscopy; AFM, atomic force microscopy; XRD, X-ray 

diffraction; 2D, two-dimensional; STM, scanning tunneling microscopy; TC, triple corner 

sharing manganese; PDF, Pair distribution function; BET, Brunauer–Emmett–Teller 
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CHAPTER 7 

SUMMARY 

In this dissertation, research was carried out to better understand both the physical 

and chemical properties of 2D layered materials. The different features of the layered 

materials that were investigated for specific applications, as summarized in Figure 7.1. 

 

Figure 7.1. Different features of layered materials investigated in this dissertation 

for specific applications. 

The 2D layered materials chosen to be investigated in the thesis research were 

layered molybdenum sulfide and manganese oxide. Research that focused on 

molybdenum sulfide investigated how the layer number of a stacked MoS2, 2D material, 

affected its electrocatalytic activity. The research focused on layered manganese oxide 

investigated both the physical and chemical properties of the atomically thin edges of the 

individual layers of the material. In all, the research helped to further understand the 

unique structural properties associated with layered metal oxide material.  



159 

 

Research presented in Chapter 3 reports on the effect of the thin atomic edges of 

layered materials on bacterial viability. In particular, the study showed how vertically 

aligned MnO2 and MoS2 2D materials could show significant antibacterial activity. The 

vertical alignment of the 2D sheets produced materials that had a high-density edge that 

were spatially isolated from each other (i.e., not stacked). The study obtained viability 

measurements of bacterial species (i.e., B. subtilis as a Gram+ and E. coli as a Gram− 

classes) after exposing them to both vertically aligned and randomly oriented MnO2 and 

MoS2 nanosheets.  The sharp edges of the 2D sheets played a significant role in damaging 

the bacterial cell wall and reducing membrane integrity. MnO2 and MoS2 nanosheets 

proved to be more effective in damaging the membrane integrity against Gram+ bacteria. 

Based on the results obtained it was proposed that the peptidoglycan mesh in that 

bacterial cell wall was the primary target of the atomically thin edges of the layered 

materials. 

Chapter 4 investigated the effect of the layer number of stacked 1T'-MoS2 for the 

HER. The number of layers was controlled by using the LbL technique. The assembled 

layers were characterized by AFM and it was shown that the median height of the MoS2 

layers increased and the height distribution became broader after each deposition cycle. 

The electrocatalytic activity of 1T'-MoS2, as well as 2H-MoS2 after laser conversion of 

1T'-MoS2, were determined as a function of deposition cycle toward HER activity. The 

HER performance improved with increasing LbL deposition cycle for both phases. The 

1T' phase of MoS2 showed the higher HER activity for a given deposition cycle number 

(i.e., at equivalent mass loading). The study showed that the HER activity of 1T'-MoS2 

was greater than 2H-MoS2 at identical mass loading. 
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Chapter 5 investigated the effect of atomic level defects and macroscopic holes 

for the chemical reactivity of 2D layered manganese oxide (Birnessite phase). A synthetic 

method to introduce defects into birnessite was investigated to improve the electrical 

conductivity and the activity of sheets for model chemical reactions. Bulk layered MnO2 

was prepared at different temperatures and then exfoliated into monolayer sheets. The 

characterization of the exfoliated sheets, AFM, confirmed the formation of monolayers 

and the presence of macroscopic holes. It was shown that the density of macroscopic 

holes could be controlled by the temperature at which KMnO4 was thermally 

decomposed to the layered birnessite phase of MnO2. High resolution STM images 

revealed the presence of point defects, and STS analysis showed the semi-metallic 

property of defective monolayer sheets. The results showed that the OER kinetic rate and 

turnover frequency were improved by introducing atomic level defects into the birnessite 

structure. It was proposed that the introduction of defects increased the intrinsic 

conductivity of the sheets and made the materials more efficient electrocatalysts for the 

OER. The results provide direction for further studies to develop robust, and cost-

effective water oxidation catalysts by defect engineering. 

Research presented in Chapter 6 investigated the oxidation of arsenite oxidation 

on different birnessite polytypes. Heterogenous and mixed-layer structures of birnessite 

were prepared by degradation of KMnO4 at various temperatures. The synthesis 

procedure led to the formation of a new type of heterogeneous disorder in birnessite, 

which affected the activity of birnessite for the arsenite oxidation reaction. Birnessite 

synthesized at 600°C, which consisted of a mixed layer structure, composed of the two 

layers hexagonal (2H) polytype coexisting with the three-layer rhombohedral (3R) 
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polytype, showed the highest activity for the conversion of arsentie (As(III)) to arsenate 

(As(V)). To the best of our knowledge this particularly active material showed faster 

kinetics for the conversion of As(III) to As(V) than any other phase reported in the 

literature to date.  

 

FUTURE DIRECTIONS 

The main goal of this dissertation was to contribute to the realm of material 

science by establishing the importance of specific structural properties for the reactivity 

of two representative 2D layered materials, manganese oxide and molybdenum disulfide, 

in several different chemical environments.   

Layered Manganese oxide and molybdenum disulfide are naturally occurring in 

the environment which makes them cost-effective materials. Our results introduced a 

method to increase the density of the edges of the layered material for antibacterial 

applications. In addition, the importance of the edges for the interaction of layered 

material with bacteria was highlighted. The surface charge of both the layered material 

used in our study and of bacteria were negative, so the bacterial surface charge was 

unlikely the driving force for the interactions of 2D nanomaterials with bacterial species 

in our study. For the future studies, driving forces for the interaction of layered MoS2 and 

MnO2 can be investigated. The surface charge and electrostatic interaction are expected 

to play a key role in interactions of the material and the effect of the surface charge on 

interactions of layered material can be studied further by using layered material with a 

positive surface charge. Layered material with positive surface charge, such as iron 
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double hydroxide, could be used to study the effect of surface charge on the interaction of 

layered material with bacteria. Layered MnO2 and MoS2 could play an important role in 

future biomedical applications, e.g. for development of antibacterial material and further 

studies need to be carried out to establish the safety and toxicity profile of layered MnO2 

and MoS2 for biomedical applications, and the interaction of layered materials (and their 

edge sites) with other living organisms, such as human cells. 

2D layered materials are expected to be great materials candidates for water 

splitting electrocatalysis and renewable energy technologies, e.g. the storage of solar 

energy in the form of molecular hydrogen, a high energy density fuel. Based on the thesis 

research, the ability to tailor layered materials through layer number is expected to have a 

broader impact on energy conversion and could be utilized as a general strategy to 

assemble layers on the surface not only for the HER, but also for other electrochemical 

processes (supercapacitors and sensors) that occur in layered materials. Another research 

direction could include the synergistic application of a combination of different layered 

materials, such as MXene or graphene oxide with MoS2, assembled as a heterostructure 

with improved conductivity and electron transport through the sheets. The layer by layer 

method provides the opportunity to stack different 2D crystals on top of each other, 

assembled in a chosen sequence. The properties of 2D materials can be incorporated into 

hybrid heterostructures to enhance the functionalities and activity of the sheets. 

Heterostructures can be optimized further by combining layered materials with 

nanoparticles or ions. 

Layered MnO2 could be developed into cost-effective water oxidation catalysts as 

a result of defect engineering. Our results have shown that introducing defects is an 
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effective strategy to tune the properties of layered materials, and the conductivity of the 

defective and defect free monolayer was measured for the first time. Another potential 

future research direction could involve computational modelling to provide a complete 

description of the effect of various defects of monolayer MnO2 on the oxygen evolution 

reaction and could simulate the oxygen evolution reaction pathway (free energy profile) 

on defective material. These calculations could provide an in-depth understanding of the 

effect of defects on birnessite, which may aid in the design and synthesis of highly active 

catalysts. 

There are additional challenges to be addressed in future studies regarding 

introducing defects to the metal oxides, such as the formation of desirable defects, control 

the formation of the defects with high accuracy and synthesis and characterization of 

different types of defects. 

Layered MnO2 and its polytypes could be instrumental to material design for the 

removal of arsenite for purification processes. Further studies can investigate the 

mechanism underlying the high activity of the two-layer hexagonal/three-layer 

rhombohedral phase of birnessite and compare the electronic structure of the birnessite 

polytypes. However, the application of birnessite and its polytypes is not limited to water 

remediation. The performance of the birnessite polytypes could be investigated for the 

further applications such as supercapacitors. 

In-situ atomic force microscopy results presented in this thesis revealed the 

dominant activity of the birnessite edges for arsenite oxidation reaction compared to basal 

plane. Further in-situ techniques can be applied to expand our understanding of the 
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arsenite oxidation reaction. In-situ scanning tunneling microscopy could be used to 

observe the reduction dissolution of birnessite with providing high resolution images of 

the edges, near vacancies and basal plane to compare the structural change of birnessite 

during the arsenite oxidation reaction. 

In conclusion, the results of this research open up new possibilities for the 

tunability of 2D layered materials resulting in enhanced performance for potential 

applications in catalysis, biomedical and water remediation, and electronics. 
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APPENDIX A 

 

SUPPLEMENTAL FIGURES FOR CHAPTER 3 

 

 AFM characterization of 2D Nanomaterials  

AFM was used to characterize the thickness and lateral size of the GO and MXene 

nanomaterials after deposition on an atomically flat mica surface (Figure A1 and A2).  

 

 Raman spectroscopy of 2D Nanomaterials  

Raman spectroscopy of GO (Figure A3) showed two broad characteristic peaks at 

1345 cm−1 (D band) and 1582 cm−1 (G band).  

 

 SEM Characterization of 2D Nanomaterials  

The flower-like MnO2 and MoS2 had an average particle size of 320 and 110 

nm, respectively (Figure A4-6).  

 

 XRD Characterization of 2D Nanomaterials 

The flower-like MnO2 can be indexed as the birnessite phase of MnO2 because 

there is a weak (001) reflection which is a distinguishing feature for this material. Energy 

dispersive X ray (EDX) elemental analysis showed the distribution of carbon, 

manganese, and oxygen in the nanomaterial (Figure A4). The XRD pattern of MoS2 

showed an intense peak at 2θ = 9.36° which is attributed to the (002) Bragg reflection. 
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This peak is also associated with the XRD diffractogram for MoS2/rGO. Moreover, the 

symmetric reflection at 2θ = 32.3° (i.e., which has been related to the presence of the 

stacking faults) is decreased in the MoS2/rGO. The XRD pattern of the MoS2/rGO 

(Figure A5) exhibits a peak at 2θ = 24.7° which is attributed to the (002) reflection of 

rGO. XRD pattern of Ti3C2Tx powders are shown in Figure A6. There is a strong peak at 

2θ=6.5° resulting from the basal planes of the MXene nanosheets. There is an overlap of 

the MoS2 (002) reflection with strong MXene nanosheet reflections hindering XRD 

identification of MoS2. EDS analysis was applied to confirm the stoichiometery of the 

MoS2 layers. 

 

 Flow Cytometry Data Analysis 

To obtain accurate FC results, we applied an analysis of our raw data to take only 

the bacteria into account (i.e., not the nanomaterials). Of significance, doublets were first 

removed from our analysis by using the FSC-A versus FSC-H plot (see Figure A7). 

Then, we used the untreated bacteria sample (i.e., no PI or SYTO9) as our reference and 

defined a grate on the FL3-A histogram for bacteria auto-fluorescence. The idea is that, 

for the untreated bacteria sample, all fluorescence signal is obtained from healthy bacteria 

with no 2D nanomaterial or dye present, which shows how many events (i.e., out of 

100,000) correspond to bacteria. We then defined the width of the gate on this histogram 

to get 90% of the events. Then, we applied this gate onto the other histograms (i.e., 

treated bacteria with various 2D nanomaterials but without any dyes) to obtain the 

number of events corresponding to bacteria. For example, if the defined gate on the 

untreated bacteria gives the 90% value for the untreated bacteria and 50% for MoS2-
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treated bacteria, it depicts that 90% of the 100,000 events (i.e., 90,000) and 50% of the 

100,000 events (i.e., 50,000) in untreated and MoS2-treated bacteria samples are really 

bacteria, which need to be considered in our next analysis. Finally, we used the FL2-A 

histogram for untreated and 2D nanomaterial-treated bacteria samples where they were 

stained with only PI. We defined a gate for dead bacteria based on the untreated bacteria 

sample and used that gate for all treated samples. The percentage of the dead bacteria in 

each sample however is not the population of bacteria obtained by the defined gate, but 

we need to consider the values obtained from previous step. For example, if percentage of 

the dead population on FL2-A for the MoS2-treated bacteria sample is 15%, we write: 

dead% (MoS2-treated) = 15% x (90/50) = 27%. 

 

 Antibacterial Activity of Substrates 

Figure A8 represents the antibacterial activity of the GO and MXene substrates 

alone.  

 Zeta Potential of 2D Nanomaterials 

The Zeta potential of the applied materials is presented in Table A1. As shown, 

all nanomaterials contain negatively charged surfaces.  
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Figure A1. AFM images of GO on a mica surface. 
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Figure A2. AFM images of MXene on a mica surface, particles at the size of ~ 400 nm or 

larger are MXene flakes. 
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Figure A3. Raman spectrum of graphene oxide, GO. The G-band of the GO nanosheet 

exhibits a well-defined peak at 1582 cm−1 assigned to the sp2-hybridized carbon, and a 

D-band at 1345 cm−1 assigned to the amount of disorder introduced into the crystalline 

structure by the presence of defects. 
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Figure A4. SEM images of a) MnO2, b.) MnO2/GO, c.) XRD pattern of 

MnO2 and MnO2/GO, and d) EDX spectrum of MnO2/GO. The scale bar is 2 µm. 
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Figure A5. SEM images of a) MoS2, b) MoS2/rGO, c) XRD pattern of the MoS2 and 

MoS2/rGO, and d) EDX of MoS2/rGO. The scale bar is 1 µm. 
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Figure A6. SEM images of a) MXene, b) MoS2/MXene, c) XRD pattern of the MXene, 

and d) EDX spectrum for MoS2/MXene. The scale bar is 500 nm.  
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Figure A7. A representative example of the flow cytometry analysis of B. subtilis 

bacteria treated with MnO2/GO for 3 h in the dark. a) Contour plot profiles of bacteria 

depicting two populations, the doublet and the singlet bacteria populations. The doublets 

are removed from our next analysis by applying a gate around them. b) Histogram of the 

singlets population stained with PI. The histogram presents two distinct regions: the low-

intense red fluorescent population (i.e., auto-fluorescence of bacteria and PI solution) and 

the high-intense red fluorescent population (i.e., dead bacteria). The histogram for the 

untreated bacteria is shown for comparison in (c) 
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Figure A8. Antibacterial activity of the substrates GO and MXene toward E. coli and B. 

subtilis bacteria. Fluorescence imaging (a) and flow cytometry (b) results of bacteria 

treated with 100 µg/mL of the nanomaterials for 3 h in the dark. In fluorescence images, 

the live bacteria are green (SYTO9-stained) and the dead bacteria are red (PI-stained). In 

flow cytometry results, the percentage of viable populations for untreated bacteria is 

shown for comparison. The errors are obtained from three separate experiments on each 

bacteria strain.  

 

 

 

 

  



176 

 

 

Table A1. Zeta potential of the nanomaterials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Material Zeta potential 

(mV) 

Standard deviation 

GO -35.3 9.43 

MnO2 -27.5 6.61 

MnO2/GO -18.0 6.68 

MoS2 -28.2 6.14 

MoS2/rGO -37.0 9.68 

MXene -40.4 12.0 

MoS2/MXene -28.9 9.59 
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APPENDIX B 

 

SUPPLEMENTAL FIGURES FOR CHAPTER 4 

 

 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) measurements were done using a 

conventional laboratory X-ray source (magnesium X-ray source and a 100 mm 

hemispherical electron energy analyzer) to confirm the phase transition of 2H to 1T' as a 

result of exfoliation. XPS data for MoS2 before and after exfoliation are presented in 

Figures B1 and B2. The Mo 3d spectral region of MoS2 prior to exfoliation exhibits two 

primary peaks at 229 and 232 eV which are attributed to the 3d3/2 and 3d5/2 component of 

Mo4+, respectively, in agreement with prior studies.1, 2 XPS analysis of MoS2 after 

exfoliation exhibits a broadening of the Mo 3d region. The fitted Mo 3d region exhibits 

the same 2H features with a reduced spectral area (relative to pre-exfoliated data) as well 

as new Mo 3d features. The fitted Mo 3d region has greater spectral weight, and the Mo 

3d features are shifted to lower binding energy compared to the respective Mo 3d peaks 

for 2H-MoS2. These features are associated with the 1T' phase of MoS2, consistent with 

prior XPS studies.1, 2 

 

 Scanning Probe Microscopy 

Atomic force microscopy (AFM) of layered MoS2 was carried out on HOPG and 

Au(111) on mica. Scanning tunneling microscopy imaging was performed with Agilent 

4500 (Molecular Imaging) microscope in ambient condition at room temperature using a 
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mechanically cut Pt-Ir (9:1) wire (diameter 0.25 mm) as an STM tip. STM images 

confirm the formation of the monolayer 1T'-MoS2 using the chemical exfoliation method. 

Although the results of the STM investigation and the synthesis of a superstructure of 1T' 

MoS2 by oxidation of intercalated K (H2O) MoS2 compound were previously reported, 

the morphology of the sheets and the I-V curves of 1T'-MoS2 have not been studied.3 

STM imaging of MoS2 deposited on HOPG (Figure B3) exhibited monolayers with a 

height of 0.8 nm, consistent with previously reported MoS2 layer thicknesses (0.6-0.8 

nm).4 The observed roughness of the edges could be due to experimental set-up in 

ambient condition, and adsorption of impurities that and bonding to dangling bonds of 

edge Mo and S atoms.5  
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Figure B1. X-ray photoelectron spectra of 2H-MoS2 and region of a) Mo 3d and b) S 2p 

(fitted 3d5/3 and 3d3/2 of Mo and 2p3/2 and 2p1/2 of S). X-ray Photoelectron spectra of MoS2 

after exfoliation and c) region of Mo 3d and d) S 2p (fitted 3d5/3 and 3d3/2 of Mo and 2p3/2 

and 2p1/2 of S). 

 

 

a) b)

c) d)
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Figure B2. a) STM topography image (0.25 × 0.25 𝜇𝑚2) of MoS
2
 sheets drop-cast on 

the HOPG substrate. Inset: height profile of MoS2 sheet consistent with a single 

monolayer (~ 0.8 nm), b) step edge of MoS2 monolayer (15 × 15 𝑛𝑚2). (All STM 

images were acquired at V
bias

 = 300 mV, I
t
 = 0.1 nA), 

  

a) b)



181 

 

 

Figure B3. ATR spectrum of the PANI. The characteristic bands of polyaniline appear at 

1581, 1486, 1291, and 1150 cm
-1

 which are attributed to C=C stretching modes of the 

quinoid, the benzenoid rings, the C–N stretching of secondary aromatic amine, and the 

aromatic C–H in-plane bend, respectively.6, 7 Attenuated total reflectance (ATR) spectra 

were obtained by a Nicolet iS5 FT-IR. 
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Figure B4. Equivalent circuit for the analysis for the impedance spectroscopy. Rct 

represents the charge transfer resistance  
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Figure B5. Height distribution function and Gaussian fit (gray line) obtained from the 

AFM images, a) one cycle, b) two cycles, c) five cycles, d) ten cycles, e) twenty cycles. 

The AFM images were analyzed using statistical tools in Gwyddion software. 
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Figure B6. The surface coverage of MoS2 sheets as a function of the number of 

deposition cycles obtained from the AFM images 
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Figure B7. MoS2 mass loading as a function of the number of deposition cycles 

determined by ICP-MS. 
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Figure B8. Raman spectra of bulk 2H-MoS2 before exfoliation. E
1

2g
 and A

1g
 peaks 

appeared at 380.2 and 405.9 cm
-1

, respectively. 

  



187 

 

 

 

 

Figure B9. SEM image of assembled MoS2 after 20 cycles on FTO after laser treatment, 

confirming that the layers are intact after the laser induced phase transition. 
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Figure B10. Polarization curves of 1T'-MoS2 layers assembled on FTO for HER (The 

potential sweep rate was 10 mV s-1), a) before normalization to mass, b) normalized to 

mass; Tafel plots of the corresponding catalyst, c) before normalization to mass, d) 

normalized to mass. 
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APPENDIX C 

 

SUPPLEMENTAL FIGURES FOR CHAPTER 5 

 

SEM Characterization of Bulk Layered MnO2 

 Scanning electron microscopy (SEM) images of bulk birnessite are collected 

using FEI Quanta450FEG microscope. 

 

 XPS characterization of  Bulk Layered MnO2 and Exfoliated Sheets 

 The average oxidation state of exfoliated birnessite and bulk layered MnO2 is 

estimated by Mn 3s peak splitting.1, 2 The average oxidation state of the sheets did not 

change noticeably during the exfoliation process. The O 1s region showed one peak 

around 530 eV for bulk layered MnO2 which is attributed to oxide (O2-). After the 

exfoliation process, two peaks appear around 532 and 533 eV which indicates a change in 

the chemical environments for the oxygen atoms, and were attributed to OH- and H2O, 

subsequently. During the exfoliation process, potassium ions are removed from the 

interlayer and more water molecules have access to the interlayer of sheets. 

 

 Electrochemical Measurements 

 The turnover frequency (TOF) of exfoliated birnessite is calculated according to 

the equation below: 

TOF = 
𝐽 ×𝐴

4 ×𝐹 ×𝑛
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J is referring to the current density (mA cm-2) at ƞ=0.45 V. F is the Faraday constant (a 

value of 96500 C mol-1), n is the number of moles, A is the surface area of the electrode. 
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Figure C1. X-ray diffraction pattern of bulk layered MnO2 synthesized at different 

temperatures. Two sharp peaks of bulk layered MnO2 appear from 001 and 002 planes 

reflections and these features attributable to the layered manganese oxide. 
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Figure C2. SEM images of synthesized bulk layered MnO2 at different temperatures, a) 

400°C, b) 600°C, c) 800°C, d) 1000°C. Scale bar 5µm.  
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Figure C3. The BET analysis: As the synthesis temperature increases the defects 

decrease and, as a result, the specific surface area decreases. Red line showing linear 

fitting.  
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Figure C4. The magnified TEM image of exfoliated birnessite synthesized at 400°C 

temperature, red circles indicate the presence of the macroscopic holes. 
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Figure C5. a) Raman spectra of bulk layered MnO2 synthesized at different temperature, 

b) Raman peak ratio (associated Raman peaks at ∼575 & ∼650 cm−1  with in- and out of 

-plane Mn−O stretch), overall peak ratio increases as synthesis temperature increases. 

 

  

a) b)
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Figure C6. Mn 3s and O 1s spectra of bulk layered MnO2 synthesized at 400°C.  
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Figure C7. Mn 3s and O 1s spectra of exfoliated birnessite synthesized at 400°C (Bir-

400). 
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Figure C8. Normalized polarization curve of bulk layered MnO2 synthesized at 400°C 

for OER on glassy carbon electrode. 
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Figure C9.  Electrochemical double-layer capacitance of the catalyst surface (exfoliated 

birnessite) with the difference in current density (Δj=ja-jc) plotted against scan rate fitted 

to a linear regression.  
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Table C1: Elemental analysis of exfoliated birnessite measured by TEM-EDX. 

 

 

  

Element 

Sample 

Bir-400 Bir-600 Bir-800 Bir-1000 

Mn (At%) 29.8 31.8 29.9 31.8 

K (At%) 4.7 1.5 6.0 0.8 

O (At%) 65.5 66.7 64.1 67.4 

Mn/O 0.45 0.47 0.46 0.47 
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Table C2: Average oxidation state of bulk layered MnO2 measured by XPS. 

Sample Average oxidation state 

Bulk layered MnO2 - 400 3.8 

Bulk layered MnO2 - 600 3.6 

Bulk layered MnO2 -800 3.7 

Bulk layered MnO2 - 1000 3.6 

 

 

Table C3: Average oxidation state of exfoliated birnessite measured by XPS. 

Sample Average oxidation state 

Bir-400 3.5 

Bir-600 3.5 

Bir-800 3.6 

Bir-1000 3.5 
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APPENDIX D 

 

SUPPLEMENTAL FIGURES FOR CHAPTER 6 

 

 Instrumentation 

 Scanning tunneling microscopy (STM) of monolayer birnessite was carried out on 

HOPG with an Agilent 4500 (Molecular Imaging) instrument in ambient conditions using 

mechanically cut Pt (90%),-Ir(10%) tips (diameter 0.25 mm). SEM images were recorded 

by the FEI Quanta microscope operated at 30 kV. XRD was carried out using a Bruker 

D8 x-ray diffractometer with Cu Kα radiation (λ=0.15406 nm).  
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Figure D1. SEM images of, a) triclinic birnessite, b) acid birnessite 

 

  

4µm 2µm4µm

a) b)
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Figure D2. X-ray diffraction pattern of, a) triclinic birnessite, b) acid birnessite. 

  

a) b)
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Figure D3. Layer stacking mode of 2H polytype of birnessite (along the b direction). a) 

2H1 polytype, b) 2H2 polytype. Layer stacking mode of 3R polytype of birnessite (along 

the b direction), c) 3R1 polytype, d) 3R2 polytype. Large circles represent in-layer oxygen 

atoms while small circles indicate in-layer manganese atoms. Filled or empty circles 

represent atoms at y=0 and y=
1

2
, respectively. A, B and C represent the crystallographic 

A b C

a

c

a B C

A B c

c)

A b C

a

c

A B C

a B C

d)
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sites of the oxygen in the in-layer structure. a, b and c represent the position of the 

manganese atoms. Adapted with permission from Drits V.A., et.al. Birnessite polytype 

systematics and identification by powder X-ray diffraction. American Mineralogist. 2007 

MAY 92 (5-6): 771–788. Copyright 2020 Mineralogical Society of America. 
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Figure D4. Schematic illustration of turbostratic birnessite. 
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Figure D5. The fitting result of As(III) oxidation on birnessite samples by a first-order 

kinetics equation. 
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Figure D6. Oxidation of arsenite by hexagonal and triclinic birnessite: Amount of 

arsenate released into the solution during the oxidation of As(III) in the presence of 

birnessite as a function of time under dark conditions, b) arsenate concentration 

normalized to the surface area.  
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Figure D7. Pair distribution functions of a) Bir-400, b) Bir-800, c) Bir-1000 treated with 

arsenite after 6h. 

 

 

 

  

a) b) 
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Figure D8. Ex-situ AFM images of exfoliated birnessite after reaction with As(III)- after 

4h. 
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Figure D9. In-situ STM images of birnessite on HOPG, after exposing to arsenite 

solution at different time scales.  Circled area shows a region where the dissolution of the 

edges is most apparent after 45 minutes. 

  



215 

 

Table D1: The list of the first-order rate constant for As(III) oxidation, surface area and 

normalized order rate constant of prior studies. 

 

*This study 

 

 

Samples 

First 

Order Rate 

Constant (h
-1

) 

 

Surface Area 

(m
2

/g) 

Normalized Rate 

Constant (Rate 

constant/SA (g/h * 

m
2

)) 

Bir-400* 0.714 25.7 0.0278 

Bir-600* 0.741 13.3 0.0558 

Birr-800* 0.205 7.7 0.0266 

Bir-1000* 0.030 5.2 0.0058 

Hexagonal Birnessite* 0.506 27.4 0.0184 

Triclinic Birnessite* 0.049 19.7 0.0025 

Nanosheet-like birnessites1 0.132  19.0 0.0069 

Nanowire-like birnessites1 0.840  98.0 0.008 

nanoflower-like birnessites1 8.22  162.6 0.0505 

Hexagonal Birnessite2 0.02  -- -- 

Birnessite3 0.267 277 0.0009 

Triclinic Birnessite4 0.04 18.9 0.0021 

Triclinic Birnessite with 

solar radiation4 

0.07 18.9 0.0037 
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