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Abstract 

 

In recent years, manganese-based oxides, particularly calcium manganese oxides, have 

attracted significant interest as a new class of bio-mimetic catalysts, due to their elemental and 

structural similarity to the natural photocatalytic centre in plant cells. In natural photosynthesis, 

bio-electricity decomposes water into hydrogen and oxygen within a unique catalytic centre 

composed of a CaMn4O5 cluster, in the oxygen evolving complex (OEC) enzyme hidden in the 

Photosystem II protein. Inspired by this nature’s solar technology, calcium manganese oxides 

have been explored as photo catalysts in sustainability-related application including the 

generation of clean hydrogen fuel through water splitting. 

 

For this application, calcium manganese oxides have some unique advantages over other 

common photocatalysts, (i) bang gap energy allowing the absorption of visible light to utilise 

a wide range of solar spectrum, and (ii) constitution of low cost, Earth abundant and 

environment friendly elements. The combination of these unique properties makes calcium 

manganese oxides a suitable choice as a photocatalyst for a large-scale operation in an eco-

friendly manner.  

 

However, there are still considerable research gaps in the catalytic applications of calcium 

manganese oxides. For example, investigation into the catalysis of calcium manganese oxides 

has been carried out mostly without light irradiation and there is little knowledge about how 

and which calcium manganese oxides behave as a photocatalyst or as an electrode material in 

photo-electrochemical cells. Furthermore, information critical to these light-driven 

applications, such as band edge position and bandgap energy, is still lacking for calcium 

manganese oxides. Moreover, the relationship between catalytic performance under light and 
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different structural parameters such as manganese oxidation states, structural similarity to the 

natural OEC cluster, and morphology of the catalyst, is not fully understood. Also, the role of 

calcium in the catalysis is not known. There is also a strong need to develop new techniques to 

synthesise nanoscale catalysts that have less environmental impacts than conventional solvent-

based methods.  

 

In this study, a solvent-free method to synthesize manganese-based oxide catalysts was 

developed. MnO2, Ca2Mn3O8, CaMn2O4 and CaMnO3 ultrafine particles were successfully 

synthesized in two steps; mechanochemical processing and subsequent heat treatment. The 

study of band-edge position and bandgap energy revealed that theoretically the selected 

manganese-based oxide catalysts can absorb the visible solar spectrum, degrade organic 

pollutants by free-radical generation, and generate oxygen through photo-electro-catalytic 

water splitting. However, experimentally, at pH 7, manganese oxides and calcium manganese 

oxides showed poor charge transfer efficiency, leading to poor photo-catalytic dye degradation. 

For the study of photo-electrochemical water splitting, polypyrrole, a conducting polymer, was 

used along with catalyst powders in the anode of a photo-electrochemical cell, to increase 

charge separation efficiency. This study also identified that oxygen evolution catalysis by 

CaMn2O4 is affected more by surface area than particle morphology. 

 

This work has added new knowledge into the research field of bio-inspired photocatalysts. In 

this work, potentially green and scalable techniques to produce manganese-based oxide 

catalysts were developed. The photocatalytic performance of manganese-based oxides in dye 

decolourisation were investigated under various conditions. Their catalytic and photocatalytic 

water oxidation performance was investigated using a photo-electrochemical cell and the 

effects of particle morphology, manages oxidation states and crystal structures on the water 
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splitting reaction were elucidated. These findings will be helpful in designing sustainable 

technologies for the environment. 
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1.1 Background and motivation  

 

Global energy demand is rapidly rising due to the increase in population and living standards. 

However, most energy generation still relies on fossil fuels. This situation poses a significant 

challenge to the 21st century, because of green-house gas emission and diminishing fuel 

supplies. Alternative energy sources must be developed to provide sustainable energy and 

environmental security for the future. A highly promising technology is to use clean fuels, such 

as hydrogen. Hydrogen is recognised as clean for both combustion and fuel-cell operations. As 

fuel, it does not emit harmful by-products or green-house gases. Its specific energy storage 

capacity, 120 MJ/kg, is much higher than gasoline (40 MJ/kg) or lithium batteries (8 MJ/kg). 

It can be stored as gas, liquid or solid, making it portable and easily transportable. However, 

currently, fossil fuels are the dominant source (>90%) of hydrogen fuel. Therefore, it is critical 

to develop cleaner alternative methods for its production. A highly promising technology is to 

produce hydrogen from water, by splitting water into H2 and O2. This approach offers a 

potential solution for meeting the world’s escalating energy demand in an environmentally 

friendly manner [1]. 

 

Photosynthesis, nature’s solar technology, is the most efficient water-splitting system known. 

The reaction occurs within the Photosystem-II proteins (PSII) in plant cells, where CaMn4O5 

clusters are the key structural component responsible for the reaction to splits water in the 

presence of sunlight [2]. This cluster evolved three billion years ago and has supported nearly 

all the life to prosper on Earth [2]. The idea of biological water splitting in the natural system 

has inspired researchers to produce hydrogen fuel by splitting water using catalyst and sunlight, 

an abundant, renewable and carbon-neutral energy source [3, 4].  
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Thermodynamically, photocatalysts for water splitting applications should have their bottom 

of the conduction band more negative than the H+/H2 redox potential (0 V vs NHE at pH=0) 

and their top of the valence band more positive than the O2/OH- redox potential (+1.23 V vs 

NHE at pH =0), as shown in Figure 1.1 [5]. 

 

 

Figure 1.1. Mechanism of photocatalytic water splitting. 

 

A variety of photocatalysts, consisting of different elements such as iron [6], titanium [7], zinc 

[8], cobalt [9], manganese [10] and other heavy metals [11-13], have been developed for water 

splitting. However, it is still challenging to develop efficient photocatalysts with non-toxic 

elements that works under visible light.   

 

To develop an effective water-oxidation catalyst, biomimetic approach is useful, especially 

from the sustainability point of view. In fact, the CaMn4O5-cluster in PSII is low cost and made 

of earth-abundant elements, which operates near pH neutral conditions at room temperature 

under visible light. To understand the role and water splitting mechanism of CaMn4O5-cluster 
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in PSII, several investigations have been carried out to identify its structure [16-19]. Among 

them, the geometric cubane-like arrangement within the CaMn4O5 cluster, reported by Umena 

et al., at 1.9 A
ͦ
 resolution, is still the highest resolution structural information available today 

[17]. Although the water splitting mechanism of the CaMn4O5 cluster in PSII is still largely 

unknown [20-22], these structural studies of PSII have provided valuable guidance to 

developing efficient Ca-Mn-O-based catalysts for water oxidation and artificial photosynthesis 

by imitating the CaMn4O5 cluster, in terms of elemental compositions, oxidation states of 

manganese and atomic arrangement [23, 24]. 

 

In recent years, several articles have discussed multiple topics related to the catalytic properties 

of manganese-based oxide compounds. These include the structure of natural CaMn4O5-cluster 

[17, 25], their water oxidation mechanism [22, 26, 27], synthesis methods of CaMn4O4-based 

organometallic compounds [28-30], artificial water oxidation [10, 31, 32] and its energetic 

basis [33], as well as other catalytic applications [29, 34-37]. In particular, ceramic calcium 

manganese oxides have been subject of recent research activities due to its structural similarity 

to the natural CaMn4O5 cluster within PSII [14, 15]. 

 

Despite these prior works, there are critical knowledge gaps that need to be addressed, for 

producing hydrogen fuel using manganese and calcium manganese oxides. For example, the 

sustainability aspect of the production process of the catalysts is essential to the technology 

uptake but rarely addressed in the literature. In addition, it is not fully understood how their 

crystal structure, energy band structure and morphology affect the photocatalytic performance 

and water splitting efficiency of manganese and calcium manganese oxides. This thesis aims 

to fill these research gaps to develop a new class of green photocatalysts for solar-driven water 

splitting. 
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1.2 Structure of the thesis 

 

Chapter 1 gives a brief overview of the background and motivation of the project.  

 

In Chapter-2, a critical literature review is given to understand the detailed knowledge relevant 

to the project. The Literature review aims to explain important aspects of synthesis, crystal 

structure and other physicochemical characteristics of calcium manganese oxides, and their 

potential applications in photocatalytic dye degradation and water splitting. Previous research 

in water splitting using various manganese oxides is reviewed. The current knowledge about 

the role of calcium in calcium manganese oxides for catalytic water splitting is presented. 

Finally, research gaps in understanding the photocatalytic activities of these compounds are 

identified to define the aims and scope of the present project.  

 

Chapter 3 reports the experimental investigation of the synthesis of amorphous and crystalline 

MnO2 and their dye decolourization abilities. The study demonstrates the importance of dry 

mechanochemical methods for the green production of manganese oxides. The study reveals 

that amorphous MnO2 nanoparticles give a higher dye-degradation rate than crystalline MnO2 

nanorods under simulated sunlight and that the degradation rate is higher under acidic 

conditions.   

 

Chapter 4 reports the experimental investigation of the synthesis of different calcium 

manganese oxides nanoparticles (Ca2Mn3O8, CaMn2O4 and CaMnO3) and their photocatalytic 

activities on the decolourization of Rhodamine 6G aqueous solutions. Synthesis conditions 

using dry mechanochemical processing is investigated and physicochemical characteristics of 

resulting nanoparticles, including band edge positions, are studied. A mechanism of dye 
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degradation is proposed from an electrochemical point of view, using an energy band diagram. 

The chapter reports that the photocatalytic activity of the prepared powders increases in the 

order Ca2Mn3O8 < CaMnO3 < CaMn2O4. 

 

Chapter 5 presents the experimental results of water splitting using the catalytic compounds 

studied in Chapters 3 and 4. Their catalytic performance was compared and the reasons behind 

the difference in their performances are discussed. The Chapter also includes a theoretical study 

of goodness-of-fit of the crystal structures of synthesized calcium manganese oxides against 

calcium manganese cluster (CaMn4O5) in the natural photocatalytic centre in plant cells and 

discusses the effect of manganese oxidation state and role of calcium in water splitting. 

 

In Chapter 6, the influence of particle morphology (nanowires and irregular-shaped particles) 

on the photo-electrocatalytic water splitting is investigated, using the best performing 

compound identified in Chapter 5. Nanowires and irregular-shaped particles were synthesized 

using mechanochemical processing and a hydrothermal method, respectively. The results of 

electrochemical impedance spectroscopy, and gas chromatograph analysis are discussed to 

understand the nature of the catalytic process and the effects of particle morphology. 

 

Chapter 7 presents a conclusion by combining the results of the previous chapters, to answer 

the research question. The Chapter also covers suggestions for future work. 

 

Appendix 1 describes the pH dependent redox catalytic activities of mechanochemically 

synthesized Mn3O4 nanoparticles with sizes between 10-90 nm. 
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Remarks:  

The publication relevant to this chapter is “Ankita Gagrani, Takuya Tsuzuki, “Calcium 

manganese oxide as biomimetic catalysts in energy applications: A short review”, Chemical 

Engineering Science, 194, 116-126, 2019”. The publication contains a comprehensive review 

of the synthesis and applications of calcium manganese oxides. The chapter contains the part 

of the publication relevant in defining the scope of the thesis. The chapter also contains 

additional information to present a clear understanding of the research questions addressed in 

the thesis. 

 

 

Abstract 

 

This chapter introduces a critical review of the recent research results concerning the synthesis 

and photocatalytic applications of calcium manganese oxides. Current knowledge gaps are 

summarised and research questions in the present project are articulated towards the end of the 

chapter. 
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2.1 Natural Photosynthesis 

 

Oxygenic photosynthesis, supported by the sun, is the most crucial natural process for the 

existence of life on our planet. Cyanobacteria algae are considered to have started the process 

many millions of years ago [1]. Today, photosynthesis is the major process used to convert 

sunlight into chemical energy on Earth. It serves as a model process to artificially generate 

hydrogen fuel using sunlight and water, to solve energy crisis. The basic reaction of 

photosynthesis is: 

 

 6 CO2 + 6 H2O                  C6H12O6 + 6 O2 (2.1). 

 

The photochemical reaction in photosynthesis is a redox reaction, where CO2, taken from the 

atmosphere, acts as an electron acceptor and H2O as an electron donor to form a carbohydrate 

molecule. The resulting sugar molecule stores light energy as chemical energy, which can be 

released to fuel the life on the planet. Oxygen is released as a by-product of the process. 

 

In higher plants, photosynthesis occurs in a cellular structure known as chloroplasts. 

Chloroplasts contain thylakoid membranes, which are embedded with Photosystem II (PSII) 

enzymes. PSII, having a molecular weight of 650 kDa, is a dimeric protein complex that is 

responsible for catalysing photosynthetic water oxidation [2]. According to the latest 1.9 Å 

resolution structure, each PSII core complex consists of 20 proteins, 35 chlorophylls, 2 

pheophytins, 11 β-carotenes, more than 20 lipids, 2 plastoquinones, 2 heme iron, 1 non-heme 

iron, 3 chloride ions, 1 bicarbonate ion, more than 15 detergents in a monomer, more than 1300 

water molecules, 4 manganese atoms and 3 or 4 calcium atoms (one of which in the Mn4CaO5 

cluster) [3]. The CaMn4O5 cluster, the so-called oxygen evolving centre (OEC) within PSII 

light  
energy 
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proteins, is the key catalyst used for light-induced water oxidation in natural photosynthesis. 

Other entities, bounded by the PSII core proteins, are responsible for the electron transport 

within the reaction centre to produce O2 from water [4-7].  

 

2.2 Concept of artificial photosynthesis 

 

The idea of biological water splitting in the natural system has inspired researchers to produce 

hydrogen fuel by splitting water using sunlight, an abundant, renewable and carbon-neutral 

energy source [8]. This approach offers a potential solution to meeting the world’s escalating 

energy demand, in an environmentally friendly manner [9]. Although the concept of “artificial 

photosynthesis” was first anticipated many years ago by Italian chemist Giacomo Ciamician 

[10], the practicality of the idea received recognition in late 1960, soon after the discovery of 

the photocatalytic properties of titania by Fujishima and Honda [11].  

 

Artificial photosynthesis, which is achieved by employing either organic or inorganic catalysts 

or their composites, is considered advantageous due to its high theoretical efficiency and 

requirements of relatively simple engineering facilities. The core strategy to achieve artificial 

photosynthesis is to find an efficient catalyst to split water under ambient conditions. Water 

splitting can be achieved by either using a single catalyst to split water to H2 and O2 

simultaneously or using two different catalysts for oxygen and hydrogen generation, according 

to Eq (2.2) and (2.3) [12].  

 

 2H2O         O2 + 4H+ + 4e-                                                (2.2) 

 4H+ + 4e-         2H2                                                                                       (2.3) 



                                                                                                                                      Chapter 2 

13 
 

Following subsections discuss the different ways to carry out water oxidation and provide a 

brief overview of OER catalysts.  

 

2.2.1 Methods of water splitting 

 

2.2.1.1 Chemically driven catalytic water oxidation 

 

For chemically driven catalytic water oxidation, a sacrificial chemical oxidant is used to 

chemically activate a transition-metal catalyst, as shown in Figure 2.1.  

 

 

Figure 2.1. Schematic of chemical water splitting. 

 

Ce(IV) salts are the most commonly used chemical oxidant. The main advantages of this 

approach are possibility of studies for a longer duration (for a stable oxidant), establishment of 

uniform contact between oxidant and catalyst, and ease of operation. On the other hand, 

irreversible consumption and high over-potentials (energetical inefficiency) are the major 

disadvantages of this approach.  
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2.2.1.2 Electro-catalytic water splitting 

 

Electrocatalytic water splitting approach helps in addressing some of the challenges of 

chemically driven catalytic water oxidation [13]. Electrocatalytic water splitting is composed 

of two half reactions: hydrogen evolution on the cathode and oxygen evolution on the anode, 

as shown in Figure 2.2. Although the theoretical minimum energy required to drive the 

phenomenon is 1.23 V, commercial electrolysers typically require additional 0.6-0.8 V as the 

so-called over-potential [14]. This over-potential is largely caused by an accumulation of 

energy barriers in each step of electron transfer for O2 generation; O2 generation requires four 

electron transfer and simultaneous multiple electron transfer is not kinetically favourable. To 

overcome the over-potential, often electro-catalysts are selected in such a manner that they can 

produce maximum current density with minimum potential and stay stable in the system. To 

achieve this, several strategies are adopted, including selection of materials, increased surface 

area, introduction of structural defects, doping, protection layer deposition [14].  

 

 

Figure 2.2. Schematic of electrochemical water splitting. 
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A variety of electrocatalysts that are based on precious metals [15-16], Co [14], Mn [17] and 

other elements [18], have been reported. Even though catalysts can reduce the over-potential, 

electrochemical water splitting requires an external energy source. The idea of obtaining 

external energy from the Sun, has gained significant interest in recent years. This has given rise 

to the concept of visible light photon-induced water splitting. 

 

2.2.1.3 Photo-catalytic and Photo-electro-catalytic water splitting 

 

Visible light driven water splitting can be achieved by using two methods. The first method is 

to use a photosensitizer, a sacrificial electron acceptor and a water oxidation catalyst in a three-

component system. A photosensitizer absorbs light, energetically excites electrons and 

transfers exited electrons to the sacrificial electron acceptor. This generates a higher oxidation 

state of the photosensitizer, which in turn promotes the oxidation of the catalyst and oxygen 

generation by splitting water [13]. The schematic of the process is shown in Figure 2.3. The 

stability of photosensitizers and charge transfer kinetics are the major challenges of this 

approach [13]. 

 

 

Figure 2.3. Schematic of photochemical water splitting. 
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These molecules can also be immobilized on electrodes and used as photoanodes in the water-

splitting cell, which is the second method. 

 

While constructing photoanodes, it is also possible to eliminate photosensitizers and instead to 

employ a semiconductor material, capable of charge separation by utilizing visible light 

photons, thus assisting in oxygen and hydrogen production via Equations 2.2 and 2.3. As shown 

in Figure 1.1, an ideal photo-catalyst must have its bottom of the conduction band more 

negative than the H+/H2 redox potential (0 V vs NHE at pH=0) and the top of the valence band 

more positive than the O2/OH- redox potential (+1.23 V vs NHE at pH =0), and a band gap 

that that can absorb most of the solar spectrum [19]. These stringent requirements make the 

conception of a single photosystem very difficult. To overcome these barriers, a dual 

photosystem with two light-absorbers (n-type photoanode and p-type photocathode) has been 

proposed [19]. However, for the maximum efficiency, it requires both types of semiconductors 

to absorb complementary wavelength ranges, which narrows down the choice of available 

materials [20-21]. Therefore, a single photosystem with a small band gap photo-catalyst as an 

anode and a metal (usually platinum) as a cathode, is commonly utilized. Between these two 

half reactions, OER is an uphill reaction, with a driving potential of 1.23 V vs NHE. However, 

in reality, potential greater than 1.23 V vs NHE is required to generate oxygen due to kinetic 

barriers such as electrical resistance of the system. Hence, it is important to synthesize an OER 

catalyst capable of overcoming the high kinetic barrier at a lower over-potential. For 

spontaneous charge transfer, Fermi level of the cathode must be more negative than the H+/H2 

redox potential. However, if these conditions are not met, an external bias is required to elevate 

the Fermi level of the cathode, and the process is termed as “photo-electrochemical water 

splitting”, as shown in Figure 2.4. External bias also provides energy to overcome system 

resistance (over potential) and help facilitate the reactions [22].  
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Figure 2.4. Schematic of the band model of the photo-electro-chemical cell circuit including a 

semiconducting photoanode and metallic cathode. 

 

2.2.2 OER catalysts 

 

Recently, there has been a great focus on finding suitable materials that can be used as photo-

anodes. Among them, one category of catalysts is molecular catalysts, which are composed 

mainly of organometallic compounds such as ([(bpy)2(H2O)RuORu(H2O)(bpy)2]4+), and other 

metal (Ir, Fe, Mn, Co)-oxo species. [23-25]. Although these catalysts are inspired by the natural 

organisms, their short life span due to failure of bridging ligands between the organic 

components and the metal element, is the major disadvantage of this type of catalysts [23-25].  

 

Rare earth metal oxides such as RuO2 and IrO2 have been reported as another type of highly 

efficient OER catalysts. However, their high cost and scarcity of the precious metals hinder 

their application on a large scale [26-29]. Recently, transition metal oxides, such as TiO2, ZnO, 

MnOx, Fe2O3, Co3O4, NiOx, Cu2O have gained significant attention due to their relatively low 

cost and good catalytic activity [14, 30-33]. Among them, transition-metal-based hydroxide 

catalysts have been considered more thermodynamically favourable compared to crystalline 
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oxides, due to their ability to form layered atomic structures by coordination of hydroxide ions 

with divalent and trivalent metal cations [34-35]. Non-traditional carbon-based materials, 

dichalcogenide materials and phosphate materials are also reported as OER catalysts [36-39]. 

 

Although a variety of materials with varying performances have been reported as OER 

catalysts, significant insights into the structure of natural OEC have led to increased research in 

mimicking the structure and composition of natural OEC [2, 40-44]. For developing an artificial 

system with efficiency close to the natural photosynthesis, in-depth knowledge about the 

oxygen evolution mechanism of natural OEC is critical. Although several potential models 

have been proposed, the exact mechanism is still not fully understood. A computational study 

showed that two water molecules bound to calcium and the fourth manganese ion plays a key 

role in the water-splitting process [45] and that the three other manganese in the cube act as 

hole donors to the fourth manganese. In this regard, it is speculated that the atomic arrangement 

of the Mn4Ca cubane in PSII is critical to the natural water splitting process [45]. 

 

2.3 Structure of natural Mn4CaO5 cluster 

 

The investigation of the structure of natural CaMn4O5 cluster is relatively new. In 2000, Nield 

et al. studied the structure of active PSII protein complex at 15–30 Å resolution [46]. In 

2004, the research group of Iwata reported the structure of PSII protein at a higher resolution 

of 3.5 Å and provided detailed information about the position of most of the protein subunits 

[47]. The most important aspect of their studies was the inclusion of calcium in the structure. 

There were several other studies published on the structures of cyanobacterial PSII with a 

resolution of 3.8-2.9 Å [48-52]. These high resolutions studies provided detailed information 

on the arrangement of protein’s structural units and chlorophylls’ location. However, the 
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studies did not provide enough details on the structure of the water oxidising cluster, the key 

catalyst used for light-induced water oxidation in natural photosynthesis.  

 

The most advanced investigation of OEC was reported in 2011 by Umena et al. [3]. They 

resolved the structure of PSII crystals of thermophilic cyanobacterium T. vulcanus at 1.9 Å 

resolution [3]. It revealed that OEC consists of one calcium, four manganese and five oxygen 

atoms. It also identified the location of water substrate molecules associated with the CaMn4O5 

cluster, consequently determining the formula CaMn4O5(H2O)4 for the inorganic core of PSII 

protein [53]. They reported an asymmetrical cubane-like structure, which resembles a distorted 

chair, where the calcium and three manganese ions formed four corners and remaining four 

corners were occupied by four oxygen atoms (Figure 2.5a). Fourth manganese ion was reported 

to be outside the cubane which was linked to two manganese ions within the cubane by one 

oxygen, and the fifth oxygen by a di-μ-oxo bridge [3]. With regards to the position of water 

molecules, two of them were coordinated to the fourth manganese atom outside the cubane and 

remaining two were coordinated to the calcium atom (Figure 2.5b). The studies also determined 

the distances between individual atoms and water molecules (Figures 2.5c, 2.5d) [3]. To date, 

this result remains the highest resolved structure of inorganic core of PSII. 
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Figure 2.5. Structure of CaMn4O5 cluster in Photosystem II protein. Calcium in blue; 

manganese in green; oxygen in red.  

 

2.4 Biomimetic catalysts for OER 

 

2.4.1 Crystal structure 

 

Due to their similar elemental composition to the natural OEC cubane, calcium manganese 

oxide ceramics have emerged as potential biomimetic catalysts [2,40-44]. Among different 

calcium manganese oxides, CaMn2O4 [43], Ca2Mn3O8 [41] and CaMn3O6 [2] were found to 

have their sub-structure similar to that of natural OEC. Detailed analysis of X-ray absorption 

spectroscopy data revealed that, in these compounds, not only the shapes of local atomic 
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arrangements are cubane-like, but also the distances between atoms are similar to those of the 

natural CaMn4O5 cubane [2, 40]. These are described more in detail in the following 

paragraphs.  

 

The structure of CaMn2O4 has manganese layers containing calcium between them (Figure 

2.6a). In this structure, there are edge-sharing MnO6 octahedral dimers with eight-coordinate 

calcium-centred polyhedrals, and also Mn2O10, which is the edge-sharing di-octahedra that 

vertex-shares to another Mn2O10 di-octahedra. These make the local atomic arrangement 

similar to that of OEC (Figure 2.6b) [54].  

 

 

 

Figure 2.6. (a) Structure of CaMn2O4 and (b) the structure contains CaMn4Ox sub-units 

similar to that found in the oxygen evolving complex in photosystem II. Adapted from Ref. 

[43] with permission from Springer Nature. (c) Crystal structure of CaMn3O6 and (d) a cubane 

local atomic arrangement in CaMn3O6. Adapted from Ref. [2] with permission from Elsevier. 

(e) Two half-cubanes local atomic arrangement in the crystal structure of Ca2Mn3O8. Adapted 

from Ref. [41] with permission from Elsevier. Calcium in blue; manganese in green; oxygen 

in red.   
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Figures 2.6 (c-d) show the structural similarity between another calcium manganate, CaMn3O6 

and the natural OEC [2]. CaMn3O6 consists of double chains of edge-sharing MnO6 octahedra. 

The corner-sharing chains form a framework with six-sided tunnels, where the Ca2+ cations are 

situated [55]. 

 

Ca2Mn3O8 consists of sheets of Mn3O8
4− which are held together by Ca2+ atoms (Figure 2.6e) 

[56]. Mn4+ atoms are octahedrally coordinated by oxygen atoms (MnO6) and form octahedral 

sheets by sharing the edges [57]. The local atomic arrangement is similar to that of natural OEC 

cubane except one missing Mn.  

 

Table 2.1 shows that, not only the atomic arrangement but also the atomic distances in the local 

structures of CaMn2O4, Ca2Mn3O8 and CaMn3O6 are similar to those of natural Mn4Ca cubane.  

 

Table 2.1. Atomic distances in the local structures of CaMn2O4, Ca2Mn3O8 ceramic crystals 

and natural Mn4Ca cubane (OEC). 

Compound 
Distance (Å) 

Mn(1,2,3)-Mn(1,2,3) 

Distance (Å) 

Ca-Mn(1,2,3) 
Reference 

Natural OEC 2.8-3.3 3.3-3.5 [3] 

Ca2Mn3O8 2.8-3.1 3.3-3.7 [58] 

CaMn2O4 3.1 3.2 [59] 

CaMn3O6 2.9-3.6 3-3.5 [60] 

* Mn1, Mn2 and Mn3 represent the position of manganese ions in Figure 2.1. 

Accordingly, Mn(1,2,3)-Mn(1,2,3) represents the range of distances between Mn1, 

Mn2 and Mn3. Ca Mn(1,2,3) represent the range of distances between Ca and Mn1, 

Mn2 and Mn3. 
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Figure 2.7 shows the ball and stick model of crystal structure of CaMnO3 [61]. It is evident that 

CaMnO3 does not show structural similarity to the natural cubane. However, some perovskite-

type materials, with ABO3 type structure in which A is mainly a rare earth or alkaline earth 

element (Ca, Ba, La and Sr) and B is a transition metal element (Fe, Co, Ni, Mn, Cr), have been 

reported as good OER and ORR catalyst [62].  

 

 

Figure 2.7. Structure of CaMnO3. Calcium in blue; manganese in green; oxygen in red [61] 

 

2.4.2 Synthesis Methods of Calcium Manganese Oxides  

 

Due to their elemental and structural similarity to the natural OEC, the methods to synthesise 

calcium manganese oxides have received a great research interest.  Various methods have been 

explored to synthesise different types of Ca-Mn-O systems. The preparation of stoichiometric 

compounds such as CaMnO3, CaMn2O4, Ca2Mn3O8, CaMn4O8 and CaMn3O6, have been a 

subject of investigation for a long time [55, 63-66]. The synthesis of other types of Ca-Mn-O, 

including non-stoichiometric [48, 67-68] and amorphous calcium manganese oxides [69] have 

also been studied recently. 
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The most conventional route to synthesize calcium manganese oxides is by using high 

temperature thermal decomposition methods [55, 70-73]. In this methods, calcium and 

manganese compounds, often nitrates, carbonates, acetates or oxides, are mixed in 

stoichiometric quantities to obtain solid solution precursors and then heated at temperature 

above several hundred degrees for several hours. In a recent report, Han et al. demonstrated 

the synthesis of CaMnO3, Ca2Mn3O8, CaMn2O4 and CaMn3O6 by firing the corresponding Ca1-

xMnxCO3 (x = 0.5, 0.6, 0.67, and 0.75) solid–solution precursors in alumina boats in air, which 

resulted in micron sized particles [74]. Similarly, Najafpour et al. synthesized Ca2Mn3O8 by 

heating a intimately ground mixture of CaCO3 and MnCO3 and reported spherical shaped 

particles with a typical diameter of 600 nm [75]. Gil de Muro et al. reported the synthesis of 

calcium manganese oxides by a ceramic method which resulted in grains of 10-30 mm [76]. 

The calcium manganese oxides synthesised using these methods normally have large particle 

sizes and low specific surface areas due to the involvement of high temperatures, which is not 

suitable for catalytic applications where a large surface area is beneficial to improved reaction 

rates [77].  

 

The sol-gel technique is another common method to synthesize calcium manganese oxides [57, 

71, 78-80]. In this method, a gel is often prepared by mixing solutions containing calcium and 

manganese ions to precipitate calcium manganese compound precursors. Often a binder such 

as citric acid and ethylene glycol is added to form a gel. The prepared gel is then heated slowly 

to higher temperatures to decompose the precursors into oxides [81]. This method has 

advantages in achieving better chemical homogeneity, because it involves mixing of precursors 

at an atomic level [71]. However, the gelation process induces the aggregation of resulting 

particles and hence reduces the specific surface areas of particles [82]. 
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A common procedure to prepare Ca-Mn-O compounds at lower temperatures is via 

hydrothermal synthesis [83]. In this method, calcium and manganese salts are dissolved in 

water, followed by addition of KMnO4 and a base. The resulting precipitate is transferred to an 

autoclave and heated at ~200°C for 2-3 days [84]. Ca-Mn-O compounds made using this 

method were reported to be nanowires with length varying from 100 nm [83] to 10 mm [84]. 

Solvothermal synthesis using ethanol was also reported [85].  

 

In addition to these conventional methods, new methods are constantly being explored for the 

synthesis of different shapes of Ca-Mn-O compounds. Nakhowong demonstrated the synthesis 

of one-dimensional porous CaMnO3 nanofibers using an electrospinning technique. A solution 

of calcium nitrate, manganese nitrate, and poly acrylonitrile was electrospun and then calcined 

at 700, 800, and 900 °C [86]. The report claimed the orthorhombic perovskite structure of 

CaMnO3 with high crystallinity. Average fiber diameters were reduced upon increasing the 

calcination temperature. Frey et al. demonstrated the synthesis of Ca-birnessite with a layered 

structure [68]. Barrocas et al. used a radio-frequency magnetron sputtering method to deposit 

CaMn3O6 films on unheated quartz glass substrates using CaMnO3 solid solutions as a 

sputtering target [87]. The films were reported to be amorphous and therefore, heat treatment 

in air at 800 °C for 6 h was used to crystallize the film. Baktash et al. demonstrated the synthesis 

of a series of Ca-Mn-O foams using cyanamide, by varying experimental parameters such as 

cyanamide/metal ratios and temperature [88]. The structures were reported to be highly porous, 

which increased the catalytic efficiency of the material. The group of Calbet used heat treatment 

under a reducing environment (H2 + He gas) to synthesize CaMnO2 from CaMnO3 [89] and 

Ca2Mn3O5 from Ca2Mn3O8 [90]. Similarly, Kim et al. showed preparation of Ca2Mn2O5 by reducing 

CaMnO3 under H2 and air [80]. One report showed a method to prepare single crystals of CaMn2O4 

and CaMn3O6 by heating a mixture of Na0:44MnO2 and CaCl2 powder in high-purity alumina 
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crucibles in air and washing the resulting product [91]. In this approach, molten CaCl2 was 

reported to act as a self-flux material during the reaction. Yu et al. demonstrated the fabrication 

of CaMn3O6/CaMn2O4 hetero-structure nanoribbons that exhibit unique physical and chemical 

properties [92]. They mixed polycrystalline CaMnO3 powders and composite chlorides (molar ratio 

NaCl : KCl = 1 : 1) in an agate pestle and mortar and then heat treated the powder at various 

temperatures to obtain nanoribbons with different length. Figure 2.8 depicts the different 

morphologies of Ca-Mn-O compounds obtained by different synthesis methods. 

 

Several studies have also focused on mimicking the structure of natural OEC in synthetic 

organometallic compounds [93-99]. Kanady et al. reported the synthesis of a [CaMn3O4]
6+ 

cubane that is structurally similar to a CaMn3 sub-site of the natural OEC [98]. Mukherjee at 

al. demonstrated the synthesis of CaMn3O4 cubane consisting of additional metal externally, a 

model that closely resembled natural OEC, as shown in Figure 2.9 [100]. Although the 

demonstrated compound was structurally similar to OEC, the external element was reported to 

be calcium, rendering the different elemental composition of the overall compound than natural 

OEC.  

 

Zhang et al. incorporated the fourth manganese ion in the cubane by synthesizing a metal-

organic complex [Mn4CaO4(ButCO2)8(ButCO2H)2(py)], where the asymmetric CaMn4O5-

cluster had similarity to the native OEC in both structure of the metal oxygen complex core 

and the surrounding proteins [99]. To prepare the complex, first a precursor was obtained by a 

reaction between Bun
4NMnO4 (Bun, n-butyl), Mn(CH3CO2)2·(H2O)4, and Ca (CH3CO2)2·H2O 

in boiling acetonitrile and an excess of pivalic acid, which was then recrystallized in the 

presence of 2% pyridine in ethyl acetate.   
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Figure 2.8. Microscopic image of (a) CaMnO3 [74], (b) Ca2Mn3O8 [74], (c) CaMn2O4 [74], (d) 

CaMn3O6 [74], (e) Ca2Mn3O8 [75], (f) CaMnO3 [75], (g) CaMnO3 [81], (h) CaMn2Ox  [88], (i) 

CaMn2O4 nanowires [83], (j) CaMn2O4 [84], (k) CaMn2O4 nanorods [85], (l) single crystals of 

CaMn2O4 [91], (m) single crystals of CaMn3O6 [91], (n) CaMn3O6 / CaMn2O4 

heterostructure nanoribbons [92], (o) CaMn3O6 nanorods [87], and (p) CaMnO3 nanofibers 

[86]. 
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Figure 2.9. The structure of a synthetic organometallic compound that mimics the structure 

of natural OEC in PSII. Manganese in green; calcium in blue; oxygen in red; carbon in grey. 

The CaMn3O4 cubane within the synthetic organometallic compound is emphasized with green 

bonds. Adapted from Ref. [100] with permission from National Academy of Sciences. 

 

2.4.3 Optical properties of Calcium Manganese Oxides 

 

Optical properties play a significant role in photo-catalysis reactions. The knowledge of 

absolute band energies or band-edge positions of the catalytic materials is crucial to any 

photoelectric applications [101]. Although band-edge positions have been theoretically 

calculated for some of the Ca-Mn-O compounds [102], there is little study reported on the 

band-edge positions and bandgap energies of various Ca-Mn-O compounds with different Ca 

to Mn ratios. The bandgap energies of bulk and nanoscale CaMn2O4 were reported to be about 

1.94 eV and 1.4 eV, respectively [103]. The bandgap of Ca2Mn3O8 is slightly larger than 

CaMn2O4 but still in the visible light range, 2.4 eV [102] to 2.8 eV [41]. The bandgap of 

CaMnO3, varying between 0.8 [104] eV-1.4 eV [102], is in the visible-light range. These values 

show that Ca-Mn-O compounds can potentially act as photo-catalysts under natural sunlight.   
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2.4.4 Photocatalytic Dye Degradation using calcium manganese oxide 

 

Photocatalytic properties of calcium manganese oxides have been studied to degrade organic 

pollutants (dye) [105] for water purification. For the decomposition of organic pollutants by 

photo-generation of free radicals, the top of the valence band of catalysts should be more 

positive than the electrochemical potential of OH- + h+ = OH* free radical generation via the 

reaction OH- + h+ = OH* (+1.99 V vs NHE at pH =7) [106].  

 

Khanahmadzadeh et al. demonstrated almost complete degradation of Rhodamine-B in 120 

min in the presence of CaMn2O4 nanoparticles under visible light [103]. Barrocas et al. reported 

83.1% degradation of Rhodamine-6G in 4 hours in the presence of CaMn3O6 nanorods under 

visible light irradiation, which was only 63.7% in the presence of immobilized TiO2, 

demonstrating excellent catalytic performance of calcium manganese oxides [87]. The same 

group prepared Ca1-xLnxMnO3 (Ln = Sm, Ho; 0.1≤ x ≤ 0.4) and showed that substitution of Ca 

with Ho was highly effective in degrading Rhodamine-6G [107]. Table 2.2 summarizes the 

experimental conditions and dye degradation efficiencies using different Ca-Mn-O 

compounds. 

 

Table 2.2. Dye degradation efficiencies of different Ca-Mn-O compounds. 

Compound 
Experimental 

Conditions 
Exposure time (h) 

% 

Degradation 
Reference 

CaMn2O4 

 

Rhodamine B; 

visible light 

irradiation 
 

2 95 [103] 

Ca0.8Ho0.2MnO3 

 

Rh6G; 

mercury vapor lamp 

(450 W, 0.37 W/cm2); 

visible light 

irradiation(>400nm) 

  

4 97.5 [107] 
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Ca0.8Sm0.2MnO3 

 

Rh6G; 

mercury vapor lamp 

(450 W, 0.37 W/cm2); 

visible light 

irradiation(>400nm) 

  

4 76.3 [107] 

CaMn3O6 

Rh6G; 

mercury vapor lamp 

(450 W, 0.37 W/cm2); 

visible light 

irradiation(>400nm) 

  

4 83.1 [87] 

TiO2 

Rh6G; 

mercury vapor lamp 

(450 W, 0.37 W/cm2); 

visible light 

irradiation(>400nm) 

4 63.7 [87] 

 

 

2.4.5 Water oxidation by calcium manganese oxides 

 

Photocatalytic water splitting by calcium manganese oxides, inspired by the natural calcium 

manganese cluster, has been a subject of recent research activities. Despite their structural and 

compositional similarity to natural OEC, only a small number of published studies have 

addressed the oxygen evolution properties CaMnxOy compounds by water-splitting to date [49, 

52, 75, 108]. Table 2.3 summarizes the rate of water oxidation by different calcium manganese 

oxides catalysts.  

 

 

Table 2.3. Catalytic water oxidation efficiency (Turn-over frequency, TOF) of calcium 

manganese oxide materials in the presence of sacrificial oxidants.  

Table 2.2. (continued). 
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Compound Oxidant 

Rate of 

catalysis 

(TOF) 

(mmolO2
.mol-

1
Mn).s-1 

Specific 

surface area 

(m2g-1) 

Experimental 

Conditions 
Ref. 

CaMn2O4⋅H2O 

 

H2O2 

HSO5
 

CeIV 

RuIII
photo

 

4.2 

0.25 

0.54 

0.35 

205 

Catalyst particles 

suspended in water; 

(for RuIII
photo λ> 400 nm 

and 

light intensity ~26500 

lux.) 

 

[44] 

CaMn2O4.H2O  CeIV 2.0 
n.a. 

(nanoparticle) 

Catalyst particles 

suspended in water 

 

[69] 

CaMn2O4.4H2O 

H2O2 

HSO5
 

CeIV 

RuIII 

>5.0 

0.325 

0.325 

0.325 

303 

Catalyst particles 

suspended in water; 

(for RuIII
photo λ> 400 nm 

and 

light intensity ~26500 

lux. 

 

[44] 

CaMn2O4 

H2O2 

HSO5
 

CeIV 

RuIII 

0.9 

0.024 

traces 

0.012 

2.62 

Catalyst particles 

suspended in water; 

(for RuIII
photo λ> 400 nm 

and 

light intensity ~26500 

lux.) 

 

[44] 

CaMn3O6 

H2O2 

HSO5
 

CeIV 

RuIII 

>0.2 

0.006 

0.046 

0.002 

2.53 

Catalyst particles 

suspended in water; 

(for RuIII
photo λ> 400 nm 

and 

light intensity ~10000 

lux.) 

 

[75] 

Ca2Mn3O8 CeIV 0.016 3.47 

Catalyst particles 

suspended in water 

 

[75] 

CaMn4O8 

H2O2 

HSO5
 

CeIV 

RuIII 

>0.2 

0.006 

0.035 

0.0004 

2.66 

Catalyst particles 

suspended in water; 

(for RuIII
photo λ> 400 nm 

and 

light intensity ~10000 

lux.) 

 

[75] 

CaMnO3 CeIV 0.012 2.54 

Catalyst particles 

suspended in water 

 

[75] 



                                                                                                                                      Chapter 2 

32 
 

CaMn2Ox CeIV 0.011- 0.62 0.2-130 

Catalyst particles 

suspended in water 

 

[88] 

Kp-CaxMnyOz CeIV 0.006-0.83 1-275 

Catalyst particles 

suspended in water 

 

[68] 

CaxMnOy CeIV 0.19-0.88 90-221 

Catalyst particles 

suspended in water 

 

[77] 

Photosystem II [a] Sunlight 25000    [69] 

 [a] based on a rate of 100 O2 per second and PSII in full sunlight and 4 Mn per OEC. 

 

From Table 2.3, it is evident that the catalytic efficiency or turn-over frequency (TOF) of 

artificial water splitting is very small compared to the natural system. In addition, a majority 

of the oxygen evolution experiments using calcium manganese oxides were performed by 

dispersing the catalyst in a solution in the presence of sacrificial chemical oxidants. Although 

some reports have described the electro-catalytic oxygen evolution performance of calcium 

manganese oxide compounds as immobilized particles on electrodes [41, 74, 80, 85, 109-113], 

applications of calcium manganese oxide as photo-electrodes have not been investigated.  

 

2.5 Importance of Calcium 

 

For developing an effective biomimetic photo-catalyst, it is important to understand the role of 

calcium in the natural OEC system. In the early investigation of the mechanisms of oxygen 

evolution by the OEC in PSII, only manganese was discussed as an active element and the role 

of calcium was neglected [114]. However, recent research supports that calcium plays an 

important role in the natural photosynthesis process [115-116]. Several ideas about the role of 

calcium have been proposed, including nucleophilic attack on terminal Mn(V)═O by a Ca2+ 

bound hydroxide ligand [117], and formation of the O─O bond through a nucleophilic attack 

Table 2.3. (continued). 
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on Mn(V)═O species by calcium bound water [118]. Some reports have also demonstrated that 

calcium provides structural stability in the OEC cluster [115-116].  

 

The role of calcium is not only unclear in the natural photo catalytic system but also in photo-

induced water splitting by calcium-manganate ceramics. It has been observed that, compared 

to MnO2 which has well-recognised water oxidation ability [119], CaMnO3, Ca2Mn3O8 and 

CaMn2O4 have higher water-oxidation efficiencies, even without light irradiation [120]. 

Wiechen et al. reported that, when calcium is replaced by other alkali earth metals (Sr, Mg), 

their water-oxidation activity decreased [67]. Thus, Najafpour and Kurz suggested the 

importance of calcium in the water-oxidation reaction [44]. Some reports highlighted the 

importance of calcium in stabilizing the high valence states of manganese, at high temperatures, 

in calcium-manganese oxides [75]. Elucidating the catalytic role of calcium in calcium-

manganate ceramics is important, not only for optimising their water-oxidation activities but 

also for advancing our understanding of the mechanism of natural photosynthesis. For this, it 

is important to comparatively study the performance of manganese oxides and calcium 

manganese oxides in the artificial water oxidation system. 

 

2.6 Manganese oxide-based OEC 

 

Manganese oxides are an interesting class of compounds due to their ability to take various 

oxidation states (+2, +3, +4 being the most common ones) and various crystal structures. For 

most manganese oxides, their basic building block is MnO6 octahedral units, which can be 

arranged in various structural assemblies by either sharing edges and / or corners. This gives 

rise to two major structural types: (a) chain, or tunnel, structures and (b) layer structures, as 

shown in Figure 2.10. [119]. These structures play an important role in allowing intercalation 
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of cations during catalytic reactions. Therefore, it is proposed that the catalytic activity of 

manganese oxides is strongly influenced by the crystal structure [121]. 

 

 

Figure 2.10. Polyhedral representation of the eight Mn oxides reported herein: (a) β-MnO2, 

(b) R-MnO2, (c) α-MnO2, (d) δ-MnO2, (e) λ-MnO2, (f) LiMn2O4, (g) Mn2O3, and (h) Mn3O4. 

The light, dark, and black polyhedra represent Mn2+ tetrahedra, Mn3+ and Mn4+ octahedra, and 

Li1+ tetrahedra, respectively. Black spheres represent K+ ions. Reprinted with permission from 

Ref [119]. Copyright (2013) American Chemical Society. 

 

Although much research has been conducted on the catalytic properties of manganese oxides 

for water oxidation, the reported data are rather inconclusive. Several groups have 

demonstrated that various structures of MnO2 act as efficient water oxidation catalysts [122-
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127]. Boppana et al. demonstrated that α-MnO2 nanowires showed higher photocatalytic 

activity than α-MnO2 nanotubes followed by β-MnO2 nanowire in strong acidic conditions, but 

the influence of crystal structure and morphology of MnO2 on their photocatalytic activity was weak 

[122]. Excellent electrocatalytic water oxidation ability of β-MnO2 was demonstrated by Fekete et 

al. at both neutral and high pH [124]. δ-MnO2 (birnessite-type layered structure manganese 

dioxide) has been shown as an effective water oxidation catalyst by both, theoretical DFT 

(density functional theory) studies [125] and experimental work [67,126-127]. On the contrary, 

Robinson et al. found that β-MnO2, γ-MnO2, α-MnO2, δ-MnO2 and LiMn2O4 showed no OER 

activity in the photochemical water oxidation system [119]. They reported that Mn2O3 showed 

the highest OER activity followed by Mn3O4 [119]. Smith et al. found similar results with 

lowest water oxidation of MnO2 among different tested samples and higher activities with Mn3+ 

in corner-sharing sites as catalytic centers for water oxidation [128]. Higher catalytic activity 

of Mn2O3 was also supported by the studies of Ramirez et al. [129]. Frey et al. found that, 

although Mn2O3 showed higher water oxidation ability than MnO2, amorphous birnessite type 

manganese oxides were the best performing samples [130]. Amorphous manganese oxides also 

demonstrated significantly higher turnovers compared to tunnel structure and layered structure 

in water oxidation tests with Ce4+ in a study by Iyer et al. [131]. 

 

From the above discussion, it is clear that past investigations present uncertain results regarding 

the water oxidation abilities of manganese oxides. Since the data reported in various literatures 

were obtained under different experimental conditions, it could be understood that the water 

oxidation abilities are dependent on test conditions, as suggested by Pokhrel et al. [132]. They 

analysed nine crystalline MnOx materials (α-MnO2, β-MnO2, R-MnO2, λ-MnO2, δ-MnO2, γ-

MnO2, Mn2O3, Mn3O4, LiMn2O4) by chemical, photochemical and electrochemical assays, and 

reported that the identity of the “best” catalysis is dependent on the oxidation method used. 
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Their results showed that γ-MnO2 performed the best in a ceric ammonium nitrate solution of 

pH 0.8 (a chemical oxidant method), Mn2O3 showed highest water oxidation during 

photochemical assay (pH 8) and the best catalysts was dependent on pH of the electrolyte used 

in electrochemical testing which was Mn2O3 (for acidic electrolyte), γ-MnO2 (for neutral pH 

electrolyte) and α-MnO2 (for alkaline electrolyte) [132]. Thus, it could be concluded that, 

although significant work has been undertaken to investigate the best crystal structure and 

valance state of manganese oxides as water oxidation catalysts, their water oxidation abilities 

are not clearly understood and are thought to be influenced by several external factors. 

 

In this regard, the understanding about manganese oxidation states in natural water oxidizing system 

is of fundamental importance and has potential to provide important insights to the OER of 

manganese-based ceramic catalysts. Often in literature, two schemes, the low [133-134] and high 

[135-137] oxidation state schemes, of manganese within the natural catalytic cycle are 

reported.  Mostly, experimental data from X-ray absorption near edge structure (XANES) spectra 

support the high valent oxidation scheme [138-142], although one study reinterpreted the data to be 

in better agreement with the low valent scheme [143]. The difference in opinion could be argued 

from the point that the XANES spectral shape depends on ligand and coordination environment, 

which results in ambiguities over determination of the edge position and subsequent interpretations 

[144]. To investigate the correct oxidation state, Krewald et al. studied a detailed computational 

comparison of the two schemes [144]. Their studies demonstrated that only the high-valent scheme 

leads to a formulation of the catalytic cycle that is consistent with spectroscopic observations and 

catalytic state progression. Thus, it is assumed that manganese with higher oxidation states could be 

a better choice for catalytic water splitting. 
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2.7 Chapter summary and gaps in knowledge 

 

The idea of biological water splitting in the natural system has inspired researchers to produce 

hydrogen fuel by splitting water using sunlight, an abundant, renewable and carbon-neutral 

energy source. In order to realize efficient and practical ‘artificial photosynthesis’, photo-

electrocatalytic water splitting is a permission approach to overcome challenges the 

conventional approaches face.  However, the approach requires the use of OER catalysts that 

has high efficiency under natural sunlight and the ambient conditions. Recent research into the 

natural photosynthesis revealed that CaMn4O5 cluster with a cubane structure is the key catalyst 

to split water in plant cells. Inspired by this recent development in the understanding of this 

natural OEC, calcium manganese oxides have attracted great interest as a new class of catalysts 

in many energy-related applications in recent years.  

 

To investigate the catalytic applications of Ca-Mn-O systems in the energy and environmental 

sectors, different synthesis methods with varying Ca-Mn ratios and morphologies have been 

explored. It was found that, in addition to the structural similarity to the natural water splitting 

catalyst, Ca-Mn-O catalysts have the following advantages over other photocatalysts: (1) 

optical bandgap energies are in the visible light range, allowing utilisation of a wider solar 

spectrum than TiO2 and other wide-bandgap semiconductor photocatalysts where only a small 

portion of solar energy can be used; (2) they are made of earth-abundant non-toxic elements, 

rendering the material attractive from sustainability point of view; (3) they have high chemical 

stability in water, enabling the construction of durable devices for practical use.  

However, the literature review identified that the investigation into the photocatalysis of 

calcium manganese oxides is in its infancy and that there still exist the following fundamental 

knowledge gaps:  
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1) Although studies have been conducted on the redox catalytic activities of calcium 

manganese oxides in the past, we are critically lacking the knowledge about photo-

induced catalytic activities of calcium manganese oxides. In addition, green and 

scalable synthesis techniques of ultrafine calcium manganese oxides have seen little 

advancement. 

2) Band energy positions, which are crucial for predicting a material’s suitability for OER 

catalyst, of the calcium manganese oxide are not well known. 

3) Water-splitting photo-electrochemical cells using Ca-Mn-O nano powders have not 

been optimised in their design. Most of the water splitting studies of calcium manganese 

oxide involved dispersion of free-standing catalyst particles. Although studies of photo-

catalysts in dispersed forms are of significant interest, from a practical perspective it is 

crucial to study the immobilization of catalysts on conducting electrodes. Although a 

few reports have studied immobilization of calcium manganese oxide compounds as an 

anode in electrochemical cells, the studies were conducted without light irradiation.   

The issues associated with light is critical because, for practical applications, natural 

sunlight should be the photo- energy source and also, photocatalytic activities depend 

on the wavelength of irradiated light in the presence of light. 

4) Much of the fundamental knowledge are yet to be developed, including structure-

performance relationship, the role of calcium and the influence of manganese oxidation 

states. 

5)  Effect of size and morphology of the calcium manganese catalyst on photocatalytic 

properties have not been studied. 

 

2.8 Research questions 
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Based on the critical literature review, the present work aims to answer if the nanoparticles of 

calcium manganese oxides and manganese oxides can be synthesised by an economical green 

method, what are their band gaps and band energy positions, how do they perform as an anode 

in PEC water splitting set up, how does structural similarity to natural cubane and morphology 

affect water splitting. The abovementioned knowledge gaps will be addressed by investigating 

the followings: 

1) synthesis of high valence manganese dioxide (amorphous MnO2 particles and 

crystalline α-MnO2 nanowires) by mechanochemical processing, their photocatalytic 

activity on decolourization of aqueous solution of Rhodamine B, and mechanism of dye 

degradation through energy band diagrams evaluations. 

2) synthesis of different calcium manganese oxides nanoparticles (Ca2Mn3O8, CaMn2O4 

and CaMnO3) by mechanochemical processing and subsequent heat treatment, their 

photocatalytic activity on decolourization of aqueous solution of Rhodamine 6G, and 

mechanism of dye degradation through energy band diagrams evaluations.  

3) photo-electrochemical water oxidation performance of as synthesized manganese 

oxides and calcium manganese oxides, and theoretical aspects of goodness-of-fit of the 

crystal structures of synthesized calcium manganese oxides against the natural calcium 

manganese cluster (CaMn4O5). 

4) influence of morphology (nanowires and particles) and activity of exposed crystal 

planes on the photo-electrochemical water splitting of hydrothermally and 

mechanochemically synthesized CaMn2O4. 
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Remarks:  

The publication relevant to this chapter is “Ankita Gagrani, Jingwei Zhou, Takuya Tsuzuki, 

“Solvent free mechanochemical synthesis of MnO2 for the efficient degradation of Rhodamine-

B”, Ceramics International, 44, 4694-4698, 2018”. The abstract, introduction and conclusion 

section of the chapter slightly differ from the publication to meet the coherency needs of the 

thesis. The chapter also contains an additional discussion on the mechanism of dye degradation. 

 

 

Abstract 

 

This chapter reports the experimental investigation of the synthesis of amorphous and 

crystalline MnO2 and their dye decolourization abilities under dark and light conditions at 

different pH levels. A solid-state redox reaction 2KMnO4 + MnCl2 → 3MnO2 + 2KCl + O2 

was activated during mechanical milling. Excess KCl salt was added in the starting powder 

mixture to prevent agglomeration of MnO2 nanoparticles. The milling resulted in the 

production of amorphous MnO2 nanoparticles with a high surface area of 204 m2 g-1. 

Crystalline MnO2 nanorods of diameters about 15 nm – 20 nm were produced by heating the 

as-milled powder at 350°C for 1 h in air. Both amorphous and crystalline MnO2 demonstrated 

potential for photocatalysis at pH 7, whereas dissolution of manganese occurred at pH 3. This 

work demonstrates the potential for cost effective, green and scalable synthesis of MnO2 nano-

catalysts for environmental applications.  
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3.1 Introduction 

 

Visible-light photocatalytic reaction is one of the promising ways to address many energy and 

environmental challenges using sunlight. Therefore, developing visible light photocatalyst and 

evaluating their photocatalytic activities have gained significant importance [1]. A common 

method to evaluate the photocatalytic activities of catalysts is photocatalytic degradation of 

dyes under light. Historically, the aim of photocatalytic dye degradation was to treat large 

amounts of dye effluents released from textile, paper and cosmetic industries [2]. However 

later, with the introduction of self-cleaning surfaces, dye degradation under light became a 

common tool for demonstrating potential photocatalytic properties instead of serving as an 

actual contaminant [3], despite some drawbacks [4-5]. This chapter reports the experimental 

investigation of the synthesis of MnO2 photocatalysts and evaluation of photocatalytic abilities 

using dye as a model compound. 

 

Manganese dioxide has been of significant practical interest as a photocatalyst due to its 

considerable redox activity, low cost and earth-abundant composition [6]. Several efforts have 

been made for the development of various morphologies of MnO2 to enhance the catalytic 

performance [7-9]. Dang’s group investigated the decolourization of methylene blue and 

methyl orange with a MnO2-coated diatomite composite prepared using a wet-chemical method 

[10]. Combariza’s group reported the removal of indigo carmine dye by a bio-nano composite 

produced by in situ synthesis of nanostructured MnO2 onto natural fique fibers [11]. Fathy et 

al. prepared a γ-MnO2/MWCNT nanocomposite catalyst using a co-precipitation approach and 

evaluated the oxidative degradation of RB19 dye [12]. Cui et al. employed a refluxing process 

to synthesize manganese oxides with different crystal types (α-MnO2, β-MnO2, and δ-MnO2) 

and reported decolourization of Rhodamine-B (RhB) dye at various pH levels [13]. These 
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studies focused on evaluating catalytic degradation and adsorption of dyes using MnO2. Yin et 

al. reported a simple hydrothermal synthesis of MnO2 nanorods and studied their photocatalytic 

performance on the degradation of congo red, eosin red and methyl orange under UV-light 

irradiation [14].  

 

From the analysis of past work, significant research gaps have been identified. Although many 

research groups have studied the catalytic properties of manganese dioxide, no study has 

focused on evaluating photocatalytic properties of MnO2 synthesized using environmentally 

friendly methods. Since photocatalytic activities of catalysts are dependent on synthesis 

methods [3], the green production of MnO2 nanoparticles and their photocatalysis requires 

further research. Furthermore, the effect of crystallinity on the photocatalytic activities of 

MnO2 nanoparticles has not been fully understood. The present study addresses these research 

gaps by investigating photocatalytic properties of amorphous and crystalline MnO2 synthesized 

by a solvent-free mechanochemical method.  

  

Mechanochemical processing (MCP) is a unique bottom-up approach to synthesise a variety of 

nanomaterials [15-17]. It is a scalable technique utilising mechanical energy to trigger chemical 

reactions in a ball mill.  Previously, a report by Liu et al. demonstrated the mechanochemical 

synthesis of MnO2 using KMnO4 and Mn(CH3COO)2 and employed H2SO4 to remove K+ to 

study the charge-discharge properties of MnO2 supercapacitor [18]. However, the use of H2SO4 

during synthesis is a considerable drawback for environment. Synthesizing a catalyst using a 

solvent free method is of utmost importance for environmental sustainability. Moreover, the 

particle size of resulting MnO2 was not reported. Another report by Yang et al. demonstrated 

the synthesis of MnOx via a redox reaction between Mn7+ and Mn2+ in a ball mill [19]. However, 

the end product consisted of highly agglomerated particles.  
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In this work, amorphous MnO2 particles and crystalline MnO2 nanorods were synthesized via 

a low cost, solvent free and scalable mechanochemical route for the first time and their 

photocatalytic activities to degrade dyes were investigated. A mixture of KMnO4 and MnCl2 

was milled to initiate a solid-state redox reaction 2KMnO4 + MnCl2 → 3MnO2 + 2KCl + O2.  

Excess KCl was introduced in the starting powder mixture to control the particle size of MnO2 

in the product phase. RhB dye was chosen as a model dye for the evaluation of photocatalytic 

activity based on its popularity for studying visible light photocatalysis [3].  

 

3.2 Experimental Procedure 

 

3.2.1 Preparation of MnO2 nanoparticles  

 

All chemicals were used without further purification. Stoichiometric amounts of KMnO4 

(analytical grade, Univar) and MnCl2 (99.9%, Sigma Aldrich) powders were mixed in the 

molar ratio of 2:1.  KCl (Analar NORMAPUR, VWR) powder was added to this mixture as an 

inert diluent to ensure that the volume fraction of MnO2 is 10% in the product phase in order 

to limit the agglomeration of MnO2 [20]. All three chemicals were sealed in a steel vial with 

hardened steel balls of 9.2 mm in diameter.  The ball to powder ratio of 10:1 was used for all 

milling operations.  The mixture was milled for 4h in a SPEX 8000M mill (Spex, USA). The 

as-milled powder was heated at 350° C for 1 h in air to crystallize amorphous MnO2. The 

powder was washed thrice to remove KCl, with Millipore Milli-Q ultrapure water (18 MΩ cm) 

using an ultrasonic bath and a centrifuge. The remaining black powder was collected and dried 

in an oven at 50°C for 9 h. 
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3.2.2 Physical characterization 

 

The composition of the powder was examined at room temperature using a D2 Phaser X-ray 

diffraction system (XRD, Bruker, USA) with Cu-Kα radiation.  The average crystallite sizes 

were estimated from the diffraction peak using the Scherrer equation [21]. The nanostructure 

and surface morphology of the powder was investigated using a CM 300 transmission electron 

microscope (TEM, FEI, USA) at 300 kV and an Ultra Plus field-emission scanning electron 

microscope (FESEM, Zeiss, Germany) at 3 kV. The specific surface area of nanopowders was 

measured by the Brunauer-Emmett-Teller (BET) N2-gas adsorption method using a TriStar 

3020 (Micromeritics, USA). Prior to BET measurements, the powders were degassed at 150 

°C for 24 h. UV-vis absorption spectra were collected using a Varian Cary 60 spectrometer 

(Agilent, USA). Optical band gap energies were estimated by converting UV-Vis absorption 

spectra into Tauc plots [22].  

 

3.2.3 Band edge position 

 

To investigate the mechanism of photocatalytic dye degradation, photocurrent measurements 

were carried out. The results were used to estimate the band edge positions [23] and charge 

separation efficiencies of the catalysts [24].  

 

Band-edge positions of manganese oxides were determined using a photocurrent onset 

technique [23]. Manganese oxide electrodes were prepared in the following manner. First, 15 

mg of powder was dispersed in 15 mL ethanol using an ultrasonic bath. Then, 4 mL of the 

solution was gradually dropped on a rectangular piece (1.5 x 3 cm) of cleaned glass coated with 

fluorine-doped tin oxide, on a hot plate at 200°C. After deposition, the electrodes were kept on 
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the hotplate for another 5 min. An electrochemical cell was constructed with a manganese 

dioxide electrode as a working electrode, platinum as a counter electrode, Ag/AgCl as a 

reference electrode and 0.1 M KCl solution as an electrolyte. The electrolyte was bubbled with 

nitrogen gas for 3 h prior to measurements to remove any dissolved oxygen. Photo-

electrochemical measurements were carried out using a potentiostat (Bio-Logic VMP3) and a 

set of light emitting diodes (220 V,100 W). The irradiation spectrum measured using a silicone-

based charge-coupled device, is shown in Figure 3.1. The light source was placed 10 cm away 

from the working electrode. 

 

 

Figure 3.1. Spectrum of LED light. 

 

For the analysis of charge separation efficiency, the same experimental setup as for the 

determination of band-edge positions was used, except replacing KCl electrolyte with 0.1 M 

sodium sulphite. In practice, water oxidation photocurrent (JH2O) of catalysts is always less than 

maximum photocurrent (Jmax) due to limited light absorption efficiency (ηabs), charge 

separation efficiency (ηsep), and charge transfer efficiency (ηtrans), and can be expressed by the 

following equation: 

 

 JH2O = Jmax ∙ ηabs ∙ ηsep ∙ ηtrans (3.1). 
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ηsep was estimated from the measured values of Jmax, ηabs, ηtrans, and JH2O, using equation 3.1. 

Jmax was determined by integrating the incident spectral irradiance (as shown in Figure 3.1) 

over all wavelengths. ηabs was determined by integrating the product of the incident spectral 

irradiance and the light harvesting efficiency (LHE) at each wavelength and dividing by Jmax. 

LHE of the electrodes was calculated using following equation:  

 

 LHE (λ) (%) = 100% − R(λ) (%) − T(λ) (%) (3.2), 

 

where R is the total reflection and T is the total transmission. Charge transfer efficiency (ηtrans) 

is nearly equal to 100% in the presence of sodium sulphite electrolyte, which acts as a hole 

scavenger, and undergoes fast oxidation [24].  JH2O was obtained experimentally by subtracting 

dark current from light current at selected voltage points. 

 

3.2.4 Photocatalytic activity evaluation by degradation of Rhodamine B 

 

Photocatalytic degradation of RhB dye was studied to evaluate the photocatalytic activity of 

MnO2 samples. A small amount of MnO2 (8 mg) was dispersed in 50 mL of an aqueous RhB 

solution with a concentration of 0.0096 mg mL−1. The pH of the solution was adjusted with 

HCl. A low-density polyethylene film (>85% transparent to UVA and UVB) was tightly 

wrapped to seal the mouth of the silica beaker for preventing the evaporation of water. 

Subsequently, the suspension was irradiated with simulated sunlight using a Suntest CPS+ 

instrument (Atlas, USA) equipped with a 1,500 W xenon lamp and a daylight reduced IR filter. 

The irradiation intensity was 65 W m−2 over the wavelength range of 300–800 nm. The 

aliquots (4 mL) were collected at various irradiation times and immediately centrifuged at 

12,000 rpm for 10 min to remove catalyst nanoparticles from the RhB solution. The Optical 
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absorption of the RhB solution was measured using a Cary 60 spectrophotometer (Agilent, 

USA) to observe the photocatalytic degradation of RhB. The degradation of RhB was also 

investigated without light irradiation otherwise under the same conditions for both amorphous 

and crystalline samples. 

 

3.3 Result and discussions 

 

3.3.1 MnO2 nanoparticles 

 

Figure 3.2(a) shows the XRD pattern of the powder milled for 4 h. The pattern predominantly 

consists of peaks corresponding to KCl (JCPDS card No 73-0380) due to the presence of excess 

KCl in the powder mixture. Figure 3.2(b) represents the XRD pattern of the powder after 

washing to remove KCl. The lack of well-defined sharp peaks, except two broad peaks near 

13° and 37°, can be attributed to the amorphous-like nature of the powder. Figure 3.2(c) 

represents the XRD pattern of the powder after heat treatment at 350°C for 1 h in air and 

subsequently washed, where the diffraction peaks can be indexed to -MnO2 (JCPDS card No 

72-1982). 
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Figure 3.2. XRD patterns of (a) as-milled powder milled for 4 h, (b) after subsequent washing 

and drying, and (c) powder milled for 4 h followed by heat treatment at 350°C, washing and 

drying. 

 

Figures 3.3 (a) and (c) show a typical SEM and TEM images of MnO2 samples without heat 

treatment.  The sample consisted of irregular-shaped particles and few needle-like structures of 

less than 10 nm in diameter. The inset in Figure 3.3(c) is a selected area electron diffraction 

pattern, showing narrow rings with only few spots. The result indicates poor crystalline nature 

of the MnO2, consistent with the XRD data (Fig. 3.2b). The few spots on the diffraction rings 

may stem from the needle-like structure visible in the SEM image. The needle-like structure 

was not observed in TEM images, possibly due to the scarcity of the structure. Figures 3.3 (b) 

and (d) show the respective SEM and TEM images of crystalline MnO2 that was obtained after 

heat treatment. The sample consisted of only nanorods of about 15 nm - 20 nm in diameter 

with varying lengths. The inset in Figure 3.3(d) shows lattice fringes running parallel to the 
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surface of a nanorod along the length direction. The lattice spacing between adjacent lattices 

was ~0.7 nm corresponding with the distance between two (110) crystal planes of -MnO2. 

 

 

Figure 3.3. FESEM micrograph of (a) amorphous MnO2 and (b) crystalline MnO2; TEM 

micrograph of (c) amorphous MnO2 and (d) crystalline MnO2. The inset in image (c) shows a 

selected area electron diffraction pattern of the same area.  The inset in image (d) shows lattice 

fringes running parallel to the surface of a nanorod along the length direction. 

 

The average crystallite size estimated using the diffraction peak corresponding to (110) crystal 

plane at 13° was 16 nm. This value is in good agreement with the observed diameter of 

nanorods. The BET surface areas of the amorphous and crystalline MnO2 powders were 204 

m2 g-1 and 76 m2 g-1, respectively.  

 

Figure 3.4 shows the Tauc plot in the form of (αhν)2 versus hν for (a) amorphous and (b) 

crystalline MnO2, where h is the Planck's constant, ν is the photon's frequency, and α is the 

absorption coefficient. The Tauc plot was made from the optical absorption spectra shown in 
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Figure 3.5. The intercept of the straight line with the x-axis (energy axis) suggests an optical 

band gap of 2.54 eV and 2.33 eV for amorphous and crystalline MnO2, respectively.  

 

 

Figure 3.4. Tauc plot of (a) amorphous MnO2 and (b) crystalline MnO2 nanowires. 

 

Figure 3.5. UV-Vis absorbance spectra of (a) amorphous MnO2 and (b) Crystalline MnO2. 
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3.3.2 Dye degradation 

 

Figures 3.6 (a) and (b) show the dye degradation rates at different pH levels upon light 

irradiation for amorphous and crystalline MnO2, respectively. The original optical absorption 

spectra of RhB dye solutions are shown in Figure 3.7. In the y-axis of Figure 3.6, C is the 

absorbance value of RhB at each irradiation time and C0 is the absorbance value at the same 

wavelength before the irradiation.  

 

 Figure 3.6. Pseudo-first order kinetic models for the degradation process at various pH values 

for (a) amorphous MnO2, (b) crystalline MnO2 upon irradiation of light, and (c) amorphous 

MnO2 and (d) crystalline MnO2 without light irradiation.   
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At pH 7, only 4 % of the dye was decolorized within 120 min by the crystalline sample. On the 

other hand, the amorphous sample degraded nearly 28 % of the dye within the same exposure 

time. For the crystalline sample, lowering the pH to 5 resulted in the degradation efficiency to 

reach above 47% in 120 min of irradiation. At this pH level, the amorphous sample degraded 

the dye almost completely in 34 min. At pH 3, the absorption peaks corresponding to the dye 

diminished in 30 min and 49 min with the amorphous and crystalline MnO2, respectively. MnO2 

was responsible for dye degradation because the RhB dye does not decolorize in the absence 

of catalyst, even in the presence of light [25]. 

 

 

Figure 3.7. Exposure time profiles of UV-Vis absorbance spectra of Rhodamine-B solutions 

under simulated sunlight in the presence of amorphous MnO2 at (a) pH 3 (b) pH 5 (c) pH 7 and 

crystalline MnO2 at (d) pH 3 (e) pH 5 (f) pH 7. 

 

Figures 3.6 (c) and (d) show the dye degradation rates at different pH levels in the dark without 

light irradiation, for amorphous and crystalline MnO2, respectively. The original optical 

absorption spectra of RhB dye solutions are shown in Figure 3.8. The changes in peak shape 

and peak position at 450 – 600 nm indicate the removal of RhB by degradation, not by 
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adsorption alone. At pH 7, after 120 min of mixing time, only 2% of RhB was degraded by the 

crystalline sample.  In contrast, 26% of the dye was degraded by the amorphous sample. Further 

lowering the pH to 5 resulted in 40% degradation of the dye by crystalline sample. At this pH, 

the amorphous sample degraded almost entire dye in just 60 min. At pH 3, the amorphous 

sample degraded 95% of the dye in 48 min, which is a significantly higher degradation rate 

than that of the crystalline MnO2 which could only degrade 73% of the dye in 120 min. 

 

 

Figure 3.8. Exposure time profiles of UV-Vis absorbance spectra of Rhodamine-B solutions 

under the dark condition in the presence of amorphous MnO2 at (a) pH 3 (b) pH 5 (c) pH 7 and 

crystalline MnO2 at (d) pH 3 (e) pH 5 (f) pH 7. 

 

From the above data, it is observed that at pH 7, the dye decolorization was higher for 

amorphous sample in both dark and light than crystalline sample. Increased dye degradation 

for amorphous sample could be attributed to higher adsorption due to higher surface area. The 

adsorption of dye species on the catalyst surfaces is enhanced within a pH range where the dye 

and catalyst have opposite electrostatic charges. RhB is a cationic dye. The Iso-electric point 
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of MnO2 is reported to be <5.1 above which the particle surface is negatively charged due to 

de-protonation. As such, once can expect that the adsorption of RhB on the MnO2 surfaces is 

stronger above pH 5 [26]. At pH 7, the effect of light was not significant (only 2% increase in 

dye decolorization with light). For understanding the photocatalytic effect, knowledge of 

energy levels of conduction and valence band is crucial. Figure 3.10 shows the band-edge 

positions of the manganese dioxides, estimated using the photocurrent onset method, as shown 

in Figure 3.9. The lower edge of the conduction band at pH 7 was determined for amorphous 

and crystalline MnO2 as 0.42 and 0.45 eV, respectively. By using the measured band-edge 

positions and bandgap energies, the schematic energy-level diagram of MnO2 is drawn in 

Figure 3.10, with respect to the electro-chemical potentials of O2 + e- = O2
●−, Mn4++2e-=Mn2+ 

and OH- + h+ = OH● at pH 7. The highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) energy levels of RhB are also given in Figure 3.10 [25].  

 

 

 

Figure 3.9. Current potential curve (at 0.1 mV/s) of (a) amorphous MnO2, (b) crystalline MnO2 

under chopped illumination. The potential vs NHE at pH 7 is shown. 
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Figure 3.10. Schematic energy level diagram of amorphous and crystalline MnO2 with respect 

to the electrochemical potentials of OH•/H2O, O2/ O2
•− and OH•/OH− at pH 7. 

 

As shown in Figure 3.10, the valence band of MnO2 is more positive than the potential required 

for formation of hydroxyl free radicals from water. Hence theoretically speaking, MnO2 will 

form hydroxyl free radicals by light absorption. However, experimental data showed poor 

ability of RhB MnO2 to degrade RhB in the presence of light. This may be due to the following 

three reasons:   

 

Firstly, RhB is shielding the light from reaching MnO2. Since RhB has a narrower bandgap 

energy than MnO2, RhB acts as an effective light-shade to MnO2. One can speculate that the 

relatively high absorption of light by free dye molecules might have reduced the number of 

photons absorbed by MnO2, resulting in reduced rate of photocatalytic degradation of dye [27]. 

This is a typical drawback of using coloured dyes for the study of visible-light photocatalysis. 
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However, the concentration of dyes used in the present study was very low to avoid this light-

shielding effects [28]. 

 

Secondly, the combination of RhB and MnO2 does not form a dye-sensitisation of MnO2, so 

that photo-exited electrons and holes are not effectively separated from each other. At pH 7, 

MnO2 and RhB have opposite electrostatic charges [26], which causes a strong electrostatic 

interaction between RhB and MnO2, resulting in the coating of RhB molecules on the surface 

of MnO2. However, the HOMO and LUMO of RhB and band edge position of MnO2 do not 

allow efficient charge transfer between MnO2 and RhB. The absence of photolysis in RhB dye 

indicates that, the photo-excited electrons in RhB are not used to generate superoxide free 

radicals via transfer from LUMO to the electro-chemical potentials of O2 + e- = O2
●− even if it 

is energetically possible [25]. This indicates that most of the photo-generated charges in RhB 

recombine within the dye molecule. Since the conduction band edge of MnO2 is lower than the 

electrochemical potential of superoxide free radical formation, photo-exited electrons in MnO2 

does not contribute to the dye degradation. In MnO2, photo-exited holes would be used to 

generate hydroxyl free radicals which in turn degrade RhB. Yin et al. showed that the efficiency 

of photocatalytic dye degradation was in the order of methyl orange < eosin red (96%) < congo red, 

in the presence of MnO2 [14]. Their study also demonstrates that the absorption of light by dyes, 

band gap of dyes and band edge positions of dyes and catalysts, play a crucial role in evaluating 

photocatalytic properties of a novel semiconductor material. 

 

Thirdly, MnO2 has a poor charge-separation efficiency. Figure 3.13 shows the charge 

separation efficiency of the MnO2 catalyst at different voltage. The charge separation efficiency 

was calculated using Equation (3.1). The measured Jmax value was 9.8 mA cm-2. ηabs calculated 

using LHE curves (as shown in Figure 3.11) were 83% and 96% for amorphous and crystalline 
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MnO2, respectively. In Figure 3.13, charge separation efficiency is only defined at 4 voltage 

points, because the signal-to-noise ratio in observed photocurrent (as shown in Figure 3.12) 

was relatively poor, making it difficult to calculate photocurrent across a wide range of voltage. 

To take into consideration the errors in photocurrent measurements, error bars are indicated in 

Figure 3.13. It is evident that charge separation efficiency of amorphous and crystalline MnO2 

was nearly the same at low voltages, which was three orders of magnitude smaller than TiO2 

[29-31]. It is important to note that JH2O was in the range of µA cm-2 (Figure 3.12), even when 

the charge transfer efficiency was close to 100% and absorption efficiency was reasonable, 

demonstrating poor charge separation efficiency of MnO2 photocatalyst. 

 

 

Figure 3.11. Light harvesting efficiency of amorphous MnO2 and crystalline MnO2. 
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Figure 3.12. Current potential curve (at 0.1 mV/s) of (a) amorphous MnO2 and (b) crystalline 

MnO2 under chopped illumination (at pH 7) in the presence of sodium sulphite electrolyte. 

 

 

Figure 3.13. Relative charge separation efficiency of amorphous MnO2 and crystalline MnO2. 
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In contrast, at pH 3, excellent dye decolourization was observed for both amorphous and 

crystalline MnO2 both under dark and illumination conditions, with an improved photo-

catalysis. One possible explanation of this behaviour is reductive dissolution of Mn4+ in Mn2+ 

in aqueous solution under pH less than 7, where Mn4+ can change to Mn2+ to form strongly 

oxidizing hydroxyl radicals with help from H+ ions [11]. Light irradiation further accelerated 

the degradation rate for both amorphous and crystalline MnO2, due to the photo-induced free 

radical generation and photo-dissolution [32] of MnO2, as evidenced in Figure 3.6. 

 

From the Figure 3.6, it is also evident that the dye degradation in the presence of crystalline 

and amorphous MnO2 showed linear relationships between ln(C/C0) and irradiation time, 

indicating pseudo-first order kinetic models for the degradation process [33]. Under the dark 

condition, the dye removal proceeded quickly in the short time span after the mixing of MnO2 

into the dye solution and then afterwards followed pseudo first order kinetics throughout the 

degradation process (Figure 3.10). Similar behaviours in the initial stage of mixing MnO2 with 

dye solutions were reported previously [34, 35]. One possible explanation for this behaviour is 

the high rate of adsorption of dye molecules on the surface of MnO2 nanoparticles after mixing 

[36, 37]. This phenomenon was more pronounced for amorphous samples than crystalline 

samples (Figure 3.6), due mainly to the higher specific surface area of the amorphous samples.  

 

The pseudo first order degradation rate constant (k, min-1) at each pH value was calculated by 

fitting the data in Figure 3.6 with the following equation [27];  

 

 ln (C/C0) = - k · t (3.3), 
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where t (min) is the irradiation time under light or mixing time under the dark condition. Due 

to the fast adsorption of the dye during the initial stage of mixing, ln(C/C0) values are fitted 

only to the data points with t > ~10 min.  

 

Figure 3.14 depicts the rate constants in the presence of amorphous and crystalline MnO2 as a 

function of pH. To elucidate the effect of crystallinity, the rate constants in Figure 3.14 are 

normalised with the specific surface areas of the samples.   

 

 

 

 

 

 

 

 

Figure 3.14. Dye-degradation rate constant (K) normalised with specific surface area (SSA) at 

various pH levels for amorphous and crystalline MnO2 with and without light irradiation.  

 

Under pH 3 condition, light illumination enhanced the dye-degradation ability significantly 

more for crystalline samples than for amorphous samples. This difference can be attributed to 

the fact that amorphous samples have a higher number of defects that act as recombination sites 

for photo-generated charges to suppress photo-corrosion [38].  

 

It is interesting to note that, under the dark condition, amorphous MnO2 showed much higher 

catalytic ability than crystalline MnO2. Even under pH 5 condition, where crystalline MnO2 
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showed almost no catalytic effect, amorphous MnO2 exhibited strong ability to decompose 

RhB. The outstanding catalytic activity of amorphous MnO2 was also reported by Iyer et al. on 

the selective photo-oxidation of 2-propanol, destruction of toxic organic compounds and water-

oxidation [39]. They attributed the high activity to the ease of lattice oxygen mobility and 

excess surface oxygen in the amorphous structure. Robinson et al. compared the photo-

oxidation of water by various manganese oxides with different crystal structures and argued 

that weaker and flexible Mn-O bonds are more catalytically reactive whereas stronger and rigid 

Mn-O bonds such as in crystalline MnO2 do not foster the high oxidation potential for O2 

formation [40]. One can hypothesise that, amorphous MnO2 is catalytically more reactive than 

crystalline MnO2 due to the higher number of defects such as dangling bonds and oxygen 

vacancy sites [41] as well as weaker Mn-O bonds on the surface. Nonetheless, only few reports 

have been published on the catalysis of amorphous MnO2 to date and further efforts are required 

to gain a full understanding of its mechanism [39].  

 

3.4 Chapter summary 

 

The chapter discussed the green synthesis and photocatalytic activities of MnO2 at different pH 

values. The chapter also highlighted the drawbacks of using coloured dyes in evaluating 

visible-light photocatalysis of novel semiconductors. MnO2 nanorods were successfully 

synthesized using a mechanochemical solid-state displacement reaction for the first time. 

During the ball milling of a 2KMnO4 + MnCl2 + KCl starting powder mixture, amorphous 

MnO2 nanoparticles were formed.  After subsequent calcination at 350° C for 1 hour in air, the 

amorphous MnO2 was transformed into crystalline MnO2 nanorods with diameters of less than 

20 nm.  In the presence of light, both amorphous and crystalline MnO2 generated electron hole 

pairs. However, at pH 7, RhB dye degradation was insignificant, due to the absorption of light 
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by the dye, electrochemical energy mismatch between the dye and MnO2, and poor charge 

separation efficiency of MnO2. At pH 3, under the dark condition, both amorphous and 

crystalline phases exhibited catalytic activities to degrade the model dye pollutant, due to 

reductive dissolution of MnO2 [42]. Irradiation of simulated sunlight accelerated the 

decomposition reaction of both amorphous and crystalline MnO2 at pH 3, because photo-

corrosion accelerated the reductive dissolution.  

 

Along with MnO2, it is significantly important to investigate the green synthesis and 

photocatalytic properties of bioinspired catalysts such as calcium manganese oxides, which is 

discussed in the next chapter.  

. 
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Remarks:  

This chapter is based on the manuscript under preparation; “Ankita Gagrani, Sara Sousa, 

Olinda C. Monteiro, Takuya Tsuzuki, “Green synthesis and photocatalytic activity of calcium 

manganese oxides catalysts”. 

 

 

Abstract 

 

This chapter reports the experimental investigation of the synthesis of different calcium 

manganese oxides nanoparticles (Ca2Mn3O8, CaMn2O4 and CaMnO3) by mechanochemical 

processing, a potentially green scalable method, and their photocatalytic activities on the 

decolourization of Rhodamine 6G aqueous solutions. Band gap energies of the three calcium 

manganese oxides showed their ability to absorb visible light. Valence bands of all the as-

synthesized samples were more positive than the electrochemical potential required for the 

formation of hydroxyl free radicals from water. The photocatalytic activity of the prepared 

powders, per unit specific surface area, increased in the order Ca2Mn3O8 < CaMnO3 < 

CaMn2O4. 
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4.1 Introduction 

 

Photocatalysis has been recognised as an effective tool for many applications in environmental 

remediation, including pollution reduction in water and air [1]. Among various photocatalytic 

materials, calcium manganese oxides have emerged as a new class of biomimetic redox 

catalysts, owing to their earth abundant and environmentally benign elemental constitutions, 

as well as their structural similarity to the -oxo-Mn4Ca cluster in Photosystem-II protein that 

is responsible for water-splitting in natural photosynthesis [2-4].  

 

Recently, Khanahmadzadeh et al. reported excellent photocatalytic properties of CaMn2O4 

nanoparticles by demonstrating dye degradation under visible light irradiation [5]. Similarly, 

Barrocas et al. reported 83.1% degradation of Rhodamine-6G in 4 hours under visible light 

irradiation in the presence of CaMn3O6 nanorods, higher than 63.7% degradation in the 

presence of immobilized TiO2 [6]. The photocatalytic properties of doped calcium manganese 

oxides have also been the subject of recent investigations [7]. However, photocatalytic activity 

of other calcium manganese oxides, including CaMnO3 and Ca2Mn3O8, has not been studied. 

Ca2Mn3O8 is structurally similar to natural OEC [8], and perovskite type materials (ABO3) have 

been reported to exhibit excellent photocatalytic abilities [9]. Therefore, it is important to study 

their photocatalytic properties. In addition, the information critical to these light-driven 

applications, such as band edge position, is currently lacking. 

 

Further, the reported calcium manganese oxides are often synthesized using solution-based 

methods such as sol gel [10, 11], hydrothermal [12, 13] and electrospinning [14]. However, the 

use of organic solutions can pose environmental and health risks. As such, the development of 

solvent-free chemical processes is imperative for commercial applications of calcium 
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manganese oxides. The so-called ceramic methods are one of the most commonly used dry 

synthesis techniques, where nitrates, carbonates, acetates or oxides of calcium and manganese 

are mixed in stoichiometric quantities to obtain solid solution precursors before heating at 

elevated temperatures [15-17]. In a recent report, Han et al. demonstrated the synthesis of 

CaMnO3, Ca2Mn3O8, CaMn2O4 and CaMn3O6 by firing the corresponding Ca1-xMnxCO3 (x = 

0.5, 0.6, 0.67, and 0.75) solid–solution precursors in air, which resulted in microspheres 

consisting of aggregated nanoparticles [18]. Similarly, Najafpour et al. synthesized spherical 

Ca2Mn3O8 with a typical diameter of 600 nm, by heating the intimately ground mixture of 

CaCO3 and MnCO3 [19]. It is reported that, in order to achieve high catalytic efficiency, 

materials with a large surface area and small particle sizes are highly desired, as they provide 

more active sites to the catalytic process [20]. Therefore, for the photocatalytic applications of 

calcium manganese oxide, it is of significant importance to develop a solvent free, economical 

and scalable fabrication method of calcium manganese oxide nanostructures. 

 

Another critical requirement for the commercially viable technology is the scalability of 

material production processes. Mechanochemical processing has been demonstrated as suitable 

for the scalable industrial production of novel nanomaterials in a green and economical manner 

[21]. The key feature of this synthesis approach is to reduce the size of precursor particles in 

an inert salt matrix to achieve a nanoscopically uniform reaction environment, that in turn 

enables the formation of uniform nanoparticles within a dry solid matrix while avoiding the 

involvement of any solvents [22]. The solid phase acts as a physical barrier between 

nanoparticles during the particle-growth stage, which limits the formation of particle 

agglomeration. The resulting nanoparticles can be further heat treated while embedded in the 

solid matrix so as to avoid particle agglomeration.  
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The present study demonstrates the photocatalytic properties of three different calcium 

manganese oxides, Ca2Mn3O8, CaMn2O4 and CaMnO3 that are synthesized by 

mechanochemical processing using a solid-state displacement reaction and subsequent heat 

treatment. Their bandgap and band-edge positions were also studied to understand their 

photocatalytic process during dye degradation at neutral pH. The pH was kept neutral in order 

to avoid reductive dissolution of the samples, as evidenced in the results of Chapter 3. 

 

4.2 Experimental Procedure 

 

4.2.1 Synthesis of Ca2Mn3O8 

 

All the chemicals were used without further purification. Ca2Mn3O8 nanoparticles were 

synthesized by first producing Ca2Mn3(CO3)5 nanoparticles by mechanochemical processing 

and subsequently thermally decomposing the Ca2Mn3(CO3)5 nanoparticles into Ca2Mn3O8. 

Ca2Mn3(CO3)5 nanoparticles were produced via the following reaction: 

 

2CaCl2 + 3MnCl2 + 5K2CO3 +29KCl → Ca2Mn3(CO3)5 + 39KCl (4.1). 

 

Excess KCl salt was added to reduce the volume fraction of Ca2Mn3(CO3)5 in the product phase 

so as to minimize particle agglomeration [22]. 

 

First, a stoichiometric amount of the starting materials MnCl2 (99.9% Sigma Aldrich, 0.996g) 

and CaCl2 (>93%, granular, anhydrous, Sigma Aldrich, 0.586g) were mixed together in a 

hardened steel vial for 2 h using a SPEX 8000M mill. Subsequently, 1.823 g of K2CO3 (AnalaR 

NORMAPUR,VWR) and 5.8 g KCl (AnalaR NORMAPUR, VWR) were added in the same 
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milling vial along with hardened steel balls of 9.2 mm in diameter. The mass ratio of balls-to-

powder mass ratio of 10:1 was used.  The milling was performed for 4 h in a SPEX 8000M 

mill to obtain Ca2Mn3(CO3)5 nanoparticles embedded in a KCl salt matrix. The as-milled 

powders were calcined at 600°C for 1 h in air. Upon cooling the powder, KCl was removed by 

washing with deionised water (18 MΩ cm), using an ultrasonic bath and a centrifuge, until the 

total dissolved solid in the supernatant became less than 100 ppm. The powder was dried in an 

oven at 50°C for several hours. 

 

4.2.2 Synthesis of CaMnO3 and CaMn2O4  

 

A methodology similar to the one used for the synthesis of Ca2Mn3O8 nanoparticles was 

adopted to produce CaMnO3 and CaMn2O4 ultrafine particles. The precursor nanoparticles, 

CaMn2(CO3)3 and CaMn(CO3)2, were mechanochemically produced via the following 

reactions: 

 

 CaSO4 + 2MnSO4 + 3K2CO3 +11K2SO4 → CaMn2(CO3)3 +14K2SO4  (4.2),  

 CaSO4 + MnSO4 + 2K2CO3 +7K2SO4 → CaMn(CO3)2 +9K2SO4  (4.3).  

 

During the heat treatment of the as-milled powders, it is crucial for salt matrix to stay in a solid 

form to avoid particle agglomeration. In reactions (4.2) and (4.3), sulfate salts were used 

instead of chloride salts (reaction 1), because K2SO4 has a higher melting point (1,069°C) than 

KCl (770°C) and the thermal decomposition of CaMn2(CO3)3 and CaMn(CO3)2 required heat 

treatment at higher than 770°C. 
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All chemicals, except MnSO44H2O (99%, metals basis, Alfa Aesar), were used without 

further purification. MnSO44H2O was dehydrated according to the procedure mentioned 

elsewhere [23].  First, a stoichiometric amount of CaSO4 (anhydrous, 99%, Alfa Aesar) and 

MnSO4 were agitated for 2 h. Then, K2CO3 (AnalaR NORMAPUR, VWR) and K2SO4 

(ACS,99.0% min, Alfa Aesar) were added and ball-milled for 4 h. The as-milled powder was 

heat-treated at 800°C for 3 h, and 950°C for 1 h, for the production of CaMnO3 and CaMn2O4, 

respectively. Heat treatment below these temperatures did not yield single phase CaMnO3 and 

CaMn2O4. Subsequently, the powder was washed with deionised water and dried. 

 

4.2.3 Physical characterization  

 

The crystal structure of the powders was examined at room temperature using a D2 Phaser X-

ray diffractometer (XRD, Bruker, USA) with Cu-Kα radiation of 1.54059 Å wavelength. The 

nanostructure and surface morphology of the powder were investigated using a JEOL2100F 

field emission transmission electron microscope (TEM, JEOL, Japan) at 200 kV, and also an 

Ultra Plus field-emission scanning electron microscope (FESEM, Zeiss, Germany) at 1 kV. 

The specific surface area of the nanoparticles was measured by the Brunauer-Emmett-Teller 

(BET) N2-gas adsorption method using a TriStar 3020 (Micromeritics, USA). Prior to BET 

measurements, the powders were degassed under vacuum at 150 °C for 24 h. The bandgap 

energy of nanoparticles was estimated from UV-Vis optical absorption spectra using a Cary 60 

spectrophotometer (Agilent, USA) by measuring transmittance of the samples coated on a 

quartz plate. The absorption spectra were converted into the Tauc plot of (hvα)2 versus hv, 

where h is the Planck's constant, ν is the photon's frequency, and α is the optical absorption 

coefficient.  The linear zone of the Tauc curve was extrapolated to the energy axis to estimate 

the direct bandgap [24].  
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4.2.4 Dye degradation 

 

Rhodamine-6G (Rh6G) was used as a model organic pollutant to evaluate the photocatalytic 

free radical generation of calcium manganese oxides. Calcium manganese oxide powder (20 

mg) was mixed in a Rh6G aqueous solution (150 mL, 5 ppm) and then stirred in the dark for 1 

h to ensure that adsorption equilibrium is reached prior to light irradiation. The suspensions 

were irradiated with simulated sunlight for up to 3 h. The photocatalytic degradation 

experiments were conducted using a refrigerated photo-reactor (250 mL). A 450 W Hanovia 

medium-pressure mercury-vapor lamp was used as a radiation source and a Pyrex cut-off filter 

was used to remove UV radiation. Several aliquots of ~ 3 mL were taken after certain exposure 

times from 0 to 180 min. The aliquots were centrifuged, and the supernatant were analyzed by 

UV-Vis spectroscopy using a Shimadzu UV-2600PC UV−vis spectrophotometer. 

 

4.2.5 Band edge position 

 

To understand the mechanism of photocatalytic dye degradation, the band-edge position of the 

catalyst needs to be known. Photocurrent measurements were carried out to estimate the band 

edge positions [25] and charge separation efficiencies of the catalysts [26], according to the 

procedure mentioned in Chapter 3 (Section 3.2.3).  
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4.3 Results and Discussions 

 

4.3.1 Synthesis and characterization  

 

Figures 4.1 (a-c) show the XRD patterns of the three starting powder mixtures (Equations 1-

3), after milling for 6 h and subsequent removal of the salt matrix phase.  

 

Figure 4.1. XRD patterns of the as-milled powder of (a) Ca2Mn3(CO3)5 precursor, (b) 

CaMn(CO3)2 precursor, (c) CaMn2(CO3)3 precursor, and (d) comparison of their strongest 

peaks. The vertical lines at the bottom of (a-c) represent JCPDS # 84-1290 data.  
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The formation of crystalline CaxMny(CO3)z (JCPDS # 84-1290) is evident, indicating the 

occurrence of the solid-state displacement reaction during milling. The slight difference in the 

position of the highest diffraction peak (Figure 4.1d) between Ca2Mn3(CO3)5, CaMn2(CO3)3 

and CaMn(CO3)2 could be attributed to different Mn/Ca ratios in the samples, due to the 

difference in ionic radii of Mn and Ca [18]. Figures 4.2 (a-c) show the XRD patterns of the 

powders after heat treatment and subsequent removal of the salt matrix phase. The diffraction 

peaks can be indexed to (a) Ca2Mn3O8 (JCPDS # 73-2290), (b) CaMnO3 (JCPDS # 89-0666) 

and (c) CaMn2O4 (JCPDS # 74-2293), respectively, confirming the formation of crystalline 

calcium manganese oxides. 

 

Figures 4.3 (a-c) show the SEM images of CaxMny(CO3)z precursor powders. It is evident in 

the image that precursor particles with primary particle sizes of 20-40 nm were produced. After 

heat treatment to decompose carbonate precursors into Ca2Mn3O8, nano-scale particles of 30-

100 nm in diameter were obtained (Figure 4.3g). The morphology of the particles became plate-

like as shown in Figure 4.3d. On the other hand, CaMnO3 particles had cuboidal shapes, with 

sizes ranging between 50 and 200 nm (Figures 4.3e, 4.3h).  Compared to the direct calcination 

of a mixture of CaCO3 and MnCO3 [18, 19], mechanochemical processing and subsequent heat 

treatment resulted in significantly smaller particles sizes of Ca2Mn3O8 and CaMnO3. In contrast 

to Ca2Mn3O8 and CaMnO3, mechanochemical processing and subsequent heat treatment did 

not lead to the formation of nanoscale CaMn2O4 particles (Figures 4.3f, 4.3i). The resulting 

particles were irregular in shape with sizes from 200 nm to 2 m. The large particle sizes of 

CaMn2O4 can be attributed to the higher temperature required to decompose the carbonate 

precursors. In high-resolution TEM images, all oxides showed high crystallinity with clear 

distinguished lattice fringes (Figures 4.3j-l). 
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Figure 4.2. XRD patterns of (a) Ca2Mn3O8, (b) CaMnO3, and (c) CaMn2O4. The vertical lines 

at the bottom of (a-c) represent JCPDS #73-2290, #89-0666 and #74-2293 data, respectively.  
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Figure 4.3. SEM micrographs of (a) Ca2Mn3(CO3)5 precursor, (b) CaMn(CO3)2 precursor, (c) 

CaMn2(CO3)3 precursor, (d) Ca2Mn3O8 powder, (e) CaMnO3 powder, and (f) CaMn2O4 

powder; high-resolution TEM micrographs of (g,j) Ca2Mn3O8, (h,k) CaMnO3, and (i,l) 

CaMn2O4. 

 

The BET specific surface areas of the calcium manganese oxide powders are listed in Table 

4.1, along with the theoretical densities estimated from the crystal structure and the 

corresponding average spherical particle sizes calculated using the following formula: 

 

 
S

d
•

=


6000  (4.4),  
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where  is the density [gcm-3] and S is the specific surface area [m2g-1]. Although the 

morphologies of Ca2Mn3O8, CaMnO3 and CaMn2O4 were not spherical, the average spherical 

particle sizes estimated from the specific surface area were in good agreement with the SEM 

and TEM studies, implying that the particles were not porous and had a low degree of 

agglomeration [27]. The BET specific surface areas of Ca2Mn3O8 and CaMnO3 powders were 

14 times and 5 times higher than that of Ca2Mn3O8 and CaMnO3 powders synthesised using 

ceramic methods [19].  

 

Table 4.1. BET specific surface area, theoretical density and corresponding average spherical 

particle size. 

Compound 
Specific surface 

area (m2g-1) 

Theoretical density 

(gcm-3) 

Corresponding 

average spherical 

particle size (nm) 

Ca2Mn3O8  48.5 4.13 30.0 

CaMnO3 13.8 4.59 94.7 

CaMn2O4 4.7 4.60 278 

 

Figure 4.4 shows the Tauc plot in the form of (αhν)2 versus hν for Ca2Mn3O8, CaMnO3 and 

CaMn2O4. The Tauc plot was made from the transmittance spectra shown in Figure 4.5. The 

intercept of the straight line with the x-axis (energy axis) indicates an optical direct bandgap 

energy of 2.1 eV, 1.5 eV and 1.5 eV for Ca2Mn3O8, CaMnO3 and CaMn2O4, respectively. These 

values are in good agreement with the previously reported values: ~2.3 eV for Ca2Mn3O8 [11, 

28], ~1.4 eV for CaMnO3 [27], and 1.94 eV and 1.4 eV for bulk and nano CaMn2O4, 

respectively [5]. 
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Figure 4.4. Tauc plots of (a) Ca2Mn3O8, (b) CaMnO3 and (c) CaMn2O4. 

 

Figure 4.5. UV-vis transmittance spectra of (a) Ca2Mn3O8, (b) CaMnO3, and (c) CaMn2O4. 

 

4.3.2 Photocatalytic degradation of Rh6G 

 

The optical absorption spectra of the Rh6G solutions during light irradiation (Figure 4.6) 

showed that CaMn2O4 and CaMnO3 induced photocatalytic decomposition of Rh6G 

decomposition, while Ca2Mn3O8 did not. Without addition of any catalytic powder, 32% of the 

dye was decolorized within 3 h. The addition of Ca2Mn3O8 did not increase the dye 

decolourization upon 3 h of light irradiation. On the other hand, the presence of CaMn2O4 and 

CaMnO3 resulted in 61% and 62% degradation of the dye, respectively, within the same 

irradiation time. 
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Figure 4.6. Exposure time profiles of UV-Vis absorbance spectra of Rhodamine-6G solutions 

under simulated sunlight in the presence of (a) no catalyst (photolysis) (b) Ca2Mn3O8, (c) 

CaMnO3, and (d) CaMn2O4. 

 

The kinetic of this catalytic process followed the first order process. Figures 4.7a shows the 

Rh6G degradation rates upon light irradiation in the presence of Ca2Mn3O8, CaMn2O4 and 

CaMnO3 and direct photolysis without oxides.  In the y-axis of Figure 4.7a, C is the absorbance 

value of the dye solution at each irradiation time at the wavelength of 526 nm, and C0 is the 

absorbance value at the same wavelength before irradiation. The errors on data points in Figure 

4.7a, +2.2% and -0.7%, were estimated by repeating measurements 3 times.  
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Figure 4.7. (a) Rh6G degradation rates under light irradiation with and without catalysts; (b) 

Dye-degradation rate constant normalised with specific surface area.  

 

The results confirm that Ca2Mn3O8 exhibited no photocatalytic activity for Rh6G degradation. 

The photocatalytic activities of CaMn2O4 and CaMnO3 were nearly identical to each other. 

However, CaMn2O4 and CaMnO3 powders have different specific surface areas, 4.7 and 13.8 

m2g-1, respectively. In order to separate the effect of surface area from other factors in the 

photocatalytic activity, dye-degradation rate constants per unit specific surface area, K, were 

calculated using the following equation:  

 

 
St

C

C

S

k
K



−

== 0

ln

 (4.5),  

 

where k (min-1) is the first-order degradation rate constant, t (min) is the irradiation time and S 

(m2∙g-1) is the BET specific surface area. As shown in Figure 4.7b, CaMn2O4 showed a much 

higher K value than CaMnO3,
 indicating that, as a material, CaMn2O4 is superior to CaMnO3 

as a photocatalyst for Rh6G degradation.  
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To better understand the role of the catalyst during photo-activated dye degradation, the species 

involved in the dye degradation process were investigated using CaMnO3. The usual photo-

generated oxidant radicals, active in the photocatalytic degradation reactions, are the hydroxyl 

radical (●OH), superoxide radical (O2
●-) and positive holes (h+). In order to identify the 

dominant radical species that is photo-generated to participate in the dye degradation process, 

scavengers of such species were added to the reaction media before light irradiation. The 

radical scavengers used were ethanol as a ●OH scavenger, potassium oxalate as a hole 

scavenger and p-benzoquinone as a O2
●- scavenger.  

 

The effect of these scavengers in the Rh6G photo-degradation process, after 90 min of 

irradiation, is shown in Figure 4.8. When ●OH scavenger was introduced into the system 

together with the catalyst, the amount of degraded dye was comparable with that of direct 

photolysis without catalysts. A similar result was obtained with the hole scavenger. The results 

demonstrate that photo-induced hydroxyl radicals and holes were responsible for the dye 

degradation, thus showing the photocatalytic nature of CaMnO3.  It is understood that holes are 

not directly involved in the decomposition of the dye, but holes induced the generation of 

hydroxyl radicals through the reaction H2O/OH- + h+ = ●OH [29]. The addition of O2
●- 

scavenger resulted in a higher amount of dye degradation. This may be attributed to the 

oxidizing nature of p-benzoquinone [30]; the addition of oxidizing species has been known to 

increases the rate of photo-oxidation [31]. Nonetheless, the result suggests that superoxide is 

not the main species responsible for the photo-induced Rh6G degradation by calcium 

manganese oxides.  
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Figure 4.8. The magnitude of photo-degradation of Rh6G after 90 min of irradiation, in the 

presence of several radical scavengers and CaMnO3 photocatalyst. 

 

In order to photo-generate ●OH free radicals, the top of the valence band should be more 

positive than the electrochemical potential of the reaction OH- + h+ = ●OH (+1.99 V vs NHE 

at pH =7). To confirm this, the band-edge positions of the CaxMnyOz materials were estimated 

using the photocurrent onset method, as shown in Figure 4.9. The lower edge of the conduction 

band at pH 7 was determined for Ca2Mn3O8, CaMn2O4 and CaMnO3 as 0.47, 0.6 and 0.51 eV, 

respectively. By using the measured band-edge positions and bandgap energies, the schematic 

energy-level diagram of CaxMnyOz is presented in Figure 4.10, with respect to the 

electrochemical potentials of O2 + e- = O2
●− and OH- + h+ = ●OH at pH 7.  The highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels of 

Rh6G are also given in Figure 4.10 [32].  
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Figure 4.9. Current potential curve (at 0.1 mV/s) of (a) Ca2Mn3O8, (b) CaMnO3, (c) CaMn2O4 

under chopped illumination. The potential vs NHE at pH 0 is shown. 

 

 

 

Figure 4.10. Schematic energy level diagram of Ca2Mn3O8, CaMn2O4 and CaMnO3 with 

respect to the electrochemical potentials of O2/ O2
•− and OH•/OH− at pH 7.  

 

It is evident that the position of conduction band edge is more positive in electrochemical potential 

than that of O2/O2
●− for Ca2Mn3O8, CaMn2O4 and CaMnO3, so that the photo-generation of O2

●- 

was not possible. On the other hand, the positions of the valence band edge of all three catalysts 

are more positive in electrochemical potential than that of OH•/OH− (1.99 eV), implying the 

formation of ●OH radicals through hole donation. This configuration makes hydroxyl radicals 
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responsible for the dye degradation. This is in good agreement with the study of the species 

involved in the R6G degradation process (Figure 4.8).  

 

The bandgap energy and valence band position indicate that all the three compounds should act as 

photo-catalysts for the dye degradation reaction. However, the photocatalytic activity of Ca2Mn3O8 

was almost negligible, despite its highest surface area among all tested CaxMnyOz powders. 

 

To explain the reason for negligible photocatalysis in the presence of Ca2Mn3O8, charge 

separation efficiencies of all the catalysts were calculated using Equation (3.1). The measured 

Jmax value was 9.8 mA cm-2. ηabs calculated using LHE curves (as shown in Figure 4.11) were 

87%, 87% and 64% for Ca2Mn3O8, CaMnO3 and CaMn2O4, respectively. JH2O was in the range 

of µA cm-2 (Figure 4.12), even when the charge transfer efficiency was close to 100% and 

absorption efficiency was reasonable, demonstrating poor charge separation efficiency of all 

the three photocatalyst. Figure 4.13 shows the charge separation efficiency of the three catalyst 

at different voltage. In the figure, charge separation efficiency is only defined at 4 voltage 

points, because the signal-to-noise ratio in observed photocurrent (as shown in Figure 4.12) 

was relatively poor, making it difficult to calculate photocurrent across a wide range of voltage. 

To take into consideration the errors in photocurrent measurements, error bars are indicated in 

Figure 4.13. As evident in Figure 4.13, among three catalysts, Ca2Mn3O8 demonstrated lowest 

charge separation efficiency, explaining its poor photocatalysis during dye degradation.  
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Figure 4.11. Light harvesting efficiency of (a) Ca2Mn3O8, (b) CaMnO3, and (c) CaMn2O4. 
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Figure 4.12. Current potential curve (at 1 mV/s) of (a) Ca2Mn3O8, (b) CaMnO3, (c) CaMn2O4 

under chopped illumination (at pH 7) in the presence of sodium sulphite electrolyte. 

 

 

 

Figure 4.13. Relative charge separation efficiency of Ca2Mn3O8, CaMn2O4 and CaMnO3. 

 

Another reason for the lower photocatalytic activity of Ca2Mn3O8 could be due to the large 

bandgap energy of Ca2Mn3O8 compared to CaMn2O4 and CaMnO3, leading to lower photon-

capture efficiency of Ca2Mn3O8 than that of CaMn2O4 and CaMnO3 and in turn contributing to 

the lower photocatalytic activity of Ca2Mn3O8.  
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In Figure 4.10, the positions of HOMO and LUMO of Rh6G suggest that Rh6G will photo-sensitise 

calcium manganese oxides. In this situation, the dye could be involved in its own degradation, by 

forming photo-activated electrons and holes then injecting electrons from LUMO of the dye to the 

conduction band of calcium manganese oxides, which creates unstable dye molecules subjected to 

direct oxidation/reduction by the excited catalyst [33]. Despite this, different calcium manganese 

oxide showed different abilities to degrade the dye. This could be attributed to the type of interaction 

between the dye and the catalysts [34]. The fact that sensitization or direct oxidation/reduction 

involves charge transfer from dye molecules to the catalysts or vice-versa, implies that 

adsorption of dye molecules on the surface of catalyst particles plays a significant role in the 

process [34]. In the past, theoretical density functional theory (DFT) studies have shown that 

different Ca–Mn–O compounds have different adsorption configurations and strength, possibly 

resulting in different photocatalytic strength [18]. Therefore, the variation in the strength and 

type of interaction between the dye and Ca-Mn-O compounds may be also a reason for different 

efficiency of the dye degradation process. 

 

Nonetheless, all the three calcium manganese oxides demonstrated the potential to absorb 

visible light and act as a photocatalyst, with band edge positions suitable for oxygen generation 

through water splitting. Only few reports have been published on the catalysis, surface 

chemistry and role of calcium, in calcium manganese oxides to date and further efforts are 

required to gain a full understanding of their photocatalytic mechanism.  

 

4.4 Chapter summary 

 

In the present chapter, Ca2Mn3O8, CaMn2O4 and CaMnO3 ultrafine particles were successfully 

synthesized in two steps, mechanochemical processing and subsequent heat treatment. In the 
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first step, a solid-state displacement reaction resulted in the formation of CaxMn1-xCO3 

nanoparticles. The second step involved the thermal decomposition of CaxMn1-xCO3 

nanoparticles into CaxMn1-xOy. During the heat treatment, particles were embedded within the 

solid salt matrix that acted as a physical barrier between nanoparticles, which prevented 

particles from agglomerating, and resulted in an improved surface area of calcium manganese 

oxides particles. 

 

For the different calcium manganese oxides, band position analysis demonstrated the suitability 

of all three Ca-Mn-O compounds in photo-assisted dye degradation. However, despite the low 

surface areas, CaMn2O4 and CaMnO3 showed higher photocatalytic activity than Ca2Mn3O8 

due to difference in intrinsic properties of the compounds. The results are of particular 

importance to developing calcium manganese oxide photo-catalysts suitable for energy and 

environment related applications such as water splitting, which will be investigated in chapter 

5. 
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Remarks: 

This chapter is based on the manuscript under preparation; “Ankita Gagrani, Mohammed 

Alsultan, Gerhard Swiegers, Takuya Tsuzuki, “Photo-electrochemical oxygen evolution 

reaction by manganese-based oxides”. 

 

 

Abstract 

 

In recent years, manganese-based oxides, particularly calcium manganese oxides, have 

attracted significant practical interest as a new class of catalysts, due to their elemental and 

structural similarity to the natural oxygen evolving cluster (OEC) in plant cells. In Chapters 3 

and 4, green synthesis of different manganese and calcium manganese oxides was 

demonstrated, and preliminary study of their photocatalytic activities was reported. In this 

chapter, oxygen evolution performance of these manganese-based materials has been 

investigated in a photo-electrochemical cell. The difference in their performance was discussed 

based on manganese oxidation state, crystal structure, specific surface area, presence of 

calcium and structural similarities to the natural OEC. The results indicate that there may be 

some possible importance of having a local structure similar to that of the natural OEC cubane 

including the presence of Ca, but the study also highlighted the problems in talking the 

simplistic approach in focusing on the local structure alone. 
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5.1 Introduction 

 

Photosynthesis, nature’s solar technology, is the most efficient water-splitting system known 

to date. Recently, it was identified that CaMn4O5 clusters, situated within the Photosystem-II 

proteins in plant cells, are the key structural component for the light-driven natural water-

splitting [1]. The natural oxygen evolving cluster (OEC) has an asymmetrical cubane-like 

structure that, resembles a distorted chair [2]. In the cubane, a calcium and three manganese 

ions formed four corners and remaining four corners were occupied by four oxygen atoms. 

Fourth dangling manganese ion is outside the cubane and is linked to two manganese ions 

within the cubane by one oxygen, and the fifth oxygen by a di-μ-oxo bridge (Figure 5.1).  

 

 

Figure 5.1. Structure the Mn4CaO5 cluster with distances (in ångströms) between different 

atoms. Calcium in green; manganese in blue; oxygen in red.  

 

A computational study showed that two water molecules are bound to calcium and dangling 

manganese and play a key role in the water-splitting process; thus, the atomic arrangement of 

the Mn4Ca cubane is thought to be critical to the natural water splitting [3]. This discovery 

inspired scientists to investigate the synthesis and water splitting efficiencies of several 
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manganese-based oxides, in particular calcium manganese oxides, in order to artificially split 

water using solar energy to produce a clean fuel, hydrogen [4].  

 

For example, Baktash et al. reported the synthesis and chemical water oxidation of porous calcium-

manganese oxides with a unique foam-like nanostructure [5]. They concluded that the catalytic 

activity was affected by the atomic arrangement and structural order within the calcium-manganese 

oxide [5]. Frey et al. investigated water oxidation properties of a series of calcium birnessites 

powders and found that water-oxidation rate is affected by Ca : Mn ratio [6]. Najafpour showed 

that, when the calcium manganese oxides have structural similarities to natural OEC, they tend 

to exhibit strong water oxidation ability [7]. 

 

Although these studies revealed significant insights about the redox properties of calcium-

manganese oxides, they were conducted without light irradiation. In artificial photosynthesis, 

the use of light is important. Najafpour et al. reported light-driven water oxidation with several 

manganese and calcium manganese compounds powders such as MnO2, Ca2Mn3O8, CaMnO3, 

CaMn2O4, but only in the presence of various sacrificial reagents [7]. Sacrificial oxidants, in 

particular Ce4+, limit the useful operating pH and may over-estimate photocatalytic activities, 

due to their high oxidation power [8]. To the best of our knowledge, there is only one paper 

reporting the photocatalytic water splitting properties of CaxMnOy as a sole catalyst, but the 

catalysts were tested in the form of free-standing nanoparticles [9]. For practical applications of 

artificial photosynthesis, it is crucial to immobilize the catalysts on conducting electrodes as 

an anode, instead of using the catalysts in a form of free powders. A small number of studies 

were published on the catalytic properties of CaxMnOy as electrode materials, but water splitting 

was induced only electrocatalytically without light irradiation [10-14]. As such, it is still not 
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understood how CaxMnOy systems would perform as water-oxidising catalysts when 

photochemical and electrochemical conditions are combined.  

 

It has been reported that, when the Ca–Mn–O systems have structural similarities to natural 

OEC, they tend to show stronger water oxidation ability, however, calcium manganese oxides, 

including CaMnO3 and CaMn4O8, which are not structurally similar to natural OEC, also 

showed some water oxidation ability [15-16]. Therefore, the correlation between structure and 

light driven catalytic water-splitting properties has not yet been elucidated. 

 

It has been reported that CaMnO3, Ca2Mn3O8 and CaMn2O4 have higher water oxidation 

efficiencies compared to MnO2 in the presence of various sacrificial reagents without light 

irradiation [15]. However, little is known about light driven water oxidation efficiencies of the 

immobilized calcium manganese oxides compounds compared to MnO2. 

 

In this chapter, for the first time, the light-driven water-splitting activity of different calcium 

manganese oxides and manganese oxides (amorphous MnO2, crystalline MnO2, Ca2Mn3O8, 

CaMnO3 and CaMn2O4 was studied as a photo-anode in a three electrodes cell. All the 

manganese compounds were synthesized using mechanochemical processing. Further, 

structural similarity of calcium manganese oxides to the natural OEC cluster were 

quantitatively analyzed. The difference in their water oxidation performance was discussed 

based on manganese oxidation state, crystal structure, specific surface area, presence of 

calcium and structural similarities to the natural OEC.  

 

 



                                                                                                                                      Chapter 5 

106 
 

5.2 Experimental procedure 

 

5.2.1 Synthesis of manganese and calcium manganese oxides 

 

Manganese and calcium manganese oxides were synthesized according to the procedure 

mentioned in chapter 3 and 4, respectively. 

 

5.2.2 Physical Characterisation of catalyst powders 

 

X-ray photoelectron spectroscopy (XPS) was conducted using a SPECS PHOIBOS 100 

Analyser installed in a high-vacuum chamber with the base pressure below 10–8 mbar. Al-Kα 

radiation with a photon energy of 1486.6 eV was used at a voltage of 12 kV and power of 144 

W. XPS binding energy spectra were recorded at a pass energy of 20 eV and a step width of 

0.05-0.1 eV in the fixed analyser transmission mode. To increase the signal/noise ratio, multi-

scans were conducted, and the intensity of signals were accumulated. Broad survey scans were 

recorded at a pass energy of 60 eV and a step width of 0.5 eV. XPS data analysis was carried 

out using the commercial Casa XPS software package.  

 

5.2.3 Photo-electrochemical water splitting 

 

5.2.3.1 Preparation of electrodes  

 

Working electrodes containing the catalyst powders were embedded in polypyrrole (PPy) and 

deposited on fluorine-doped tin-oxide (FTO) glass slides. PPy is a conductive polymer and was 

used to improve electronic conduction, to provide structural stability to the electrode by 
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preventing photodegradation of the semiconductor, and to improve charge separation 

efficiency of the catalysts [17]. In addition, PPy generates charges upon visible light 

illumination and therefore nanoparticles modified with PPy have been shown to improve 

photocurrents and better conversation efficiencies [18].  

 

Prior to the deposition of electrode materials, FTO glass slides were first cleaned by sonicating 

(B2500R-MTH ultrasonic bath) in an acetone-filled chamber for 90 min, followed by washing 

with water and drying by blowing air over the slides. Organic contaminants were further 

removed using a DIG UV PSD PR SERIES digital ozone-UV cleaner for 20 min. Subsequently, 

the slides were cleaned in a PLAMAFLO PDC-FMG plasma cleaner, followed by drying using 

an IKA® RCT basic hotplate at 60 °C. 

 

To prepare electrodes, iron (III) p-toluenesulfonate (Fe(III)-pTS) was used to assist in vapour 

phase polymerization of pyrrole [19]. First, 85 mg of Fe(III)-pTS (Sigma Aldrich) was 

dissolved in 1 mL ethanol and sonicated for 10 min. Subsequently, 8 mg of catalyst powder 

was added to the solution and sonicated for 1 h. 100 µL of the resulting solution was drop-

casted onto the FTO glass slide and spun at 1500 revolutions per min (rpm) for 2 min using a 

WS-400B-6NPP/LITE spin-coater. The slide was kept on a hotplate and dried at 60°C for 15 

min.  

 

Vapour phase polymerisation of pyrrole was carried out in a separate conical flask (500 mL 

capacity), equipped with a rubber stopper containing a crocodile clip. Within the flask, 0.500 

mL pyrrole (Sigma Aldrich) was placed and the spin-coated FTO glass substrates were 

suspended above the pyrrole solution. The flask was placed in an oven at 60°C for 25 min to 
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allow polymerization of pyrrole on the slide surface. The sample was washed with ethanol and 

dried.  

 

A copper wire was attached to the FTO surface with conductive silver paint and epoxy resin. 

Later, the contact area of the wire was covered with epoxy glue. Control samples were also 

prepared without addition of catalytic particles. 

 

5.3.2.2 OER photocatalysis 

 

Working electrodes were placed within a fully-enclosed quartz cell (5 x 5 x 5 cm) inside a 

closed cabinet that comprised a Faraday cage. A Pt mesh (1 x 2 cm) and a BASi Ag/AgCl 

aqueous salt bridge (KCl, 3 M) were used as a counter electrode and a reference electrode, 

respectively. The cell was filled with a 0.2 M Na2SO4 aqueous solution electrolyte, adjusted to 

pH 12 by adding NaOH. Prior to experiment, the electrolyte was bubbled with N2 gas. 

Chronoamperograms (CA) were performed using an EDAQ466 potentiostat. Where 

applicable, the sample was illuminated with a SoLux daylight MR16 halogen light bulb (12 V, 

50 W, 24o; ca. 0.25 sun intensity) with a stable output range of 275 - 750 nm. The light was 

placed 10 cm from the working electrode and a Thorlabs visible-light bandpass filter (315-710 

nm) was placed 1.5 cm in front of the light source to remove any infra-red wavelengths. 

 

5.2.4 Goodness of fit calculation  

 

The local structures of Ca2Mn3O8 and CaMn2O4 were quantitatively compared with that of 

natural calcium manganese cluster, by superimposition of their local atomic arrangements. The 

goodness of fit was calculated using a least square fitting method, in the following sequence. 
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First, the local structure of the natural OEC cubane, as shown in Figure 5.1, was oriented in a 

Cartesian coordinate system in the following manner: The coordinate of the calcium atom was 

chosen to be (0,0,0), one of the oxygen atoms was placed on the x-axis, and the plane consisting 

of Ca1, O1 and O2 atoms (in the Figure 5.1) was adjusted to be on the x-y plane. Then, the 

coordinates of the rest of the atoms were calculated from the distance between two adjacent 

atoms, using the following equation: 

 

 ( ) ( ) ( )2

12

2

12

2

12 zzyyxxD −+−+−=  (5.1), 

 

where ( )111 ,, zyx  and ( )222 ,, zyx  are the Cartesian coordinates of adjacent two atoms.  The 

distances between different atoms of the natural OEC cubane was taken from the literature [2].  

In order to solve the set of equations created using the formula above, Matlab was used.  

 

Next, a section of the crystal structure which resembles that of natural water-oxidizing cubane 

was identified in the crystal structures of calcium manganese oxides. The selected local 

structure contained one calcium atom and three manganese atoms, as highlighted with yellow 

mesh in Figure 5.2 for Ca2Mn3O8 and Figure 5.3 for CaMn2O4. The atomic coordinates in the 

selected local structure were collected from an internet source, Materials Project ([20] for 

Ca2Mn3O8, [21] for CaMn2O4).  Materials project, which is supported by the U.S. Department 

of Energy, provides computational data sets for various materials. 

 

Materials Project provided fractional coordinates, which were converted into Cartesian 

coordinates. Using these coordinates, a section of the crystal structure was drawn using the 
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“Mercury” software. With the help of the coordinates, distances between different atoms were 

calculated using Equation (5.1). 

 

Figure 5.2. Crystal structure of Ca2Mn3O8. A section highlighted in yellow mesh, resembles 

the structure of natural water-oxidizing cubane.  Calcium in green; manganese in blue; oxygen 

in red. 

 

The calcium atom in the selected local structure was placed at the origin of the Cartesian 

coordinate system. The orientation of the selected local structure was defined with the 

rotational angles around x, y and z axes, Ɵx, Ɵy and Ɵz. After calculating the coordinates of all 

atoms as a function of Ɵx, Ɵy and Ɵz, goodness-of-fit was assessed by calculating the -value 

using the following formula: 

 

 ( ) ( ) ( )  −+−+−=
i

ciiciicii zzyyxx
2222  (5.2),  
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where ( )iii zyx ,,   are the Cartesian coordinates of the ith atom in the natural OEC cubane and 

( )cicici zyx ,,   are the coordinates of the corresponding atom in the selected local structure of 

calcium manganese oxides.  

 

Figure 5.3. Crystal structure of CaMn2O4. A section highlighted in yellow mesh, resembles 

the structure of natural OEC cubane. Calcium in green; manganese in blue; oxygen in red. 

 

5.3 Results and Discussion 

 

5.3.1 Physical Characterisation of catalyst powders 

 

XPS analysis was performed to characterize the surface oxidation states of the catalysts. XPS 

data are shown in Figure 5.4 and Table 5.1. Two strong peaks centred at approximately 641 

and 653 eV were observed in the Mn2p spectra, which were attributed to Mn 2p3/2 and Mn 2p1/2 

spin-orbit doublet respectively (Figure 5.4a). As shown in Table 5.1, Mn 2p3/2 peak for 

CaMn2O4 was observed at slightly lower binding energy as compared to other compounds due 

to the presence of Mn3+. Although a qualitative reflection of manganese oxidation state could 

be seen due to the chemical shift of Mn 2p [22], quantitative determination of the manganese 
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valence state was difficult due to small magnitude. Therefore, an average oxidation state (AOS) 

of the compounds, presented in Table 5.1, was calculated using the energy difference between 

the two 3s-manganese peaks (Figure 5.4b) [23].  

 

 

Figure 5.4. (a) Mn 2p and (b) Mn 3s XPS spectra of synthesized amorphous and 

crystalline MnO2, Ca2Mn3O8, CaMnO3 and CaMn2O4.  

 

AOS obtained through XPS analysis are in good agreement with the theoretical values of 

oxidation states in these compounds. AOS for amorphous MnO2 was found slightly lower than 

crystalline MnO2, possibly due to the presence of surface oxygen vacancies and dangling 

bonds. 
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Table 5.1. Mn 2p3/2 and Mn 3s XPS data of as synthesized compounds. 

[a] Calculated with the formula: AOS = 8.95–1.13 × ΔEs, where the ΔEs is the splitting 

energy of the Mn 3s [23]. 

 

5.3.2 OER Photocatalysis 

 

5.3.2.1 Light and dark current densities  

 

Figure 5.5 shows the current densities of the samples tested in a 0.2 M Na2SO4 aqueous solution 

(pH 12) at 1 V (vs Ag/AgCl) bias, with and without light illumination. The working electrode 

consisting of the oxide powder and PPy produced higher dark and light current, in comparison 

to the working electrode with PPy alone. Table 5.2 lists the average light and dark current 

densities exhibited by different samples. The working electrode with CaMnO3 and amorphous 

MnO2 produced highest and nearly the same dark and light current, whereas lowest dark current 

was produced by CaMn2O4/PPy. On the contrary, highest photocurrent (i.e. difference between 

light and dark current) was observed for CaMn2O4/PPy sample. Compounds with calcium 

produced higher photocurrent compared to MnO2. 

 

Sample Mn 2p3/2 

(eV) 

Mn 3s (eV) 

Peak 1 

Mn 3s (eV) 

Peak 2 

ΔEs 

(eV) 

Average 

Oxidation 

State (AOS) 

Amorphous MnO2  641.3 83.7 88.3 4.6 3.75 

Crystalline MnO2  641.8 84.1 88.5 4.4 3.97 

CaMnO3  641.8 83.8 88.2 4.4 3.97 

Ca2Mn3O8  642.3 84.1 88.4 4.3 4.09 

CaMn2O4 640.8 84.1 89.3 5.2 3.07 
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Figure 5.5. Chronoamperograms at 1 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 1 h of 

operation, with and without light illumination (0.25 sun), of FTO glass slides coated with thin 

films of amorphous and crystalline MnO2, Ca2Mn3O8, CaMnO3, CaMn2O4 and polypyrrole 

(control). (*=’light on’, #=’light off’). 

 

Table 5.2. Average light and dark current densities. 

Sample 

Average light 

current density 

(µA cm-2) 

Average dark 

current density 

(µA cm-2) 

Average photo 

current density 

(µA cm-2) 

Amorphous MnO2 / 

PPy 

 

742 444 298 

Crystalline MnO2 / PPy 

 
581 331 250 

CaMnO3 / PPy 

 
746 440 306 

Ca2Mn3O8 / PPy 

 
714 373 341 

CaMn2O4 / PPy 

 
701 326 375 

PPy (control) 447 230 217 
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5.3.2.2 Mechanism of photo-induced OER 

 

In Chapters 3 and 4, band gap values and band edge positions of different samples were 

determined experimentally, which are shown in Table 5.3. The band gap energy and, HOMO-

LUMO levels of PPy were obtained from the literature [24]. 

 

Table 5.3. Band gap, conduction and valence band edges of manganese-based oxides. 

Sample 
Band gap 

(eV) 

Conduction band 

(eV) 

Valence band 

(eV) 

Amorphous MnO2  2.54 0.83 3.37 

Crystalline MnO2 2.33 0.86 3.19 

CaMnO3  1.5 0.92 2.42 

Ca2Mn3O8 2.1 0.88 2.98 

CaMn2O4 1.5 1.01 2.51 

PPy  2.5 -0.47 (LUMO) 2.03 (HOMO) 

 

 

Using the values in Table 5.3, a schematic diagram of the energy levels of the PPy/oxides 

electrodes are drawn in Figure 5.6. PPy itself is a semiconductor that can absorb visible light 

to generate electrons and holes, and hence photocurrent generation as in Figure 5.5.  MnO2 and 

calcium manganese oxides are also semiconductors that absorb visible light to generate 

electrons and holes, but their photocurrent without PPy was very small (Figures 3.9, 4.9). When 

the oxides and PPy were combined, a significant increase in current was observed (Figure 5.5). 

As shown in Figure 5.6, polypyrrole provides a pathway to prevent direct recombination of 

photo-generated holes and electrons, by forming a type-II (staggered type) heterojunction with 

the valence and conduction bands of the oxides. Since the valence band edges of oxide particles 
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are more positive than the HOMO level of PPy, the holes photo-generated at the oxides are 

injected into the HOMO of PPy, which has sufficient electrochemical energy to produce 

oxygen from water via the following reaction: 

 

 2H2O + 4h+ → O2 + 4H+   (5.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Proposed mechanism through schematic diagram of the energy levels of the PPy- 

oxide particles electrodes.  

 

The holes photo-generated at PPy also contribute to the production of oxygen from water. On 

the other hand, photo-exited electrons at PPy are either transferred to the conduction band of 

oxides and then to the FTO electrode to contribute to the photocurrent, or are used to generate 

hydrogen via the following reaction: 
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 2H+ + 2e- → H2    (5.4). 

 

Photo-exited electrons at the oxides can also contribute to the photocurrent but cannot be used 

to generate H2 via the reaction 5.4, because their valence band edge energies are higher than 

the electrochemical potential of the reaction 5.4.  

 

5.3.3 Similarity in local atomic arrangement 

 

In order to study the similarity of the local atomic arrangement of calcium manganates and the 

natural OER cubane, structural goodness-of-fit analysis was conducted. In the crystal of 

Ca2Mn3O8, there is no manganese atom having a location equivalent to Mn4 in the natural OEC 

cubane (Figure 5.1). Also, one oxygen is missing from the cube (Figures 5.7 b-d). Therefore, 

for the structural goodness-of-fit analysis, there are three possible ways to orient the local 

structure of Ca2Mn3O8 and CaMn2O4 with that of the natural OEC cubane, as shown in Figures 

5.7(b-d) and Figures 5.8 (b-d), respectively. For comparison, the atomic configuration of the 

natural OEC cubane is also shown in Figures 5.7 (a) and 5.8 (a). In the crystal of CaMn2O4, 

there is a manganese atom having a location equivalent to Mn4 in the natural OEC cubane 

(Figure 5.3). If the direction of Mn4 is matched in the two structures, there is only one way to 

orient the local structure of CaMn2O4 for the goodness-of-fit analysis (Figure 5.8c). If the 

location of Mn4 is ignored, there are three possible ways to orient the local structure of 

CaMn2O4 as shown in Figure 5.8(b-d). The structural goodness of fit was calculated for each 

orientation and expressed with  as in Table 5.4. For Ca2Mn3O8, the orientation in Figure 5.7d 

gave much smaller  values than other two orientations. For CaMn2O4, the  values of the 

three orientations gave similar  value but the orientation in Figure 5.8 (d) gave a slightly 
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smaller  value than the other two orientations. Overall Ca2Mn3O8 gave significantly smaller 

 values than CaMn2O4. 

 

Figure 5.7. Ball and stick model of (a) natural cubane, (b-d) three orientations of cubane like 

part of Ca2Mn3O8 crystal. 

 

Figure 5.8. Ball and stick model of (a) natural cubane, (b-d) three orientations of cubane like 

part of CaMn2O4 crystal. 

 

Table 5.4. Calculated  values for different orientations. 

Compound Orientation  value 

 1 (Figure 5.8b) 1.16 

Ca2Mn3O8 2 (Figure 5.8c) 1.13 

 3 (Figure 5.8d) 0.81 

   

 1 (Figure 5.9b) 2.77 

CaMn2O4 2 (Figure 5.9c) 2.65 

 3 (Figure 5.9d) 2.61 
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5.3.4 Overall comparison 

 

In the past, studies of the catalytic activities of calcium manganates was motivated by their 

structural similarity to the natural OEC cubane. However, there are many factors that 

potentially affect the water oxidation activities of the oxide catalysts. The factors include 

specific surface area, light absorption efficiency (bandgap energy), charge separation 

efficiency and charge transfer efficiency, in addition to the oxidation state of manganese ions 

and the structural similarity to the natural OEC cubane.  In order to elucidate the effects of the 

oxidation state of manganese ions and the structural similarity to the natural OEC cubane, the 

photocurrent was converted to ‘effective photocurrent’, as shown in Table 5.5, where the 

effects of specific surface area, light absorption efficiency (bandgap energy) and charge 

separation efficiency are considered, using the following equation: 

 

 )/( arg absechobseff SII  =  (5.5), 

 

where Ieff is the effective photocurrent density, Iobs is the raw current density observed in µA∙ 

cm-2, S is the specific surface area in m2∙g-1, charge is the charge separation efficiency, and abs 

is the light harvesting efficiency of the catalyst powders. This approach may be very simplistic 

but still provides some insight on the potential causes of the difference in the photo-induced 

OER of the compounds.    
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Table 5.5. Effective photo current. 

Sample 

Effective 

photo current 

density  

 

Mn oxidation 

state 

Structural 

similarity to 

natural OEC 

Amorphous MnO2  0.078  3.75 No 

Crystalline MnO2 0.258  3.97 No 

CaMnO3  0.339  3.97 No 

Ca2Mn3O8 0.511  4.09 Yes (=0.81) 

CaMn2O4 1.478  3.07 Yes (=2.77) 

 

 

Table 5.5 shows that, all the calcium manganese oxides produced overall higher effective 

photocurrent than manganese oxides. Although MnO2 is one of the most studied photocatalysts 

among manganese-based materials, the present study showed that calcium manganese oxides 

are better photocatalysts than MnO2. Under the dark condition, the research group of Najafpour 

and Kurz reported similar results in electrochemical water splitting; calcium manganese oxides 

produced higher water-oxidation efficiency than MnO2. Wiechem et al. report that, when Ca 

is replaced by other alkali earth metals (Sr, Mg) in birnessites-type manganese oxides, the 

electrochemical water-oxidation activity decreased under the dark condition [25]. Based on 

their studies, Najafpour and Kurz argued the importance of calcium in the water-oxidation 

reaction, hypothesising that Ca will activate the O-O bond between water and oxide catalysts 

[26]. Rong et al. changed the Ca-to-Mn ratio in the birnessite structure and found that Ca-to-

Mn ratio affects the efficiency of catalytic oxygen evolution reaction [9]. As explained in 

Chapter 2, in the natural OEC cubane, Ca plays a similar and essential role in water splitting. 

Although the detailed structural and functional roles of Ca are still not fully understood, if Ca 
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assist the interaction between water and catalyst surface, the presence of Ca would be equally 

beneficial for water splitting both under light and dark conditions. However, the influence of 

the presence of Ca in the crystal structure of manganese-based catalysts should be discussed in 

conjunction with other effect that the presence of Ca will bring to the materials, including the 

change in crystal structure that leads to the change in bandgap energy, band edge position, 

charge diffusion length and charge separation efficiency.  

 

Among the three calcium manganese oxides, the compounds with better structural similarity 

(Ca2Mn3O8 and CaMn2O4) to the natural OEC cubane demonstrated higher effective 

photocurrent. Table 5.6 compares the local structure and manganese valence number of 

Ca2Mn3O8 and CaMn2O4. Although the structural similarity to the natural OEC cubane is 

higher for Ca2Mn3O8 than CaMn2O4, Ca2Mn3O8 showed lower effective photocurrent than 

CaMn2O4. One possible reason for the better structural goodness-of-fit of Ca2Mn3O8 with the 

natural OEC than CaMn2O4, is the smaller number of atoms used for the goodness-of-fit 

calculation; an oxygen atom is absent from the cubane-like part of Ca2Mn3O8 (Figure 5.7), 

obviously rendering the possibility of less mismatch with the natural OEC.  On the other hand, 

the local crystal structure of CaMn2O4 has all the atoms at similar positions in the cubane. The 

results can be interpreted as that, having all atoms in the cubane-like structure may be more 

important than having close geometry to the natural OEC. In addition, the presence of Mn4 

and/or oxidation state of Mn may be more important than the actual shape of cubane-like part 

of the crystal structure.  In fact, in the natural OEC cubane, the fourth manganese ion plays a 

key role in the water-splitting process [3, 27] and that the three other manganese in the cube 

act as hole donors to the fourth manganese, as discussed in Chapter 2.  
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Table 5.6. Comparison of Ca2Mn3O8 and CaMn2O4. 

Compound 

Presence 

of 

manganese 

equivalent 

to Mn4 in 

OEC 

cubane 

Bulk Mn 

valence 

number 

Mn 

valence 

number 

Goodness 

of fit 

() 

Photocatalysis 

Ca2Mn3O8  No +4 4.09 0.81 lower than CaMn2O4 

CaMn2O4 Yes +3 3.07 2.77 higher than Ca2Mn3O8 

 

 

Han et al. [28], Rong et al. [9] and Zaharieva et al. [29] reported similar observations in the 

electrochemical water splitting under dark conditions; the compounds with better structural 

similarity (Ca2Mn3O8 and CaMn2O4) to the natural OEC cubane demonstrated higher effective 

photocurrent.  It is tempting to speculate that the structural role similar to that in the natural 

cubane is present in the ceramic calcium manganates. However, the influence of the local 

crystal structure of manganese-based catalysts should be carefully discussed in conjunction 

with other effects that the local atomic structure will bring to the materials, including the change 

in bandgap energy, band edge position, charge diffusion length and charge separation 

efficiency, which is lacking in the past studies.  

 

In Table 5.5, it is evident that crystalline MnO2 showed higher effective photocurrent than 

amorphous MnO2.  From the results, it may be speculated that a higher manganese oxidation 

state may be favorable for photocatalytic water splitting. Experimental and computational 

studies conducted on manganese oxidation states in the natural OEC cubane also support the 

high valent oxidation scheme [30-32]. However, CaMn2O4 showed the highest effective 

photocurrent, despite the lowest manganese oxidation state among all the studied compounds. 
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Therefore, it is not conclusive if and to what extent the oxidation states of manganese influences 

the photo-induced water oxidation catalysis.  The results of the past studies under the dark 

conditions in electrochemical water oxidation (i.e. non-photocatalytic) are also inconclusive: 

Frey et al. reported that calcium manganates with higher oxidation states of manganese gave 

higher catalytic performance in the dark [6], whereas Rong et al. [9] and Baktash et al. [5] 

reported that intermediate oxidation states of manganese between 3.5 and 4 are most active in 

water oxidation in the dark.  It is prudent to point out that, in the past, the discussion of the 

effect of manganese oxidation states in water oxidation catalysis did not consider the overall 

effects of the change in the oxidation states, including the creation of intra-bandgap defect 

energy levels and charge separation efficiency.    

 

In addition, investigation by Pokhrel et al. made an interesting observation that water oxidation 

abilities are dependent on test conditions. They tested nine crystalline MnOx materials (α-

MnO2, β-MnO2, R-MnO2, λ-MnO2, δ-MnO2, γ-MnO2, Mn2O3, Mn3O4, LiMn2O4) by chemical, 

photochemical and electrochemical assays, and reported that the identity of the “best” catalysis 

is dependent on the oxidation method. Their results showed that γ-MnO2 performed the best in 

a ceric ammonium nitrate solution of pH 0.8 (chemical oxidant method), Mn2O3 showed 

highest water oxidation during photochemical assay (pH 8) and the best catalysts was 

dependent on the pH of electrolyte during electrochemical testing which was Mn2O3 (for acidic 

electrolyte), γ-MnO2 (for neutral pH electrolyte) and α-MnO2 (for alkaline electrolyte) [33]. 

Thus, it could be concluded that water splitting abilities of different oxidation state of 

manganese are also strongly dependent on experimental conditions. 

 

Overall, the results suggest that, for the development of manganese-based water oxidation 

photocatalysts, there may be some possible importance of having a local structure similar to 
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that of the natural OEC cubane including the presence of Ca, but also highlighted the danger 

to take a simplistic approach in focusing on the local structure.  

 

5.4 Chapter summary 

 

In the present study, different calcium manganese oxides (CaMnO3, Ca2Mn3O8 and CaMn2O4) 

were investigated for their catalytic properties in photo-electrochemical water oxidation, in a 

photo-electrochemical cell for the first time. Manganese oxides (amorphous MnO2 and 

crystalline -MnO2) were also studies for comparison. The results showed that the films with 

oxides powders produced higher dark and light current in comparison to the film without 

oxides. The highest photocurrent was observed for the anode containing CaMn2O4. It was 

found that the band edges of calcium manganese oxides are suitable for oxygen evolution 

through water splitting. Although MnO2 has been known as one of the most promising redox 

catalysts and photocatalysts among manganese-based materials, the present study showed that 

calcium manganese oxides induced higher photocurrent than MnO2. Hence this study signifies 

the importance of further research on calcium manganate ceramics as a new class of catalysts 

in photo-electrochemical water splitting.  

 

The present study also demonstrated the effectiveness of a new anode design for manganese-

based catalysts in photo-electrochemical cells.  The catalyst materials were embedded within 

PPy to form an anode, which enabled high conductivity within the anode. The combination of 

calcium manganese oxides and PPy formed a type-II (staggered type) heterojunction, which 

increased charge separation efficiency within the anode and in turn improved oxygen evolution 

in the photo-electrochemical cell. The optimisation of the anode design including powder 
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loading and thickness was outside the scope of this investigation and is subject to further 

studies.   

 

In the past, studies of the catalytic activities of calcium manganates was motivated by their 

structural similarity to the natural OEC cubane.  However, the present study signals that much 

caution is required to this approach. Quantitative structural goodness-of-fit studies revealed 

that, although the structural similarity to the natural OEC cubane is higher for Ca2Mn3O8 than 

CaMn2O4, Ca2Mn3O8 showed lower effective photocurrent than CaMn2O4. The results imply 

that the role of other factors that potentially affect the water oxidation activities of the oxide 

catalysts, such as manganese oxidation states, presence of crystal defects, electron energy states 

(bandgap energy & band edge positions) and experimental conditions, must be carefully 

considered to conduct an overall assessment of the catalytic activities of calcium manganates. 

The discussions made in the literatures should be critically interpreted accordingly.  

 

From a biomimetic perspective, the theoretical and experimental studies presented in this chapter 

were rather simplistic, but nevertheless provided a foundation for more sophisticated studies for 

better design of biomimetic photocatalysts in the future.
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Remarks: 

The publication relevant to this chapter is “Ankita Gagrani, Mohammed Alsultan, Gerhard 

Swiegers, Takuya Tsuzuki, “Photo-electrochemical oxygen evolution reaction by biomimetic 

CaMn2O4 catalyst”, Applied Sciences, 9, 2196, 2019”. The abstract, introduction, 

experimental section and conclusion of the chapter were slightly modified from the publication 

in order to fit into the structure of the thesis. 

 

 

Abstract 

 

CaMn2O4 has been identified as the best photocatalytic material among manganese-based 

compounds studied in the previous chapters. In this chapter, the photo-electrocatalytic 

properties of CaMn2O4 with two different morphologies were investigated. CaMn2O4 powders 

with irregular-shapes and nanowire shapes were synthesized using mechanochemical 

processing and a hydrothermal method, respectively. The anode in a photo-electrochemical cell 

was fabricated by embedding CaMn2O4 powders within polypyrrole. The results showed that 

CaMn2O4 induced higher dark- and light- current in comparison to the control sample 

(polypyrrole alone). CaMn2O4 nanowires exhibited higher dark- and light- current in 

comparison to irregular-shaped CaMn2O4 powders. The difference was attributable to the 

higher surface area of nanowires compared to the irregular-shaped particles, rather than the 

difference in exposed crystal facets.  
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6.1 Introduction 

 

In natural photosynthesis, bio-electricity decomposes water into hydrogen and oxygen within 

a unique catalytic centre composed of a CaMn4O5 cluster, in the oxygen evolving complex 

(OEC) enzyme in the Photosystem II protein [1-4]. This natural process is the most efficient 

known, for the photo-generation of O2 from water. 

 

CaMn2O4 was the best photocatalytic material among the manganese-based oxides studied in 

the previous chapters. There has been extensive investigation of catalytic water oxidation 

properties of CaMn2O4 [5-7] by other researchers. Han et al. reported an oxygen-reduction 

reaction (ORR) catalytic activity of CaMn2O4 microspheres consisting of aggregated 

nanoparticles [5]. Du. et al. demonstrated that one-dimensional CaMn2O4 nanostructures, 

synthesized using a solvothermal method, enabled quasi-four-electron transfer in the ORR [6]. 

These studies were electrochemical in nature, and therefore were conducted without any light 

irradiation. It is very important to study the water splitting in the presence of light, because the 

use of natural sunlight as the source of energy is critical in sustainability-related applications. 

 

Najafpour et al. studied light-driven oxygen evolution by using an aqueous suspension of 

CaMn2O4 particles, however only in the presence of various sacrificial reagents [7]. Although 

the studies of photo-catalysts in the dispersed powder form are of significant interest, from 

practical perspective, it is crucial to study the immobilization of catalysts on conducting 

electrodes as an anode.  

 

It has been reported that photocatalytic properties are greatly affected by the morphology of 

catalysts [8]. In this chapter, CaMn2O4 ultrafine powders with different morphologies were 
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studied as an anode material in photo-electrochemical cells for their catalytic and 

photocatalytic properties in the water oxidation reaction.  In this study, we were able to produce 

CaMn2O4 with two different morphologies; irregular-shapes and nanowire shapes. The 

production of CaMn2O4 with other shapes was not successful.  

 

6.2 Experimental Procedure 

 

6.2.1 Synthesis of irregular-shaped CaMn2O4 particles 

 

CaMn2O4 ultrafine particles were synthesized according to the procedure mentioned in Chapter 

4. In brief, CaMn2(CO3)3 nanoparticles, embedded within excess salt matrix, were first 

produced by mechanochemical processing, which were thermally decomposed into CaMn2O4. 

Excess K2SO4 salt was added to reduce the volume fraction of CaMn2(CO3)3 in the product 

phase during mechanochemical synthesis so as to minimize particle agglomeration [9]. After 

the thermal decomposition of CaMn2(CO3)3 into CaMn2O4, K2SO4 was removed by washing 

with deionised water (18 MΩ cm), using an ultrasonic bath and a centrifuge, until the total 

dissolved solid in the supernatant became less than 100 ppm. The washed powder was dried in 

an oven at 50°C for several hours. 

 

6.2.2 Synthesis of CaMn2O4 nanowires 

 

2 mmol of CaCl2 (>93%, granular, anhydrous, Sigma Aldrich) and 2.8 mmol of MnCl2 (99.9% 

Sigma Aldrich) were mixed in 10 mL of deionised water. In another beaker, 1.2 mmol of 

KMnO4 (analytical grade, Univar) and 150 mmol of KOH (AnalaR NORMAPUR, VWR) were 

mixed in 10 mL of deionised water. Then the KMnO4-KOH solution was added into the CaCl2-
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MnCl2 solution dropwise, while stirring. A dark-brown precipitate was formed. The suspension 

was centrifuged to separate the precipitate from the supernatant. The remaining wet-cake was 

re-dispersed into 12 mL of ethanol and subjected to a hydrothermal treatment at 190°C for 40 

h. The resulting precipitate was collected and washed 5-times with ethanol using a centrifuge 

and an ultrasonic bath. 

 

6.2.3 Characterization techniques 

 

The crystal structure of the powders was examined at room temperature using a Bruker X-ray 

diffraction instrument (XRD, D2 Phaser, USA) with Cu-Kα radiation of 1.54059 Å 

wavelength. The nanostructure and surface morphology of the powders were studied using a 

JEOL2100F field emission transmission electron microscope (TEM, JEOL, Japan) at 200 kV 

and also a Ultraplus field- emission scanning electron microscope (FESEM, Zeiss, Germany) 

at 1 kV. The specific surface area was measured by the Brunauer-Emmett-Teller (BET) N2-

gas adsorption method using a TriStar II 3020 system (Micromeritics, USA). Prior to BET 

measurements, the powders were degassed under vacuum at 150 °C for 24 h. The bandgap 

energy of samples was estimated from UV-Vis optical absorption spectra taken using a Cary 

60 spectrophotometer (Agilent, USA). Optical transmittance of the samples coated on a quartz 

plate was measured and the absorption spectra were converted into the Tauc plot of (hνα)2 

versus hν, where h is the Planck's constant, ν is the photon's frequency, and α is the optical 

absorption coefficient. The linear zone of the Tauc curve was extrapolated to the energy axis 

to estimate the direct bandgap. X-ray photoelectron spectroscopy (XPS) was conducted using 

a SPECS PHOIBOS 100 Analyser installed in a high-vacuum chamber with a base pressure 

below 10–8 mbar. An incident monochromated X-ray beam of Al-Kα radiation with a photon 

energy of 1486.6 eV was used at 12 kV and 144 W. XPS binding energy spectra were recorded 
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at a pass energy of 20 eV and a step width of 0.05-0.1 eV in the fixed analyser transmission 

mode. To increase the signal/noise ratio, multi-scans were conducted and the signal intensity 

was accumulated. Broad survey scans were recorded at a pass energy of 60 eV and a step width 

of 0.5 eV. XPS data analysis was carried out using the commercial CasaXPS software package. 

 

6.2.4 Preparation of CaMn2O4 electrodes on conducting glass slide 

 

The method explained in Chapter 5 was used to prepare electrodes for photo-electrochemical 

water splitting. 

 

6.2.5 Studies of CaMn2O4 electrode on FTO as OER photocatalysts 

 

Working electrodes were placed within a fully-enclosed quartz cell (5 x 5 x 5 cm) inside a 

closed cabinet that comprised a Faraday cage. A Pt mesh (1 x 2 cm) was used as the counter 

electrode. A BASi Ag/AgCl aqueous salt bridge (KCl, 3 M) was used as a reference electrode. 

The cell was filled with a 0.2 M Na2SO4 aqueous solution electrolyte, adjusted to pH 12 by 

adding NaOH. The electrolyte was bubbled with N2 gas for 30 min before each experiment. 

Linear sweep voltammetry (LSV) and chronoamperograms (CA) were performed using an 

EDAQ466 potentiostat. Where applicable, the sample was illuminated with a SoLux daylight 

MR16 halogen light bulb (12 V, 50 W, 24o; ca. 0.25 sun intensity) with a stable output range 

of 275 - 750 nm. The light was placed 10 cm from the working electrode. A Thorlabs visible-

light bandpass filter (315-710 nm) was placed 1.5 cm in front of the light source to remove any 

heat (infra-red wavelengths) generated by the light source. 
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6.2.6 Qualitative analysis of evolved gas 

 

A custom-built apparatus was used for photocurrent testing of samples on FTO glass with 

simultaneous gas analysis, as shown in Appendix III. The apparatus comprised a fully-enclosed 

electrochemical cell containing two sealed, half-cells whose electrolytes were separated only 

by a Nafion 117 proton exchange membrane (5 x 4 cm). The working electrode sample and a 

Ag/AgCl reference electrode were placed in the one half-cell whereas a platinum mesh 

electrode was placed in the other half cell. One wall of the former half-cell was a quartz sheet. 

The working electrode was illuminated using a SoLux daylight MR16 halogen light bulb. The 

electrode that contains irregular-shaped CaMn2O4 powders was connected to a potentiostat 

(CHI Instrument, USA). The gas outlets for the working and counter electrode half cells were 

connected to a dedicated Shimadzu GC-8A gas chromatograph (GC), via polymer-and-

stainless-steel tubing. After fitting the electrodes, the electrolyte was poured into both half 

cells, which was bubbled with Ar gas overnight to make the cell air free without any external 

bias. In the gas streams passing through each half-cell, only Ar was detected, which also acted 

as a carrier gas for the connected GC throughout the photocurrent experiment. Thereafter, the 

Ar passing through each half cell was sampled, injected and analysed using the gas 

chromatograph, with the results plotted over 30 min of elution time. A voltage bias of 1.00 V 

(vs. Ag/AgCl) with and without light-illumination was then applied to the cell, whereafter the 

carrier gas was tested as described above, for electro-catalysis product gases using the GC. The 

identities of the gases in the carrier Ar were determined by their retention times.  
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6.3 Result and Discussion 

 

6.3.1 Characterization of CaMn2O4 powder 

 

Figure 6.1 shows the XRD pattern of the synthesized CaMn2O4 powders, where the diffraction 

peaks can be indexed to orthorhombic phase of CaMn2O4 (JCPDS card No 74-2293).  

 

 

Figure 6.1. XRD patterns of (a) irregular-shaped CaMn2O4 particles, and (b) CaMn2O4 

nanowires. 

 

Figure 6.2 shows a typical SEM and TEM images of CaMn2O4 powders. The CaMn2O4 powder 

made by mechanochemical processing were irregular in shape with sizes from 200 nm to 2 µm 

(Figures 6.2a, 6.2b). The large particle sizes can be attributed to the higher temperature required 

to decompose the carbonate precursors. As evidenced in Figure 6.2c, irregular-shaped 

CaMn2O4 particles showed high crystallinity with clearly distinguished lattice fringes. The 

CaMn2O4 powder made using the hydrothermal method had wire shapes with diameters of 

~500 nm and varying lengths (Figures 6.2d, 6.2e). The inset in Figure 6.2e shows the electron 
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diffraction pattern of the wires, from which the growth direction of nanowires was identified 

as [001] (Figure 6.2f). The BET surface areas of the irregular-shaped powder and nanowire 

powder were 4.7 m2 g-1 and 5.4 m2 g-1, respectively. 

 

 

Figure 6.2. Electron micrographs of CaMn2O4 powder made by mechanochemical processing 

and subsequent heat treatment, (a) SEM, (b-c) TEM; and CaMn2O4 powder made using a 

hydrothermal method, (d) SEM and (e, f) TEM. The inset in Figure (e) is an electron diffraction 

pattern taken in the area indicated with a yellow square. 

 

Figure 6.3 shows the XPS spectra of CaMn2O4 nanowires and irregular-shaped particles. As 

shown in Figure 6.3a, two strong peaks corresponding to Mn2p3/2 and Mn2p1/2 were observed 

at approximately 641 and 653 eV, respectively. Figure 6.3b shows the spectra near Mn3s peaks. 

Average oxidation state (AOS) was calculated using the linear relationship with splitting 
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energy between two Mn3s peaks [10]. AOS for irregular-shaped particles and nanowires was 

found to be 3.07 and 2.96, respectively, which is in good agreement with the theoretical value 

of 3.  

 

 

Figure 6.3. XPS spectra of irregular-shaped CaMn2O4 particles and CaMn2O4 nanowires; (a) 

Mn 2p and (b) Mn 3s regions. 

 

Figures 6.4a and 6.4b show transmittance spectra of irregular-shaped CaMn2O4 particles and 

CaMn2O4 nanowires, respectively. The Tauc plots in Figures 6.4c and 6.4d suggests an optical 

band gap of 1.5 eV and 1.6 eV for irregular-shaped particles and nanowires, respectively. 
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Figure 6.4. Transmittance spectra of (a) irregular-shaped CaMn2O4 particles and (b) CaMn2O4 

nanowires; Tauc plots of (c) irregular-shaped CaMn2O4 particles and (d) CaMn2O4 nanowires. 

 

6.3.2 Studies on Current Density 

 

Figure 6.5 shows the electrocatalytic performance of the samples, tested in 0.2 M Na2SO4 

aqueous solution, with the pH adjusted to 12, at 1.00 V (vs Ag/AgCl) bias, with and without 

light illumination.  
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Figure 6.5. Chrono-amperograms at 1.00 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 1 h 

of operation, with and without light illumination (0.25 sun), of FTO glass slides coated with 

thin films of: (a) polypyrrole only (control), (b) polypyrrole containing irregular-shaped 

CaMn2O4 particles, and (c) polypyrrole containing CaMn2O4 nanowires. (*=’light on’, #=’light 

off’). 

 

As shown in Figure 6.5, a significant increase in both dark- and photo- current was observed 

for the PPy/CaMn2O4 films in comparison to the control PPy film alone. A significant increase 

in photocurrent was also observed when a small amount of CaMn2O4 powder was added to the 

PPy polymer. The control PPy film exhibited light and dark current densities of 447 µA cm-2 

and 230 µA cm-2, respectively, whereas the films prepared from the mixture of CaMn2O4 and 

PPy produced 701 µA cm-2 and 326 µA cm-2 for irregular-shaped particles, and 769 µA cm-2 

and 380 µA cm-2 for nanowires in light and dark, respectively. It is also clear that the CaMn2O4 

nanowires/PPy film produced higher dark and photocurrents than the irregular-shaped 

CaMn2O4/PPy film. 
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Table 6.1. Comparison between irregular-shaped CaMn2O4 powder and CaMn2O4 nanowires 

for BET specific surface area, increase in dark- and photo- current with regard to control 

electrode; BET specific surface area (S), dark current (ID), photo-current (IL), increase in dark 

current with respect to control (ID), increase in photo- current with respect to control (IL).  

Electrode 
S 

m2 g-1 

ID 

µA cm-2
 

IL 

µA cm-2 
ID 

µA cm-2 

IL 

µA cm-2 

 
ID/S IL/S 

Irregular-shaped particles/ 

PPy 

4.7 326 701 96 254  20 54 

nanowires/ PPy 5.4 380 769 150 322  28 60 

PPy alone N/A 230 447 N/A N/A  N/A N/A 

 

 

Catalytic and photocatalytic activities occur on the surface of catalysts. Hence, in order to 

examine the intrinsic catalytic properties of materials, it is often convenient to normalize the 

indicators of photocatalytic activity with the specific surface area of materials. Table 6.1 

compares the BET specific surface areas and increase in dark- and photo- current with regard 

to control electrode, between irregular-shaped CaMn2O4 powder and CaMn2O4 nanowires. 

Since the optical bandgap energies of irregular-shaped CaMn2O4 powder and CaMn2O4 

nanowires are nearly the same, the differences in surface-area-normalized increase in photo-

current, IL/S, is expected to arise from the difference in particle shapes. Table 6.1 shows that, 

IL/S values of irregular-shaped CaMn2O4 powder and CaMn2O4 nanowires are similar to each 

other. The results suggest that the influence of particle shapes on the light-driven catalysis of 

CaMn2O4 is relatively weak. It is speculated that, the exposed facets along the growth-direction 

of nanowires do not have significantly different catalytic activities compared to the other 

crystal faces.  On the other hand, the surface-area-normalized increase in photo-current, ID/S, 

was higher for the electrode with nanowires than the electrode with irregular-shaped particles. 

The reason may be attributed to the difference in electric conductivity within the CaMn2O4/PPy 
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composite electrode. Rod- or wire- shaped particles have lower percolation threshold [11] and, 

given the semiconducting nature of CaMn2O4, wire-shaped particles will result in higher 

electrical conductivity than irregular-shaped particles in polymer composites. 

 

6.3.3 Qualitative studies on the gas bubbles produced by the CaMn2O4/PPy electrodes 

 

During the electrochemical reaction, gas bubbles were clearly visible on the CaMn2O4/PPy 

electrodes. Figure 6.6 shows the GC traces over 30 min of elution time for gases generated by 

the CaMn2O4/PPy films on FTO working electrode, with and without light illumination. In 

addition to the argon carrier gas, a large peak corresponding to oxygen was detected. A minor 

peak associated with hydrogen, which presumably crossed-over the Nafion membrane from 

the other half-cell, was also observed [12]. From the Figure 5.6, formation of hydrogen on 

anode also seems plausible due to more negative potential of PPy than H2 generation. No other 

gas species was detected. Upon light illumination, the amount of O2 relative to Ar increased.  

 

 

Figure 6.6. GC traces of collected gases (a) reference, (b) in the dark, and (c) under light 

irradiation. 
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6.3.4 EIS and Tafel Plot Studies 

 

In order to investigate the nature of the catalytic process, electrochemical impedance 

spectroscopy (EIS) and Tafel plot studies were undertaken. EIS was conducted 

potentiostatically at 1.00 V (vs. Ag/AgCl) under the same conditions as the amperometric 

studies, with the same light source. Figures 6.7a and 6.7b show the Nyqist and Bode plots 

respectively, of the irregular-shaped particles/PPy film, the nanowires/PPy, and the control PPy 

electrodes without CaMn2O4, in the dark and under light illumination. 

 

Following previous published work [12], the EIS data was modelled with the equivalent circuit 

shown in Figure 6.7c. The modelled results are depicted as the solid lines in Figure 6.7a. As 

can be seen, the modelled data yielded an excellent match with the measured data.  

 

 

Figure 6.7. (a) Nyquist and (b) Bode plots showing measured data (individual data points) and 

modelled data (solid lines) using the equivalent circuit depicted in (c): (i) CaMn2O4 nanowires 

/PPy (with light illumination),(ii) CaMn2O4 nanowires / PPy (without light  illumination), (iii) 
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irregular-shaped CaMn2O4 particles / PPy (with light illumination), (iv) irregular-shaped 

CaMn2O4 particles / PPy (without light illumination) (dark), (v) PPy only (with light 

illumination) and (vi) PPy only (without light illumination). 

 

Table 6.2 shows the results derived from the modelling. It is evident from the Table 6.2 that 

Cdl  was the highest for the CaMn2O4 nanowires/PPy sample. The capacitance Cdl is a 

comparative measure of the active area of the samples tested. Polypyrrole films exhibited the 

lowest values for Cdl .The higher catalytic performance of the CaMn2O4 nanowires/ PPy sample 

could therefore be attributed, at least in part, to a larger catalytically active area of nanowires. 

 

Table 6.2. Data from electrochemical impedance spectroscopy (ohmic resistance (Rel), 

adsorption resistance (Rad), diffuse layer capacitance (Cdl), catalytic charge transfer resistance 

(RCT), and capacitance expressed in terms of a constant phase element (QCPE, nCPE, and CCPE). 

Data from Tafel plot studies (slope (A), exchange current density (io)). ‘dark’ = without light 

illumination; ‘light’ = with light illumination. 

Sample 

Rel 

Ω 

cm2 

Rad 

Ω 

cm2
 

Cdl 

µFc

m-2 

RCT 

Ω 

cm2 

QCPE 

µΩ-1 

cm-2sn 

nCPE 

CCPE 

µF 

cm-2 

A 

mV/dec 

io 

µA cm2 

x 10-4 

PPy (dark) 17.91 3.93 2.30 26.52 1.0687 0.74 0.013 41.308 4.53 

PPy (light) 17.89 3.91 2.48 24.87 1.2032 0.74 0.015 39.667 3.47 

Irregular-shaped 

particles/ PPy 

(dark) 

17.88 3.69 2.78 22.85 1.527 0.74 0.020 39.224 1.92 

Irregular-shaped 

particles/ PPy 

(light) 

17.86 3.47 3.37 22.05 1.678 0.74 0.022 37.69 1.85 

Nanowires/ PPy 

(dark) 

17.84 2.42 5.86 19.81 2.757 0.74 0.040 37.099 1.16 

Nanowires/ PPy 

(light) 

17.83 2.37 6.02 19.19 3.276 0.74 0.051 36.747 1.07 
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In oxygen evolution (photo)electrocatalysis at pH 12, the catalytic performance may be 

controlled by reactant adsorption to the catalyst (with an associated resistance due to 

adsorption, Rad) or by the fundamental catalytic turnover process (with an associated charge 

transfer resistance, RCT) [12]. In the present study, operating at 1.00 V vs Ag/AgCl (compared 

to 0.8 V in previous studies [12]) appears to have made adsorption much less of an impediment 

than the catalytic turnover process, with the RCT being, in all cases greater than the Rad. Both 

the RCT and the Rad were low in comparison with previous conducting polymer films prepared 

by us [12]; this is to be expected from the higher applied bias.  

 

Comparing the nanowires/PPy with the irregular-shaped particle/PPy, the resistances were 

marginally lower for the former than the latter, under both dark and light conditions, but of the 

same order as the control PPy film. The CaMn2O4 nanowires/PPy was therefore a slightly better 

catalyst than the irregular-shaped CaMn2O4 particles/PPy, particularly under light illumination. 

The ohmic resistance, Rel, was of the same order for all samples (17.83-17.91 Ω cm2) (Table 

6.2). Higher Cdl values were observed for both samples under light illumination. Hence the 

major effect of the light illumination appears to be the increase in the electrochemically active 

area of the films.  

 

Figure 6.8 shows Tafel plots of the catalysts at much higher overpotentials than previously 

examined [12], with resulting data tabulated in the last two columns of Table 6.2. The exchange 

current density, io, provides a measure of the rate of catalysis at the reversible potential, when 

the overpotential is zero. The catalytic performance as a function of increasing bias, is given 

by the Tafel slope. As shown in Table 6.2, the higher applied potential also appears to have 

had a beneficial effect on the Tafel data, which were improved relative to previous studies [12]. 

The exchange current density and the Tafel slope of the prepared samples varied in the order 
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nanowires/PPy < irregular-shaped particles /PPy. However, the difference between the 

nanowires/PPy and irregular-shaped particles /PPy was insignificant, which explains nearly the 

same photocurrent produced by the samples. The slightly higher dark- and photo- current for 

the nanowires /PPy in comparison to irregular-shaped particles /PPy could be attributed to the 

higher electrochemically active area of the former relative to the latter. 

 

 

Figure 6.8.  Tafel plots of (i) CaMn2O4 nanowires /PPy (with light illumination), (ii) CaMn2O4 

nanowires /PPy (without light illumination, (iii) irregular-shaped CaMn2O4 particles /PPy (with 

light illumination), (iv) irregular-shaped CaMn2O4 particles /PPy (without light illumination) 

(dark), (v) PPy only (with light illumination) and (vi) PPy only (without light illumination). 

 

6.4 Chapter summary 

 

In the present study, CaMn2O4 ultrafine powders with different morphologies were synthesized 

and their catalytic performance in photo-electro-chemical water splitting was investigated. 

CaMn2O4 powders with irregular-shapes and nanowire shapes were synthesized using a dry 

mechanochemical method and a hydrothermal method, respectively.  
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To study their photo-electrocatalytic properties, CaMn2O4 powders were embedded within 

polypyrrole to form an anode in a photo-electrochemical cell. It was found that, irrespective of 

the morphology of CaMn2O4, the presence of CaMn2O4 in the electrode resulted in higher dark- 

and light- current, in comparison to the control without CaMn2O4. The evolution of O2 gas 

from the electrode surface was also observed. Thus, CaMn2O4 showed a catalytic property in 

the water oxydation reaction. Upon light illumination, the current density was increased and 

the evolution of O2 gas also increased, demonstrating the photocatalytic nature of CaMn2O4.  

 

The electrode with CaMn2O4 nanowires exhibited higher dark- and light- current in comparison 

to the electrode with irregular-shaped CaMn2O4 particles. Electrochemical impedance 

spectroscopy studies revealed that the electrochemically active area increased in the order: PPy 

alone < irregular-shaped CaMn2O4 particles /PPy < CaMn2O4 nanowires /PPy, which was 

identified as a reason for the higher dark- and photo-current of CaMn2O4 nanowires/PPy 

electrode. However, surface-area-normalised data suggest that the influence of particle shapes 

on the light-driven catalysis of CaMn2O4 is relatively weak. The result suggests that the 

difference in catalytic activities among the crystal facets of CaMn2O4 may be rather small.  
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7.1 Summary  

 

This thesis reports the investigation into the synthesis of ultrafine powders of manganese 

dioxide and calcium manganese oxides by mechanochemical processing and also their 

photocatalytic activities on dye degradation for the application as an anode in water splitting. 

The motivation behind the present study was to address research gaps in the field of bioinspired 

catalysts, by focusing on the following specific objectives: 

 

1) To develop a new method to synthesise manganese-based oxides (amorphous and 

crystalline α-MnO2, Ca2Mn3O8, CaMn2O4, CaMnO3) using mechanochemistry. 

Mechanochemical processing induces chemical reactions at near room temperature 

without help from hazardous organic solvents, and thus it is considered as a potentially 

green method to synthesise nanomaterials. MnO2 was selected with an aim to 

understand the role of calcium in the catalytic process. 

2) To determine band edge positions of calcium manganese oxides and investigate their 

photocatalytic performance in dye degradation. 

3) To study their performance as a photo-anode in photo-electro-chemical cells for oxygen 

evolution through water splitting and elucidate the influence of structural similarity to 

the natural OEC, on water splitting. 

4) To investigate the role of morphology of catalysts on photo-electro-chemical water 

splitting. 

 

The study demonstrated a solvent-free method to synthesize manganese-based oxide catalysts. 

MnO2, Ca2Mn3O8, CaMn2O4 and CaMnO3 ultrafine particles were successfully synthesized in 

two steps; mechanochemical processing and subsequent heat treatment. In the first step, a solid-
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state displacement reaction between a calcium salt, a manganese salt and K2CO3 resulted in the 

formation of CaxMn1-xCO3 nanoparticles. The second step involved the thermal decomposition 

of CaxMn1-xCO3 nanoparticles into CaxMn1-xOy. During the heat treatment, particles were 

embedded within a solid salt matrix that acted as a physical barrier between nanoparticles. This 

prevented particle agglomeration, resulted in higher surface areas of catalysts compared to the 

previously reported dry synthesis methods. In general, particles with high surface areas offer 

more catalytic reaction sites, thus offer an improved efficiency during catalytic application. It 

signifies the importance of using this synthesis technique to evaluate the catalytic and 

photocatalytic performance of manganese-based oxides [1]. The synthesis approach can also 

be applied to producing other high performing semiconductor photocatalysts for energy and 

environmental applications. 

 

The study of band-edge position and bandgap energy revealed that, theoretically, the selected 

manganese-based oxide catalysts can absorb the visible solar spectrum, degrade organic 

pollutants by free-radical generation, and generate oxygen through photo-electro-catalytic 

water splitting. However, experimentally, at pH 7, manganese oxides and calcium manganese 

oxides showed poor charge transfer efficiency, leading to poor photocatalytic dye degradation. 

Poor photocatalytic degradation was also partially attributed to the photo absorption by dye 

molecules and intrinsic properties of the catalysts, including crystal structure and 

physiochemical properties. Nonetheless, the results showed the capability of the compounds to 

act as a photocatalyst. Lowering the pH to 3 resulted in increased dye decolourisation under 

dark and light conditions, which was attributed to the reductive dissolution of manganese 

compounds and photo corrosion. 
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For the study of photo-electrochemical water splitting, polypyrrole, a conducting polymer, was 

used along with catalyst powders in the anode of a photo-electrochemical cell. The combination 

of polypyrrole and manganese-based catalysts was effective in increasing charge separation 

efficiency and providing structural stability to the electrode. Among all tested compounds, 

CaMn2O4 showed the highest photocurrent. Samples containing calcium atoms performed 

better than the ones without calcium. The study showed that having a cubane like shape of 

calcium manganese oxide may play an important role in water splitting. However, overall 

catalytic activities are influenced by numerous factors and thus further research is required to 

elucidate the role of calcium and structural similarity to the natural OEC cubane. This study 

also found that oxygen evolution catalysis by CaMn2O4 is affected more by surface area than 

particle morphology [2].  

 

In summary, this work has contributed to the research field of bio-inspired photocatalysts. The 

study demonstrated an environmentally friendly and scalable platform technology for the low-

cost fabrication of manganese-based oxide photocatalysts and the engineering of PEC water 

splitting devices using the bio-inspired catalysts.  New knowledge about the manganese-based 

oxide photocatalysts including bandgap energy and band edge positions was obtained. New 

understanding about their catalytic and photocatalytic water oxidation performance was 

developed. These findings will be helpful in designing sustainable technologies for the 

environment.  

 

7.2 Future work 

 

This thesis has demonstrated for the first time a simple, low-cost and green synthesis approach 

for bio-inspired photocatalysts and demonstrated their application in photo-electrochemical 
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oxygen evolution by water splitting. However, many opportunities for extending the scope of 

this thesis remain. This section presents some of these directions. 

 

7.2.1 Optimisation of water splitting parameters 

 

In the fifth and sixth chapter of this thesis, the oxygen evolution ability of manganese-based 

oxides has been investigated at fixed parameters. Further studies regarding fine tuning and 

optimization of various parameters, for example light intensity, voltage, pH and concentration 

of the electrolyte, would be significantly useful in advancing the knowledge in the field of 

water splitting using these catalysts. In addition, the future studies regarding mechanism of 

water splitting by detailed electrochemical impedance spectroscopy studies and determination 

of rate determining steps would be very useful. Upon optimisation, comparison with a 

benchmark material such as Pt should also be conducted.   

 

7.2.2 Reusability/long term stability of catalyst 

 

The main purpose of this thesis was to demonstrate the photocatalytic ability of bio-inspired 

manganese-based catalysts along with their application in a PEC cell. Therefore, the catalysts 

were tested for only one cycle during dye degradation experiments and for only 1 h during 

oxygen evolution experiment. However, for practical purposes, it is critical to retain high 

performance of the catalysts in long-cyclic runs. Therefore, further studies are required to 

demonstrate reusability of the catalyst in the dye degradation experiments and long-term 

stability of the photo anodes in the oxygen evolution experiments. 
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7.2.3 Role of calcium 

 

The role of Ca in photo-induced water splitting by calcium-manganate ceramics has not been 

fully studied. Elucidating the catalytic role of calcium in calcium-manganate ceramics is 

important not only for optimising their water-oxidation activities but also for advancing our 

understanding of the mechanism of natural photosynthesis. For this, it is important to develop 

techniques to synthesise structurally well-defined Ca–Mn–O systems with the ability to tailor 

the surface characteristics such as the concentration of Ca [3]. Alternatively, Mechanochemical 

synthesis using non-stoichiometric mixture of raw materials may allow the formation of Ca–

Mn–O systems with controlled calcium deficiency.  

 

7.2.4 Role of manganese oxidation state  

 

In the present study, manganate compounds with manganese oxidation state of 3 and 4 were 

investigated. In natural photosynthesis, it is believed that the oxidation states of manganese in 

Mn4Ca cubane have significant influence on water splitting [4]. Modification of the oxidation 

states of the Mn ions and creation of oxygen vacancies in the CaMnxOy nanoparticles without 

altering crystal structure, will not only influence optical bandgap energy and modify the 

photon-capture efficiency, but also modify electric conductivity, thus contributing to 

photocatalytic efficiency. The influence of manganese oxidation state between 3 and 4 or even 

below 3, may shed new light on the role of manganese oxidation states in the photocatalysis. 

The reduction of oxidation states in Mn ions and creation of oxygen vacancies without 

changing crystal structure may be possible by annealing the synthesised nanoparticles in an 

inert gas atmosphere or under reducing gases.  
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7.2.5 Facet engineering 

 

Catalytic and photocatalytic reactions occur on the surface of manganate particles. The crystal 

facets exposed on the particle surface can play critical roles in determining catalytic activity. 

Each facet consists of a crystal plane with a unique atomic arrangement, coordination 

environment, and electrochemical potential [5]. As such, each facet has specific catalytic 

activity and reaction-selectivity. Facet engineering is equivalent to the morphology-controlled 

synthesis of nanoparticles. The desired facets or crystal planes may be selectively exposed on 

the particle surface by tuning the growth rates of nano-crystallites along specific crystal 

orientations. In this study, we were able to create only two different morphologies to CaMn2O4. 

It will be interesting to develop synthesis techniques to create different morphologies and 

compare their light-driven water-splitting properties. This will help tailor the water-splitting 

efficiency as well as elucidate the role of calcium in the water-splitting process.  

 

7.2.6 Role of local atomic arrangement  

 

The similarity in the local structure of manganate compounds may come into play in many 

forms, not only the dependence of facets exposed on the particle surface but also the difference 

in the oxidation states of each manganese ions in the structure. For the study of the local 

structure of manganate compounds, the use of computational chemistry such as density 

functional theory could be useful to explore the potential water splitting catalytic pathways in 

the manganate materials. The computational analysis will rationalise the observed 

experimental performances and identify promising avenues for structural modification to 

optimise water-splitting performance. 
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 7.2.7 Different calcium manganese oxides  

 

Biomimetic photocatalytic water splitting is an emerging technology for addressing the future 

energy demands. In this thesis, three calcium manganese oxides were selected, based on their 

local atomic arrangement. Several other calcium manganese oxides, such as CaMn3O6, 

CaMn4O8 etc., with varying crystal structure and manganese oxidation states, can be very 

interesting and appealing for solar fuel production [3, 6]. Thus, their synthesis and 

photocatalysis could be suited for a dedicated follow-up study. In that case, this research area 

can be greatly benefitting from the development of efficient biomimetic catalysts. 

 

7.2.8 Other applications 

 

Recently calcium manganese oxides have been demonstrated to be effective catalysts in several 

applications, including metal air batteries [3]. However, there is much room for further 

improvement by, for example, using different stoichiometric Ca–Mn–O systems, introduction 

of defects and impurities, nanomization, and facet-engineering. Further, electrochemical 

performance of metal-air batteries is affected by several factors, such as nature of electrolyte, 

solvent, morphology of cathode material, amount of active material on cathode, pressure of 

air/oxygen [7]. In this regard, further research is necessary to fully understand the potential and 

limitations of calcium manganese oxides in metal-air battery applications. 

 

Ca–Mn–O systems have unique redox-catalytic activities, which may be useful as an electrode 

material in supercapacitance. However, no study on the application of Ca–Mn–O systems in 

supercapacitors has been reported to date [2].
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Figure S1. Dye degradation rate at pH 3, (a) in the dark and (b) under light irradiation, 

showing that the data points do not follow second order kinetics.   
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Figure S2.  Zeta Potential of Mn3O4 at different pH. Blue circle: experimental data; red line: 

Bezier spline fit. 
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Appendix II 
 

 

 
 

 

 

Figure A2.1. (i) Partially cutaway, cross-sectional view (computer-generated) of the sealed 

cell used in the gas analysis studies; (ii) and (iii) Photographs of the cell prior to being fitted 

with quartz windows [1]. 
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Figure A2.2. Photograph of the top of the cell showing gas inlets/outlets [1]. 
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