
Functionalisation of the Three Dimensional Porous Structure 

of Diatom Frustules for Use in DSSC’s and Other Applications 
 

Jeremiah George Toster BSc (Hons) 

 

 

 

 

This thesis is presented for the degree of Doctor of Philosophy of Chemistry at the 

University of Western Australia 

 

 

School of Chemistry and Biochemistry 

Discipline of Chemistry 

2013 

 

 

 

 



Abstract 

Diatomite (diatom shells/frustules) has gathered considerable research interest in recent 

years as more groups attempt to harness the three dimensional porous architecture of the 

diatom frustules for technological applications. To this end, a binding method was 

developed that was shown to effectively coat the frustules with magnetite, silver and titania, 

for eventual incorporation into dye sensitised solar cells (DSSC’s).  Processing of the 

diatomite via plasma treatment resulted in highly reactive surface that proved 

accommodating for the immobilisation of the metal and metal oxide nanoparticles. Of the 

three materials the titania coated frustules was the most directly applicable to DSSC’s, and 

was used as the photoanode in lieu of titania nanoparticles.  

 

The binding technique is centred around a plasma pre-treatment of the diatomite followed 

by slow reduction, oxidation or hydrolysis depending on the material. Initially titania was 

bound to the diatom frustules using two different linking agents, citric acid and poly-4-

vinylpyridine. Each linking agent had a different effect, with citric acid preferentially 

forming a titania film over the surface of the frustules while the use of poly-4-vinylpyridine 

resulted in nanoparticles of 90-100 nm. The technique was further developed for the 

attachment of the silver and magnetite nanoparticles to the frustule surfaces. In these cases 

no linking agents were required, the metal and metal oxide nanoparticles could be bound 

directly to the surface. The magnetite technique resulted in a consistent and complete 

coating of the frustules without affecting its architecture. This material showed a strong 

reaction to external magnetic fields and through analysis with the superconducting quantum 

interference device (SQuID) it was established to be superparamagnetic. Iron oxides are 

well known for their effectiveness in water treatment, and as diatomite is commonly used in 
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high quality filters, the material was tested for its selected ion removal properties. 

Phosphate uptake was effective with more than a 9 fold improvement in removal compared 

to uncoated frustules. The synthesis of the silver coated frustules although using the same 

method of plasma pre-treatment and slow reduction, utilised a green synthetic route. Using 

glucose as a reducing agent it was possible to grow and bind silver nanoparticles between 

10 and 20 nm directly onto the surface of diatom frustules.  

 

Continuing in the efforts to both simplify and improve the overall construction of the DSSC 

a green synthetic approach was developed for the synthesis of cis-dithiocyanato-bis(4,4’-

dicarboxy-2,2’-bipyridine)-ruthenium(II), also known as the N3 dye. Which could then be 

used in the initial testing of the titania coated diatom frustules incorporated solar cells. The 

N3 dye as one of the most commonly used light harvesting dyes in DSSC technology has 

had a well developed synthetic approach for many years. The use of microwave irradiation 

resulted in a reduction in synthesis time from three days to 2-3 hours, and dispensed with 

long refluxing times, the need for removal of dimethylformamide at low pressure, and pH 

controlled precipitation. 

 

Using the technique developed for coating diatom frustules it was possible to greatly 

improve the titania coating mentioned previously without the need of linking agents. This 

resulted in an increased thickness and interconnectivity of the particle layer on the frustule 

surface while retaining the three dimensional porous structure. It is believed that the 

structure of the diatom frustule is well suited for light trapping and scattering, as the 

organisms themselves are photosynthetic, and presumably the shells evolved to aid in the 

collection of their main source of energy, sunlight. Once the frustules were coated with 
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titania they were incorporated into a standard DSSC using the N3 dye, an iodide/tri-iodide 

redox couple and a platinum counter electrode. The coated frustules were shown to provide 

greater light harvesting efficiency than the typical titania nanoparticle photoanode that they 

displaced.  

Overall the abundant and naturally occurring three dimensional porous frustules of the 

photosynthetic organism, diatoms, was shown to be a technologically viable material after 

functionalisation. It has shown potential applications in water treatment and targeted drug 

delivery when coated with magnetite, in tissue engineering and biosensors when coated 

with silver and when coated with titania it has been shown to improve the efficiency of 

DSSC’s light harvesting capability. 
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1 General Introduction 

1.1 Overview 

The major concepts in this thesis relate to the novel utilisation of the frustules of 

photosynthetic organisms known as diatoms, as well as the functionalisation of their 

surface for use in technological fields such as dye sensitised solar cells. This thesis will 

review all the current solar cell technologies, going through in detail first, second and third 

generation types. With particular focus placed on dye sensitised solar cells and the 

numerous different variations that are made to the standard design and the effect these have 

had on efficiency and lifetimes. The diatom organism is reviewed in some detail, focussing 

primarily on the structure of its silica frustule. Previous functionalisation and alterations of 

the diatom frustule are reviewed i.e coatings with gold and titania, as well as the exchange 

of silicon atoms in the structure for titanium or magnesium. In addition to the directly 

relevant work involving functionalising the diatom frustules, work regarding the design of 

advanced materials using synthesised silica is also reviewed.  

 

The review of the work regarding previous functionalisation of frustules and synthesised 

silica gave insight to the optimal methods in which to coat the diatom frustules with 

technologically relevant materials such as silver, magnetite and titania. The methods 

developed and presented in this thesis show the ease in which the 3-dimensional structure 

of the diatom frustule can be harnessed and used. The review of the current solar 

technologies being implemented aided in the development of an improved synthesis 

technique for the N3 ruthenium dye using microwave irradiation.  Finally the dye synthesis 

and diatom coating techniques presented throughout this thesis lead to the construction of 

the frustule incorporated dye sensitised solar cell. The main focus of the work was solar cell 
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technology, however due to the development of the universal approach for coating the 

diatom frustules with silver, magnetite or titania the research findings have implications in 

other fields such as drug delivery, catalysis, biomedical and water treatment. 

 

1.2 Solar Technology 

1.2.1 History 

The photovoltaic effect was first observed by Alexandre Edmond Becquerel in 1839 in 

which silver chloride was placed in an acidic solution and exposed to light and in turn 

producing a current. The first solid state photovoltaic cell wasn’t developed until 1883, by 

Charles Fritz, and it was around 1% efficient and had no particular application at the time. 

This remained the case over the next 70 years despite trialling many different materials 

such as copper-cuprous oxide, selenium and thallous sulphide, efficiencies remained poor.1 

That was until the evolution of silicon technology throughout the 1950’s and in 1954 Bell 

Laboratories developed a cell of around 6% utilising a silicon p-n junction much like the 

cells of today. Due to the costs of the solar cells in the early days (in excess of $100 per 

watt) their primary use was on satellites as it provided a reliable power source that could 

greatly extend their mission life. As costs have come down (less than $1 per watt) thanks 

largely due to improved methods of silicon processing fuelled largely by the computer 

industry of which silicon is the primary component, efficiencies have gone up from 6% in 

1954 to 25% today. The popularity and availability to the private sector has greatly 

increased, where in Australia as of October 2012 over 10% of all homes now have solar 

panels providing power to their homes (approx 858,000) and to the grid.2 Today there are 

three main types of solar cells, referred to as first, second and third generation solar cells. 
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1.2.2 First Generation 

First generation solar cells are considered to be high cost with high efficiency, and are 

generally represented by the typical silicon solar cells. There are two types of silicon cells 

in this category, that of mono-crystalline and poly-crystalline. The mono-crystalline as the 

name suggests is made up of a single crystal of high purity silicon, they are more expensive 

and efficient than their poly-crystalline counterparts, 25% and 20.4% respectively.3 This 

type of photovoltaic has been the dominant cell ever since solar cells started their migration 

to the private sector back in the 1970’s, currently making up more than 89% of the total 

market.4 These cells work on a p-n junction which is caused by doping the silicon with 

either boron (p-type) or phosphorous (n-type). In a pure silicon crystal each silicon atom is 

covalently bonded to four other silicon atoms forming a relatively poor conductor 

compared to copper, however its properties can be easily adjusted through a doping 

process. When one half of a silicon crystal is doped with phosphorous, the phosphorous 

atoms displace some of the silicon atoms as shown in Figure 1.1. 

  

 

 

Figure 1.1 Atom and electron arrangement for pristine, phosphorous and boron doped silicon. 

 

The phosphorous doped silicon has a large amount of free electrons as phosphorous has one 

more outer shell electron than silicon. This is known as the n-type layer while the boron 

Si Si Si
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Si Si Si
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doped silicon is known as the p-type layer. When boron displaces a silicon atom an electron 

hole is formed as boron has one less outer shell electron than silicon. In the n-type layer the 

unbound electrons can move freely around the crystal carrying a negative charge 

throughout the crystal and leaving a positive charge on the stationary phosphorous atoms. 

In the p-type layer at room temperature there is sufficient thermal energy to allow the 

movement of an electron into the hole caused by the boron substitution. This results in the 

electron holes being able to move freely throughout the lattice much like the electrons in 

the n-type except with a positive charge, and leaving stationary negatively charged boron 

atoms. The free electrons and electron holes diffuse throughout their respective lattices 

randomly resulting in a uniform distribution until the two types, p and n are brought 

together. When this occurs diffusion drives the holes to migrate to the n-type layer where 

there are very few holes and the free electrons are driven to the p-type layer where there are 

very few free electrons. However as the electrons and holes have associated charges on 

them they experience resistance from diffusing freely due to the electric field formed at the 

interface. When the two layers are brought together as shown in Figure 1.2, some holes and 

electrons cross the interface leaving behind charged boron and phosphorous ions 

respectively. The fixed ions at the interface form an electric field pointing from the 

positively charged phosphorous ions to the negatively charged boron ions. The electrons 

are attracted to the positive phosphorous and the holes to the negative boron, and this 

attraction is counter to the diffusion forces. Eventually equilibrium is reached at which the 

electrons diffusing across the interface is equal to the number being attracted to the 

phosphorous ions, and vice versa for the holes and boron ions. This area of the interface is 

known as the depletion region, as it is depleted of mobile charges and behaves much like 

pure crystalline silicon. 
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Figure 1.2 Diagram of electron and hole actions in p and n doped silicon. 
 

The depletion region is fundamentally an insulator without any net movement of charge, 

however when exposed to sunlight this changes. Light has sufficient energy to break some 

bonds of the silicon crystal (approximately 1 bond for every 100 million silicon atoms), 

which results in free electrons and consequent holes. These excited electrons can easily 

encounter a hole which results in recombination and loss of energy in the form of heat. 

However if the electron or hole form in or reach the electric field  in the junction they will 

flow to their relative counter charges. This migration of charges is how the typical silicon 

solar cell generates an electric current. Only photons with energy close to the band gap of 

silicon (1.1 eV) are actually converted to energy. The band gap is shown in Figure 1.3 as 

EG, which is the required energy to excite an electron from being covalently bound in the 

valence band (EV) to a free moving electron in the conduction band (EC). Photons that have 

energies less than EG are not absorbed and those that have larger energies are absorbed but 

the excess is lost due to thermalisation, i.e. heat. This is a common problem associated with 

most solar cells, the only variation being different materials possess different band gaps. As 

shown in Figure 1.3 on the right, silicons band gap of 1.12 eV will result in a majority of 

the light being absorbed, but most of it has much higher energies than 1.12 eV, indicating 
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most photons impacting and being absorbed by the solar cell will have excess energy that is 

lost to heat, reducing the efficiency. 

 

Ec

Ev

En
er

gy EG

Distance     

Figure 1.3 Schematic of a band gap and a sunlight energy distribution chart. 

 

 This is why other materials with varying band gaps are used to try and absorb as many 

photons as possible, while trying to limit energy losses. The energy losses of the overall 

cell can be attributed to heat (47%), photons passing through the cell (18%) and 

recombination (2%). This limits the maximum energy conversion of a single p-n junction 

solar cell to 33.7% if using the optimal band gap of 1.34 eV, while silicon has a theoretical 

maximum of 30%, this is known as the Shockley-Queisser efficiency limit.5, 6  

 

1.2.3 Second Generation 

Second generation solar cells are most commonly known as thin film solar cells and are 

considered to be low cost and low efficiency. They use less material and have cheaper 

manufacturing costs than their first generation counterparts. The majority of this group is 

made up of amorphous silicon, copper indium gallium selenide (CIGS) and cadmium 

telluride (CdTe) thin film solar cells. 

 

6 
 



1.2.3.1  Amorphous Silicon 

First generation cells make use of high purity mono or multi-crystalline silicon which is 

expensive and energy intensive to produce. Amorphous silicon used for second generation 

solar cells is relatively cheap and easy to manufacture as well as using a fraction of the 

material as they are much thinner, at less than a few microns compared to 200 microns.7 

The amorphous silicon, rather than grown from a single crystal and cut into wafers is 

commonly deposited onto a substrate by a method know as plasma enhanced chemical 

vapour deposition (PECVD). Molecules of SiH4 are disassociated by the energy supplied 

by a plasma and a film of amorphous silicon is grown on a substrate of indium tin oxide 

(ITO) at deposition temperatures of between 250-400°C. The films are commonly grown to 

have a thickness between half micron and a micron.8 The crystal structure of amorphous 

silicon varies to crystalline silicon as shown in Figure 1.4. The large deviations in bond 

angles for amorphous silicon as opposed to crystalline silicon result in the formation of 

strained bonds, which have a higher energy and are much easier to break.  

 

Figure 1.4 Atomic structure of silicon. Crystalline silicon (left), pristine amorphous silicon 
(middle) and amorphous silicon after exposure to hydrogen plasma (right). 
 

Dangling bond Hydrogen bond 
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When these bonds break dangling bonds are formed which are simply unbound electrons 

around the silicon atom. These dangling bonds are defects in the continuous silicon network 

and therefore restrict the flow of electrons.  Any areas with anomalous electron behaviour 

like around the dangling bonds are locations at which electrons will recombine with holes, 

decreasing the efficiency of the overall cell. The amount of dangling bonds can be 

minimised by incorporating hydrogen into the network, which is achieved by exposing the 

films to a hydrogen plasma, resulting in a majority of the dangling bonds binding to 

hydrogen.8 This essentially removes the dangling bonds from the silicon allowing the 

electrons to flow much more efficiently.  

 

Typically the cell is constructed by depositing a few hundred angstroms of boron doped 

amorphous silicon by glow discharging an atmosphere containing SiH4 and approximately 

1% B2H6. Then a micron of undoped amorphous silicon is deposited followed by several 

hundred angstroms of phosphorous doped silicon (atmosphere containing SiH4 and 1% 

PH3).8 This is a similar structure as the first generation crystalline silicon solar cells and 

results in a peak efficiency thus far of 10.1%.3 

 

1.2.3.2  Cadmium Telluride (CdTe) 

CdTe was identified back in the 1950’s as a potential material for solar cell application as it 

possesses a bandgap of about 1.45 eV which is very close to the optimal band gap 

mentioned previously of 1.34 eV.9 The absorption coefficient of CdTe is large enough such 

that only 1-2 µm of active material is required for photon absorption as opposed to the 

silicon cells requiring at approximately 200 µm due to their low absorption coefficient for 

light.9, 10 CdTe cells work under the same principle as monocrystalline silicon solar cells, 
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utilising a p-n junction to generate the current.  The CdTe layer acts as the p-type material 

while a thin layer of CdS acts as the n-type material as shown in Figure 1.5. Currently the 

highest efficiency achieved for CdTe solar cells is 17.3% by First Solar in 2012, which is 

greater than amorphous silicon and comparable to monocrystalline and polycrystalline 

silicon while having much lower material and manufacturing costs.11 There are however 

serious issues associated with the CdTe solar cell design, largely the toxicity of cadmium 

and availability of telluride. Cadmium is considered one of the six most hazardous 

materials and any device that uses it is likely to be under strict government regulations. 

Tellurium is a very rare element, currently the supply is sufficient for demand, however if 

CdTe solar cells were to compete with the monocrystalline silicon solar cells on an 

industrial scale the lack of available telluride could become a serious problem.  

 

 

 

Figure 1.5 Cross section of the materials for a CdTe solar cell. 

 

 

 

Glass Substrate 
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1.2.3.3  Copper Indium Galium Selenide (CIGS) 

CIGS solar cells have achieved the highest efficiency of all the thin film second generation 

type cells thus far, reaching 20.3%.12 They are however much more complicated than the 

amorphous silicon thin film solar cells to manufacture. The most common substrate for 

these cells is molybdenum coated soda lime glass, the molybdenum is coated onto the glass 

until a thickness of 1 µm is achieved, acting as a back contact and reflecting any 

unabsorbed light back into the cell.13 The CIGS layer is most commonly deposited by co-

evaporation in which copper, indium and gallium are exposed to the substrate at 

approximately 500°C, and are then cooled to 350°C in the presence of selenium vapour, 

resulting in the formation of CuInxGa(1-x)Se2 (where x can vary from 1 (copper indium 

selenide) to 0 (copper gallium selenide)).14 Above the CIGS layer, as shown in Figure 1.6, 

is the cadmium sulphide (CdS) window in which a chemical bath deposition technique is 

employed to achieve a 50 nm thick layer.14 Finally a transparent front contact made of zinc 

oxide (ZnO) is deposited by RF magnetron sputtering of a ZnO target under an atmosphere 

of argon and oxygen, this transparent conducting oxide allows the efficient movement of 

electrons out of the cell while absorbing as little light as possible.14 

 

 

 

Figure 1.6 Cross section of CuInxGa(1-x)Se2 solar cell. 

Zinc Oxide Window (0.4-0.6 µm)  

 Cadmium Sulfide Window (0.05 µm)  

 
CIGS Absorber (2-4 µm)  

 

Molybdenum Back Contact (1 µm)  
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The main problem with the CIGS type solar cells has been achieving composition 

uniformity across the entire area. As the ratio of the constituent materials vary so too does 

the optical properties, the bandgap for example can vary from 1 to 3.5 eV.15 The high 

temperatures required to form the CIGS layer is another issue restricting the 

commercialisation of this technology. The CIGS solar cells have much higher efficiencies 

than the amorphous silicon, but have a more complicated design and are far less 

understood. They appear to be one the most promising of the 2nd generation solar cells. 

 

1.2.4 Third Generation 

The aim of third generation photovoltaics is to go beyond the Shockley-Queisser efficiency 

limit of 31-41%.16 Many techniques are being employed to try and better exploit and 

harvest the solar spectrum such as multiple stacked cells, intermediate band gaps, multiple 

exciton generation, quantum dot concentrators, down and up converters and down shifters. 

Examples of some of the more developed and promising third generation solar cells include 

organic solar cells, multi-junction cells and dye sensitised solar cells. 

 

1.2.4.1  Multi-Junction Photovoltaic Cells 

Multi-junction cells also known as tandem cells were first introduced in the late 1970’s as 

dual-junction devices formed from aluminum gallium arsenide (AlGaAs) stacked on a 

GaAs junction.17 They are made up of multiple p-n junctions, with each junction having a 

different band gap so as to efficiently absorb light at multiple wavelengths. They are 

currently the most efficient photovoltaic available, while also being the most expensive to 

manufacture.  
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Electrons in the material need to gain enough energy to overcome the band gap, and this 

energy is acquired from the incident photons. If the energy of the photon is greater than the 

band gap the excess energy is converted to heat in a process known as relaxation, which 

increases losses due to black body radiation. If the energy is less than the band gap the 

photon will not be absorbed. This gives rise to three options: 

• decrease the band gap so as to utilise a greater percentage of the incoming photons, 

this will however result in more of the excess energy being lost due to heat and 

black body radiation.  

• The band gap could be increased so as to lessen black body losses, but this would 

result in less photons being absorbed.  

• The third option is to incorporate multiple p-n junctions with varying band gaps, 

some to absorb the higher energy photons (blue light) to minimise heat and black 

body losses, and other band gaps to absorb the lower energy photons (Infrared), 

which is the method employed by multi-junction solar cells. 

 

Commonly used materials for the multi-junctions include germanium (Ge, band gap: 0.67 

eV), gallium arsenide (GaAs, 1.42 eV), silicon (Si, 1.12eV), indium phosphide (InP, 1.34 

eV), gallium indium phosphide (GaInP, 1.85 eV) and indium gallium arsenide (InGaAs, 1.0 

eV).18 Currently the highest efficiency for multi-junction cells is 37.5% for a 

InGaP/GaAs/InGaAs cell under standard light and 43.5% for a GaInP/GaAs/GaInNAs cell 

under concentrated light.11  

 

Multi-junction cells are designed into a layer system with the material with the greatest 

band gap on top and each subsequent layer having decreasing band gaps until the smallest 
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band gap material on the bottom, as shown in Figure 1.7. The tunnelling diodes shown 

between each subcell in Figure 1.7 act as electrical interconnects which minimise dopant 

diffusion protecting the integrity of each subcell, they are optically transparent and have 

very low resistivity.19, 20 By layering the cell in this manner, the top subcell with the 

greatest band gap captures only the high energy photons with minimal energy losses due to 

heat. Many photons will pass through this layer without being absorbed and carry on to the 

middle subcell where the higher energy photons of this group will be absorbed, and finally 

the bottom subcell with a very low band gap will collect most of the remaining photons. As 

only the highest energy photons are absorbed at each subcell the wasted excess energy that 

results in relaxation causing heat is kept to a minimum. This method has allowed for the 

multi-junction cells to go beyond the Shockley-Queisser efficiency limit of 30%.5 However 

the calculation was made for silicon and single p-n junction photovoltaics. The theoretical 

maximum efficiency for two junction cells is 41% and for three junctions 47%. However, 

as the number of junctions increase so does the complexity and price of the cell.21, 22  

 

Antireflective Coating

InGaP 1.85 eV  Top Cell

Tunnel Diode GaAs

InGaAs 1.0 eV  Middle Cell

Tunnel Diode GaAs

Ge 0.67 eV  Bottom Cell

Ge Substrate

Bottom Contact

Top ContactTop Contact

AlInP Window (n+)

InGaP n-type
InGaP p-type

AlGaInP Back Surface Field (p+)

InGaP Window (n+)

InGaAs n-type
InGaAs p-type

InGaP Back Surface Field (p+)

InGaAs Buffer

InGaP Nucleation Layer
Ge n-type

Ge Back Surface Field (p)

 
Figure 1.7 Design of multjunction solar cell. Showing an example of materials used for sub 
cells, their corresponding band gaps and the sub structures of the semiconductor materials. 
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Doping can also be an issue for the multi-junction cells, where standard silicon 

photovoltaics utilise phosphorous and boron as dopants, as they can be incorporated into 

the silicon lattice with minimal distortion, it can be difficult to find dopants that are 

efficiently incorporated into all of the subcells. As the subcells are required to have a high 

level of lattice matching with each other often the same dopants can be used for each, 

commonly zinc and silicon are used to form the p and n types respectively.23 As shown on 

the right of Figure 1.7 the structure of the subcells is quite complex with four aspects to 

each one. The window at the top marked with an n+ indicates that it is heavily doped as an 

electron carrier and the back surface field (BSF) is heavily doped as an electron acceptor 

with a large number of holes. Both of these work to avoid recombination occurring in the 

vital n and p type regions. The interface between the high and low doped regions creates an 

electric field much like a p-n junction, which becomes a barrier for any of the minority 

carriers in the p and n type materials, much like the tunnel junctions, and as this region does 

not participate in carrier generation there is no detriment to the overall efficiency of the 

cell. The buffer region shown in the bottom cell is designed to minimise any lattice 

mismatch, usually it is grown in a graded manner adjusting the ratio of the constituent 

elements to vary the lattice structure slowly to match one cell with another.24 The buffer in 

Figure 1.7is there to slowly adjust the lattice from an elemental germanium layer to match 

up with InGaAs. Avoiding any defects from sudden lattice changes is vital for minimising 

any recombination losses.25 The nucleation layer is where the III-V/IV compounds begin 

their growth, in the case of Figure 1.7 it is a III/V compound of InGaP. 

 

The major issues with multi-junction cells include their price and complexity of design. 

Each of the layers must be lattice compatible to avoid misfit dislocations. Any area of 
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dislocation can provide regions in which recombination can occur reducing the overall 

efficiency of the cell.16 As well as being lattice compatible, the band gaps have to be 

relevant, i.e current matching, having three materials that have high lattice compatibility 

but similar band gaps will not help to absorb a broader spectrum of photons, and for this 

reason numerous combinations of materials have been used to optimise the design. 

Increasing the number of junctions to four or five, with each junction being responsible for 

absorbing a smaller range of photons, has been seen to further improve the efficiency of the 

cells. However the increase in cost often negates the advantages achieved. Due to the high 

price of these cells they have not found use in the public sector, but mostly in the aerospace 

industry where their high power to weight ratio has resulted in them being successfully 

used on satellites and the mars rovers for decades.  

 

1.2.4.2  Organic Solar Cells 

Organic solar cells have been around since 1958, and have only recently begun improving 

to an applicable level for energy generation. Rather than using expensive silicon or growing 

complex crystal structures, the organic photovoltaics use conjugated organic molecules to 

harvest the sunlight for energy. The original cells were of a single layer design and 

achieved less than 0.3% efficiencies. In 2007 an efficiency of 3% was reported and since 

then organic solar cells have developed rapidly in their bilayer, bulk heterojunction and 

tandem bulk heterojunction designs resulting in a progression of efficiencies to the current 

record of 10.7%.26, 27 They are one of the most promising photovoltaic technologies with 

the manufacturing costs very low compared to many of the alternatives. Their design allows 

them to be printed onto flexible substrates and toxicity is dependent on which organic 

molecules are used, so can therefore be easily controlled. 
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Hole Electron
 

Figure 1.8 Charge Separation in a Organic Solar Cell. 

 

The unique aspect in organic solar cells is that the absorption of light results in the 

formation of an exciton, which is a particle in which the free electron and the electron hole 

are bound together by attraction and will recombine in time as shown in Figure 1.8.28 

Excitons don’t occur in the inorganic semiconductors as the exciton binding energy is 

generally low enough such that the thermal energy at room temperature is sufficient to 

dissociate the exciton into its positive and negative charge carriers. In polymers the binding 

energy is much higher, so it is not as easy to separate the electrons and holes to form a 

current. Once an exciton is generated by light interaction in the donor material it diffuses to 

the donor-acceptor interface where charge separation occurs.29 At the interface as shown in 

Figure 1.8 the exciton diffuses around unaffected by electric fields due to its neutral charge, 

once it reaches the junction it separates into its constituent charges. This occurs as one of 

the materials has a small electron affinity (electron donor), while the other has a high 

electron affinity (electron acceptor). Once the charges are separated they can be 

manipulated by the electric field and a current can be formed.  
16 
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Figure 1.9 Charge Separation in a Bulk Heterojunction Organic Solar Cell. 

 

Figure 1.8 shows a bilayer type organic solar cell, which provides a large improvement 

over the original single layer cells. A problem with this system is that exciton diffusion 

length can vary from 3 - 90 nm, depending on the material they are travelling through, and 

after this point recombination would likely occur.30 This impacts the efficiency of the cells 

as not all excitons would reach the interface and undergo the charge separation. Therefore, 

to minimise the maximum distance the exciton needs to travel once formed, the bulk 

heterojunction was designed, as shown in Figure 1.9. In a typical bulk heterojunction a 

solvent cast layer of a conjugated polymer and fullerene derivative blend is sandwiched 

between two electrodes.27 This design minimises the distance the exciton has to travel 

through the donor material before reaching an interface.  

 

The low manufacturing costs of organic solar cells is undermined by the relatively low 

efficiencies when compared to the current leaders in the solar industry. Even though their 

organic polymer design provides advantages such as transparent, flexible and cheaper cells 
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it also has negative effects. The crystalline cells have an ordered structure which allows 

electrons to quickly flow out of the cell to perform work, while the disordered structure of 

the polymers inhibits the electron flow, giving a greater opportunity for recombination. The 

main problem holding up the commercialisation of these cells is stability. The silicon solar 

cells have a 20 year guarantee in all conditions which currently none of the dye/polymer 

type solar cells can provide.  

 

1.2.4.3  Dye Sensitised Solar Cells (DSSC’s) 

DSSC’s were invented by Michael Grätzel in 1991 and have gained much interest due to 

their low manufacturing costs, simple design and reasonable efficiencies.31 The original cell 

created by Grätzel had an efficiency of 7.9% which was well above organic solar cells of 

the time.31 Since the original result progress has been slow, and currently the highest 

efficiency a DSSC has achieved is 12.3% using a porphyrin molecule as the photosensitiser 

and a Co(II/III)tris(bypyridyl)-based redox electrolyte.32 The main advantages of these cells is 

that they are transparent, can be made to be flexible much like the organic cells mentioned 

previously and most importantly they can maintain high efficiencies at low angles of light. 

Silicon solar cells work very efficiently in direct light, during the middle of the day but as 

the sun sets or rises and the incident angle is low their efficiency drops substantially as 

much of the light is getting reflected. Low angle light does not affect DSSC’s to the same 

degree meaning that their light harvesting is more consistent throughout the whole day.  

 

The typical construction of the DSSC is shown in Figure 1.10 showing two conducting 

electrodes sandwiching the active materials. A photon from the light interacts with a 

photosensitive dye molecule exciting an electron into the conduction band of a mesoporous 
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oxide semiconductor, typically titania nanoparticles, this electron goes through the titania 

and out through the anode which is commonly a fluorine doped tin oxide (FTO) layer on 

glass. After the dye has transferred the electron to the titania it needs to be regenerated or 

else it degrades and the cell becomes inactive. An electrolyte usually containing iodide 

triiodide (I¯/I3¯) as redox mediator transfers an electron back into the dye and is itself 

regenerated by electrons coming back into the cell through the cathode.  

 

 

Figure 1.10 Schematic of a DSSC. 

 

This design allows for the separation of the functions of light absorption and carrier 

transport thereby allowing for a large range of options for the light absorber and charge 

transport materials.32 Titania nanoparticles were used originally and have yet to be 

surpassed for their effectiveness as they have high electron conductivity, good matching of 

the conduction band with the lowest unoccupied molecular orbital (LUMO) of the 

photosensitive dyes and a tight chemical binding interface.33 Zinc oxide (ZnO), tin oxide 
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(SnO2) and niobium oxide (Nb2O5) are other materials that have been trialled as they are 

wide band gap materials, 3.44 eV, 3.60 eV and 3.40 eV respectively, with LUMO’s less 

than that of the dye’s.34-38 None of these other materials have produced devices of 

comparable performance to titania which has a band gap of 3.20 eV.39 There has been some 

promising results with the use of metal oxide core-shell nanostructures, as shown by Qi et 

al., with the use of titania coated silver nanoparticles.40 Qi et al. took advantage of the 

localised surface plasmon effect of the silver nanoparticles to enhance the optical 

absorption of the dye molecules bound to the outer layer of titania.40 This resulted in 

equivalent efficiencies to the standard design with a 62% thinner photoanode, as it 

possessed enhanced optical absorption and the same conduction band edge – LUMO 

interaction of the dye with the semiconducting oxide. If the conduction band edge of the 

semiconducting oxide is higher than the LUMO of the dye the electron will not have 

enough energy to be injected from the LUMO of the dye to the conduction band of the 

semiconductor, in which case the cell wont operate.39 The original dye used was cis-

dithiocyanato-bis(4,4′-dicarboxy-2,2′-bipyridine)-ruthenium(II) (N3) as shown in Figure 

1.11 (a), with a LUMO of -2.88 eV, it is greater than the conduction band edge of titiania at 

-2.80 eV.37, 41 Wide band gap materials are preferred as they can perform at higher 

operating temperatures and produce higher output voltages, as the wider band gaps respond 

to shorter wavelengths with higher energies.  

 

The dyes for the most part have been designed to match up with the conduction band edge 

of titania as that is the standard material for the semiconducting oxide. Dyes are required to 

have a high absorption coefficient in the visible region and a high affinity to the titania to 

ensure dense packing of the dye molecule onto the surface. Since the original cell by 
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Michael Grätzel ruthenium dyes have been the front runners providing by far the highest 

efficiencies. Recently however organic dyes such as porphyrins have been improving at a 

much faster rate and now the record efficiency of 12.3% is held by a cell incorporating the 

porphyrin dye shown in Figure 1.11 (b).32 The organic dye shown in Figure 1.11 (c) is the 

current record holder for a non-porphyrin organic dye at 10.3%. Although non-porphyrin 

organic dyes have the lowest efficiency they are still very promising due to the recent rate 

of improvement, inexpensive synthetic routes compared to their ruthenium counterparts and 

they have tuneable absorption and electrochemical properties via suitable molecular 

design.42, 43  

 

 

Figure 1.11 Examples of different dyes used in DSSC’s.  a) N3 ruthenium dye, b) YD2-o-C8 
porphyrin dye and c) C219 organic dye. 
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 The main issue faced by DSSC’s other than their relatively low efficiencies compared to 

silicon and other crystalline type photovoltaics, was their stability. Silicon solar cells 

generally have a 20 year guarantee during which they are likely to only lose 10% efficiency 

over the first 10 years and 20% over the 20 years, many systems installed over 20 years ago 

still perform efficiently.44 Although progress has been made with the dyes and the 

construction of the cells, the limiting aspect in terms of their stability is the liquid 

electrolyte commonly I¯/I3¯ which is both volatile and corrosive. However this issue has 

been addressed by the introduction of solid state or quasi solid state electrolytes and the 

lifetime of this type of cell has been greatly improved to where these cells are now 

commercially viable for the first time.45 With their low cost of manufacturing, huge variety 

of materials, newfound stability, transparency and flexibility of the cells, the only drawback 

of these photovoltaics currently is their low efficiencies relative to silicon. 

Table 1.1 Table of different solar cell efficiencies, band gaps, costs and any associated problems.  

Cell Type Band Gap 

(eV) 

Cost Efficiency Problem 

Mono-crystalline 
Silicon 

1.12 High 25.0% High cost 

Poly-crystalline Silicon 1.12 Med 20.4% High cost 
Amorphous Silicon 1.55-2.146 Low 10.1% Low efficiency 
Cadmium Telluride 1.45 Low 17.3% Potential toxicity and 

tellurium availability 
Copper Indium 
Gallium Selenide 

1-3.5 Low 20.3% Conformity across entire 
surface 

Muli-Junction 
Photovoltaic Cells 
(Tandem Cells) 

Varies Very High 37.5% Very high cost and 
complicated 
manufacturing 

Organic Solar Cells Varies Low 10.7% Low efficiency and 
stability 

Dye Sensitised Solar 
Cells 

Varies Low 12.3% Low efficiency 
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1.2.5 Solar Concentrators 

Solar concentrators are used to focus light from a wide area onto a cell so that they receive 

more photons than under normal conditions. Silicon based solar cells, and especially the 

cells utilising the wide band gap materials such as multi-junction photovoltaics, benefit 

greatly from the increased photon intensity. As the input power increases due to the 

concentrators, the short circuit current density (Jsc) increases linearly with the power, while 

the open circuit voltage (Voc) increases logarithmically. This results in a boost to efficiency, 

however, it is not quite as simple as just consistently ramping up the input power. As more 

light is concentrated onto the cell there is more heat and there is for the most part a linear 

decline of voltage with temperature in most cell types.47 As the temperature of 

semiconductor increases the electrons gain more energy and can jump into the conduction 

band without photon interaction, the excess electrons in the conduction band can cause the 

semiconductor to behave more like a normal conductor, effectively killing the solar cell. 

This occurs at 125°C for silicon as its band gap is quite small but even the wide band gap 

based cells such as mutijunction photovoltaics can have issues as they are commonly 

designed for and tested at room temperature.47 As the temperature increases the band gaps 

get narrower, this can affect the current matching and can lead to a reduction in Voc and a 

small increase in the Jsc, which is not enough to counter the Voc drop therefore the efficiency 

decreases.48, 49 This is why some cells are specifically designed as concentrator cells to 

accommodate for the change in its properties as its temperature increases.49 The change in 

efficiency can vary with the type of cell and the materials used, silicon for example 

experiences only a small change to its efficiency going from 25% to 27.6% while as 

mentioned previously the multi-junction cells jumped from 37.5% to 43.5%. 26 Perhaps the 

biggest advantage of the concentrator cells is the savings in cost by substituting a number 
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of cells with a less expensive optical material, while still getting the same or more power 

output.49 For example a single cell operated under a concentration of 1000 suns can  

produce the same power output as 1300 cells under one sun.49 

 

  
 
 
 
 
Figure 1.12 Different concentrator types. a) Fresnel lenses focus the light from a wider area onto 
the cells,50 b) reflective mirrors concentrate the light onto a solar cell,51 c) schematic of LSC and d) 
image of different LSC’s under UV light.52  
 

There are different methods for concentrating the light onto the cells varying from using 

lenses to focus and intensify the light (Figure 1.12(a)), using mirrors to reflect the light onto 

the cell (Figure 1.12(b)) and using luminescent solar concentrators (LSC) (Figure 1.12(c)). 

The mirrors and lenses are fairly straight forward, the LSC however is slightly more 

complicated but is much more aesthetically pleasing than the other two as shown in Figure 

1.12(d).52 The light is absorbed by quantum dots or luminescent molecules such as organic 

dyes and inorganic phosphors.52 When they absorb the incident light they re-emit it at a 

WaveguideOrganic dye, inorganic phosphors or 
quantum dots.

Solar cell

a b 

c 
d 
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longer wavelength. The molecules are imbedded into a waveguide which traps the re-

emitted light via total internal reflection and directs it towards the solar cell at the side.52 

This technique unlike the mirrors and lenses mentioned is yet to be commercially utilised 

due to the modest efficiencies achieved so far.52 

 

1.3 Solar Cell Testing 

There are three main aspects to analysing solar cell efficiency, the open circuit voltage 

(Voc), short circuit current density (Jsc) and the fill factor (FF). When testing a solar cell, 

light of a known power is emitted onto the active area and a voltage bias is applied against 

the cell. This voltage bias sweeps from a maximum to zero bias. When the voltage of the 

bias is equal to the maximum voltage output of the cell the resistance is very high and the 

current is zero, this gives Voc or the maximum voltage of the cell. As the bias sweeps to 

zero an IV curve is formed with Isc at the point where the resistance is minimised, as shown 

in Figure 1.13.  

 

 
Figure 1.13 Example of an IV curve. 
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The Pmax in Figure 1.13 is the point at which the solar cell is producing the maximum 

amount of power it is capable of. Often this curve is adjusted to take the area of the cell into 

consideration by exchanging the current along the vertical axis with the current density (J) 

as shown in Figure 1.14. The current density is simply the current divided by the area (m2) 

of the cell. A larger cell that collects more light will produce a higher current, by using J all 

the results are standardised and are now comparable.  

 

The square defined by the orange dashed lines in Figure 1.13 indicate the maximum power 

of the cell if the FF was 100% and are the multiplication of Voc by Isc. The ideal solar cell 

would provide an IV curve like the dashed line, this box shape would indicate no current 

losses throughout the cell due to resistance. This however is not possible, so the FF is used 

to show current losses in the cell and is calculated by dividing Pmax by the maximum 

obtainable power. High grade silicon solar cells have FF greater than 0.7, while the B grade 

cells can be as low as 0.4.  

 

 

Figure 1.14 Example of a JV curve 
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All of these aspects affect the efficiency of the solar cell, however the main measure of 

solar cell efficiency is; for a certain amount of energy put in (Pinput x Area (m2)) , how much 

energy is produced (Pmax). All of the equations used for calculating the solar cell efficiency 

are shown in Table 1.2.  

 

Table 1.2 Table of equations for IV curve analysis 

Current Density (J) I (mA)
Area (m2)  

Maximum obtainable power Voc x Isc  

Fill Factor (FF) 

Voc x Isc

Pmax

 

Efficiency (η) 

Pinput x Area (m2)
Pmax

 

 

 

Calculating the efficiency of the cell is done through the use of a potentiostat. The 

potentiostat allows for controlled bias to be applied to the cell and is able to measure the 

resulting current thus forming an IV curve as shown in Figure 1.13. A light source is also 

required to simulate the suns rays under controlled conditions where the power output is 

accurately known. To do this a xenon arc lamp is commonly used in a device known as a 

solar simulator, the xenon arc lamp reproduces an intense light spectrum that matches 

reasonably well to sunlight. With the solar simulator and the potentiostat solar cells can be 
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tested and compared, allowing for the effect of variations to the standard cell to be 

measured quickly and accurately. 

 

1.4 Diatoms 

Diatoms are eukaryotic, photosynthetic unicellular algae found in marine and fresh water 

environments. They make up a quarter of all plant life by weight and are believed to be 

responsible for one fifth of the production of organic compounds from carbon dioxide.53, 54 

The earliest fossil deposit is around 180 million years old and approximately 90 million 

years ago separated into two different classes based upon their structures, these are pinnate 

and centric.53, 55 Centric diatoms are round with radial symmetry while pennate diatoms are 

more elongated. A majority of the diatoms in the sample used for this project were of the 

centric type as shown in Figure 1.15.  

 

 

Figure 1.15 SEM image of different diatom frustules from a Queensland mine. 

 

Diatoms exist in all aqueous environments, and when they die their cell walls (frustules) 

collect on the ocean or lake floor forming a material called diatomaceous earth (DE) or 

diatomite.56 Diatomite has already found use as an insulator, filter, abrasive and has also 
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been used in explosives.56 It’s these amorphous silica frustules which are of particular 

interest for technological applications as they are intricately designed, three dimensional 

ordered porous structures. Pore sizes range from less than 50 nm to in excess of a micron 

depending on the species of the organism. The diatom utilises the pores to allow a pathway 

for nutrients into the cell required for growth and a pathway out of the cell for waste.57 

There are hundreds of thousands of different species of diatom each with a unique porous 

structure, and an extremely high growth rate, in a controlled environment some species can 

double their biomass within 5 hours, and in the wild doubling times can be 2-10 days.58, 59 

The porous structure as shown in Figure 1.15 makes the diatom fundamentally a photonic 

crystal as it can influence incoming light by coupling into waveguides with distinct 

photonic crystal modes.60 It is this structure and its effect which makes the frustule an 

interesting material for use in solar technology. 

 

 

Figure 1.16 Basic structure of a diatom frustule 

 

The frustule is made up of two overlapping halves called thecae, the larger one is the 

epitheca and the smaller one is the hypotheca as shown in Figure 1.16.60 Each thecae has a 

valve at the end analogous to the end of a cylinder, in the older larger half it is called the 

epivalve and on the smaller half it is the hypovalve.61 When the diatoms begin their life 

cycle their thecae are comprised of just the valve, as the diatom grows the two valves are 
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pushed apart by the growth of the girdle bands, which results in unidirectional growth of 

the frustule along its central axis. Diatoms can reproduce both sexually and asexually with 

different consequences for the size of the offspring. Asexual reproduction involves the 

formation of two daughter cells by mitosis occurring within the frustule and is referred to as 

shrinking division as each new generation is smaller than its predecessor.62, 63 The valves 

split off from one another taking a daughter cell each, these valves become the epivalve for 

the new diatom which grows a slightly smaller hypovalve protruding from the internal 

diameter of the epivalve.61 Because the hypovalve is always slightly smaller than the 

epivalve, a string of generations produced by asexual division will produce smaller and 

smaller individuals. Once diatoms reach 30-40% of their original size sexual reproduction 

is triggered producing diatoms of the original size specified by their genome.62 

 

1.4.1 Previous Frustule Functionalisation 

To make use of the diatom frustule for more advanced applications it is often desirable to 

functionalise the silica surface to suit the specific properties required of the material. For 

example Gale et al. functionalised the frustule surface with the antibody immunoglobulin G 

(IgG), allowing the diatom shell to act as a microscale biosensor.64 By covalently binding 

the IgG to the surface the selective and label-free PL-based detection of immunocomplex 

formation was possible.64 Diatom frustules have also been shown to have potential for 

implantable drug delivery by covalently binding selected organosilanes and phosphonic 

acids to the surface.65  They were able to control the loading and release behaviour of the 

drug Indomethacine by adjusting the surface modification.65 Although direct applications of 

the modified frustules are not all that common throughout the literature, the modifications 

themselves are.  
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Gold has been previously coated onto the surface of the diatom frustules using either DNA 

or poly-4-vinyl pyridine (P4VP) as a linking agent.66, 67 Both methods resulted in very 

different coatings, when covalently functionalised with DNA the entire frustule surface was 

coated with a monolayer of gold nanoparticles while the P4VP technique utilised a 

dewetting effect resulting in a focus of the particles primarily around the pores, as shown in 

Figure 1.17.66, 67 However the most common modification to the diatom frustules thus far 

has been in the incorporation of titania. The interest in titania stems from the abundance of 

potential applications including chromatographic separation, photocatalytic redox reactions, 

water splitting, lithium ion batteries, gas sensors, drug delivery vehicles and dye sensitised 

solar cells.68-73  

 

   

Figure 1.17 Figures of gold coated diatoms. Left, using DNA as a binding agent as published by 
Rosi et al. Right, diatoms coated using a P4VP procedure as published by Toster et al.66, 67 
 

Some of the different methods include metabolic insertion during the growth of the diatom 

organism, coating the surface using linking agents, gas/silica displacement reactions 

resulting in frustules entirely comprised of titania and atomic layer deposition.74-77 The 

metabolic insertion method involved adjusting the growth environment to include high 
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concentrations of titanium, increasing its uptake, however the final percentage composition 

of titania was approximately 3.7 wt %.74 A substantial increase from the natural state of the 

diatom which is approximately 0.01-0.13 wt %, however is likely too low to make proper 

use of the properties of titania for any of the technological applications mentioned 

previously.74 The layer by layer deposition used phytic acid as a molecular binder, and 

slowly built up a coating of titania nanoparticles of approximately 10 nm, which increased 

in thickness as more layers were added as shown in Figure 1.18.75 This method provided a 

high degree of control as the titania amount increased very slowly with each layer, however 

this indicates that to achieve a thick complete coating with a high degree of interparticle 

contact an inordinate amount of time would be required.75   

 

     

Figure 1.18 Diatoms forming a titania layer via the phytic acid layer by layer approach.  
a) initial diatom, b) diatom with titania layer after 1 cycle and c) diatom with titania after 5 cycles.75 
 

For the gas/silica displacement reactions to effectively form titania comprised frustules the 

silica diatomaceous earth was placed at one end of a tube and solid titanium tetrafluoride 

(TiF4) was placed at the other end.76 The tube was welded shut and heated to 350°C 

(sublimation temperature of TiF4 ≈284°C) for 2 hours which resulted in the exchange of 

silicon atoms for titanium.76 A similar method was employed to exchange magnesium into 

the structure for titanium, however a temperature of 900°C and solid magnesium granules 
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were used. Although the three dimensional porous structures of the frustules made of a 

technologically desirable material like titania would be highly sought-after, complicated 

synthesis procedures at high temperatures can result in high manufacturing costs. One 

method employed by Clayton et.al was to use poly-L-lysine to precipitate titania 

nanoparticles onto the surface of diatom frustules from a TiBALDH precursor.78 This 

material was then incorporated into DSSC’s, however titania nanoparticles were used as a 

base layer before the addition of a thin layer of coated diatoms. Indicating that they were 

added to the surface of a standard cell as a scattering layer, also the observed doubling of 

efficiency could be attributed to the varying thickness of the titania nanoparticle layer, not 

entirely the frustules light scattering ability.  

 

1.5 Introduction to Thesis 

The work undertaken in this thesis was primarily related to DSSC’s and improving their 

efficiency by incorporating diatom frustules into the structure. It was theorised the frustules 

would aid in the scattering and trapping of incident photons, improving the likelihood of an 

interaction with the dye molecules and electron generation. As was stated in the previous 

introduction to DSSC's with new efforts improving their stability, the main hurdle they face 

is their efficiency which is approximately half of the current silicon solar panels. By 

improving the efficiency they could become commercially competitive with their silicon 

counterparts. 

 

The dye used for this work was the standard N3 dye shown in Figure 1.11(a) and the 

electrolyte used was an iodide triiodide redox couple. The only aspect of the standard 

DSSC that is being altered is the titania nanoparticle semiconducting layer. However the 
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frustules themselves being comprised primarily of amorphous silica are well known 

insulators and have very low dye absorption. For this reason it was proposed that the 

frustules be coated with the titania which is well proven for DSSC applications. With this 

design as shown in Figure 1.19 we are able to make use of the three dimensional porous 

structures of the diatom frustule without sacrificing dye absorption or conductivity. 

 

 

Figure 1.19 Schematic of proposed diatom frustule/titania DSSC. 

 

There is substantial literature in regard to trying to improve DSSC efficiency by altering the 

metal oxide semiconducting layer, both component materials and structures. The different 

materials trialled include titania (TiO2) , zinc oxide (ZnO), tin oxide (SnO2), niobium (V) 

oxide (Nb2O5) and strontium titanate (SrTiO3), of which titania and ZnO are by far the most 

common.79-82 Zinc oxide (ZnO) is a material with a comparable band gap and higher 

electron mobility when compared to titania. It has also shown promise in its nanoparticle 

form, but substantially less than titania, the real advantage for the ZnO appears to be its 
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simpler formation of hierarchical structures. These structures can vary from large clusters 

of small particles to the ordered array of nanowires and nanotubes as shown in Figure 

1.20.79, 83-85  

 

 

 

 

 Figure 1.20 SEM images of ZnO nanostructures. a) clusters of ZnO nanoparticles, 86 b) 
hierarchical disk nanostructures,83 c) nanowire array84 and d) nanotube array.85 
 

Despite the advantages of ZnO they still suffer limitations due largely to their interaction 

with the dye molecules. This has kept their efficiencies well below what was achieved with 

titania. The dye’s have generally been designed for use with titania and they are not ideally 

suited to ZnO although dye packing density and light harvesting are of a high level, the 

a 

c 

b 

d 
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main obstacle appears to be electron injection from the dye into the ZnO.87 This appears to 

limit the efficiency of any ZnO DSSC’s although some works indicate that the advanced 

structures such as nanowires may be counteracting this natural disadvantage of the ZnO 

material. 88  

 

Titania comes in three phases, rutile, anatase and brookite which is difficult to acquire. 

Anatase is the preferred form for solar cell and electronic applications.89 There are a 

number of factors that account for this such as a conduction band which 0.2 V more 

negative than rutile so higher open circuit voltages are achievable, the diffusion coefficient 

of the conduction band electrons is lower in rutile titania and anatase demonstrates higher 

photocatalytic activity.89 Anatase titania is primarily used as a mesoporous nanoparticle 

film as its synthesis is well practiced in the literature, it has high surface area and binds 

readily to the dye molecules. Some work has been done incorporating more complicated 1-

dimensional structures such as nanowires, nanotubes and nanorods as shown in Figure 1.21, 

which have been seen to improve light harvesting efficiency, extend electron lifetimes and 

desirable electron extraction.90, 91  

 

These structures provided clear improvement in energy conversion efficiencies, however 

they also can substantially increase the costs and complexity of cell construction.90 The 

main strength of DSSCs is their low cost and high throughput of manufacturing. Unless 

their efficiencies can be improved to the point of competition with silicon, CIGS and multi-

junction solar cells the costs must be kept to a minimum. 
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Figure 1.21 SEM images of titania nanostructures. a) nanowires,90 b) nanotube 91 and c) nanorods.90 
 

The work in this thesis follows on this path of providing more complex structures of titania 

to improve the light harvesting and energy conversion efficiency of DSSCs. Silica has been 

shown to be capable of improving DSSC efficiency when used as a scattering centre despite 

its insulating properties.92 Herein we utilise the natural 3-dimensional structure of the silica 

diatom frustule as a scaffold for hierarchical 3-dimensional structures of titania by coating 

the diatom frustules with titania nanoparticles. These structures can then be incorporated 

into the standard DSSC as the photoanode, improving light harvesting and DSSC 

efficiency. 
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2 Introduction to Series of Papers 

It is evident from the literature review (Chapter 1) that DSSC’s represent a promising field 

of solar technology with the potential to rival and surpass the crystalline silicon solar cell in 

economic viability. The investigation to improve the efficiency of DSSC’s will be 

presented in the following papers. First are three papers showing the development of an 

optimal and universally applicable method for the functionalisation of diatom frustules. The 

method is centred around the plasma pre-treatment of the frustules and slow 

reduction/oxidation/hydrolysis of the desired material. Initially the diatoms were coated 

with titania using two different binding agents, citric acid (CA) and poly-4-vinyl pyridine 

(P4VP). CA and P4VP were used as both are non toxic substances that have been 

successfully applied in similar procedures involving particle immobilisation and titania 

coatings. In the second paper the method was further developed by removing the need for 

binding agents, which is advantageous when electron diffusion rates are vital to 

efficiencies, and binding agents do not typically provide an efficient path for electron 

travel. This result not only further develops the functionalisation method but has the 

potential to improve the final efficiencies of the solar cells. It has been previously shown 

that localised surface plasmons from silver nanoparticles have improved DSSC 

performance by allowing for thinner photoanodes due to improved optical absorption by the 

dye.40 Finally in the third paper the method was shown to be effective for both silver and 

magnetite without the need for binding agents. The main aspect appears to be the slow 

reduction/oxidation/hydrolysis of the material, as in the case for silver, there is a required 

intermediate step of going through silver oxide. If a stronger reducing agent than glucose 

was used, i.e hydrazine, the method was ineffective. When forming magnetite on the 

surface, oxidation is carried out by bubbling argon through a dilute solution of ammonia 
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and into the reaction vessel.  This resulted in the formation of a three dimensional 

ferromagnetic material. The versatility of the general approach has been shown and it was 

tested with titania to see if the binding agents could be removed.  

 

The N3 ruthenium dye was synthesised via microwave irradiation improving the synthesis 

time substantially. A major waste stream in dimethylformamide (DMF) was removed from 

the reaction and replaced with water, along with no longer requiring long refluxing times 

and pH controlled precipitation. Through this improved synthetic route the cost of dye 

manufacturing can be greatly reduced and output volume can be improved, which impacts 

on the total cost and viability of the cell in being commercially competitive.  

 

Due to silica’s insulating properties alone, its direct incorporation into DSSC’s would result 

in poor efficiencies, for this reason it was required to coat the diatom frustules with a more 

technologically relevant material like titania. The method optimised in the first three papers 

proved highly effective for titania as presented in the fifth paper. It was carried out in a 

similar way to the magnetite such that hydrated air was bubbled through the reaction vessel 

instead of ammonia. The resulting coated frustules showed a much more complete coating 

than that achieved in the first paper, and with the removal of the binding agents these 

frustules are much more suitable for DSSC applications. A standard cell design using 

titania nanoparticles was used for comparison with the cells incorporating the titania coated 

frustules. The results of testing these cells showed the diatom frustules were a feasible 

addition to DSSC’s substantially improving efficiency.  
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2.1 Controlling anatase coating of diatom frustules by varying the binding 

layer 

Under standard conditions it was seen that silica frustules did not form consistent titania 

coatings independently in ethanol or in water. For this reason binding layers were utilised 

in an effort to control the mechanism in which titania bound to silica, and achieve a titania 

coated frustule that maintained its three dimensional ordered porous structures. CA has 

been previously used to form thin film titania coated silica nanospheres, and was therefore 

well suited as a binder.93 P4VP had shown its ability to immobilise gold nanoparticles to 

the silica surface of the diatom frustule, so was therefore seen as having potential for the 

this application.67  

 

It was shown that CA formed a thin film coating of titania over the surface of the frustule 

while P4VP immobilised small titania particles. CA is believed to undergo hydrogen 

bonding via the hydroxyl groups of both silica and CA. P4VP interacts with the silica 

surface through silanol hydrogen bonding via the pyridyl groups. Concentration is an 

integral parameter, if the concentration of the binding materials is too low there will be 

insufficient exposed functional groups to bind with titania, and if too high while cover the 

pores destroying the three dimensional structure we are trying to utilise.  

 

SEM, AFM, TEM and XRD were conducted to confirm the manner of the resulting 

coatings. AFM of diatoms was problematic due the curvature of the frustule surface, AFM 

is ideally suited for analysing atomically flat materials. For this reason the ultra high 

vacuum AFM with an attached SEM was utilised. The SEM attachment allowed for 

particular areas of interest of the diatom frustule to be accurately targeted with the AFM tip. 
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AFM allowed for the surface of the frustules to be mapped with a high degree of accuracy, 

showing clearly the change in surface texture with each coating technique. As the diatoms 

surface is naturally rough attributed to the biosilification formation of the frustule involving 

the three dimensional assembly of silica particles, a thin film formed on the surface results 

in a smoothing effect which is easily observed. Particles formed by P4VP are easily 

identified through the use of both SEM and AFM. 

 

Results presented in: 

J. Toster, C. Harnagea, K. S. Iyer, F. Rosei and C. L. Raston, Crystengcomm, 2012, 14, 

3446-3450. 

 

Graphical abstract: 
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2.2 In-situ coating of diatom frustules with silver nanoparticles 

Diatom frustules have been noted as a viable addition to DSSC’s, and it has been shown 

that titania coated silver nanoparticles can improve DSSC efficiency in the standard cell.40  

This enhancement by the silver nanoparticles is attributed to localised surface plasmon 

effects.40 It was hoped that this phenomenon could be carried on to the diatom incorporated 

DSSC. This work shows a proof of concept for the initial stage of acquiring a medium-high 

density decoration of silver nanoparticles on the surface of the diatom frustules. 

 

In this case the plasma treatment is integral and not primarily used as a green cleaning 

process but as a reaction step. The plasma treatment exposes silanol groups on the surface 

of frustules which are able to act as nucleation sites for the formation of silver oxide 

nanoparticles. The silver oxide is readily reduced to silver upon the addition of glucose, 

which was shown to only be an effective reductant in basic conditions. For this reason the 

silver oxide was formed using sodium hydroxide, which both forms the required 

intermediate material and optimises the reaction condition for glucose induced reduction. 

The resulting silver nanoparticle decoration of the frustules was of a medium-high density, 

with no agglomeration and a consistent particle size. 
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Results presented in: 

J. Toster, Q. L. Zhou, K. S. Iyer, F. Rosei, and C. L. Raston, Submitted to Green 

Chemistry.  

 

Graphical abstract: 
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2.3 Superparamagnetic diatom frustules and its applications for waste water 

treatment 

Diatom frustules are benign materials ideally suited for functionalisation as their abundance 

makes them an inexpensive avenue for access to complex three dimensional structures. 

Magnetite was formed on the surface of the silica frustules via the addition of iron (II) 

chloride with iron (III) chloride under basic conditions in the presence of plasma treated 

frustules.  

 

The concentration of iron compounds was kept to a minimum to ensure magnetite 

formation did not interfere with the porous structure of the diatoms. The amount of 

magnetic material was sufficient for the decorated frustules to be easily manipulated via 

external magnetic fields. However the resulting material showed no signs of magnetite 

agglomeration or obstruction of the porous frustule structure despite the absence of a 

stabiliser. 

 

By using a pristine diatom surface and no stabilisers to avoid magnetite agglomeration all 

contaminants are avoided. The material was seen to be effective at adsorbing phosphate 

ions from water at over 9 times the rate that pristine diatomite was observed to. As 

diatomite is commonly used in water filters already, this material has clear applications in 

water treatment for the removal of not only phosphate but also arsenate ions, solubilised 

metals and metal particulates. 
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Results presented in: 

J. Toster, I. Kusumawardani, E. Eroglu, K. S. Iyer, F. Rosei, and C. L. Raston, To be 

submitted 

 

Graphical abstract:  
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2.4 Stereospecific microwave-assisted conversion of a Ru(II)-p-cymene 

complex to a solar cell dye in water 

Microwave irradiation of an aqueous mixture of the Ru(II)-p-cymene complex and 4,4’-

dicarboxy-2,2’-bipyridine affords the intermediate compound cis-dichloro-bis(4,4’-

dicarboxy-2,2’-bipyridine)-ruthenium(II), cis-RuL2Cl2. Further irradiation after the addition 

of potassium isothiocyanate resulted in the formation of exclusively cis-RuL2(NCS)2 also 

known as the N3 ruthenium dye.  

 

The synthesis exchanges DMF as the solvent for water and substantially reduces the full 

work up time from approximately 3 days to less than 3 hours.94 By utilising microwave 

irradiation there is no requirement for long refluxing times, low pressure rotary evaporation 

of DMF or pH controlled precipitation. The dye formed is of a high purity and is easily 

collected by filtration with yields comparable to the 3 day synthesis.  

 

Results presented in: 

S. H. Kristensen, J. Toster, K. S. Iyer and C. L. Raston, New Journal of Chemistry, 2011. 

 

Graphical abstract: 
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2.5 Diatom frustules as light traps enhance DSSC efficiency 

Although silica frustules did not form consistent titania layers independently in water and 

ethanol, it was observed that once plasma cleaned, and with the slow hydrolysation of 

titanium (IV) isopropoxide in hexane a layer of titania nanoparticles were formed on the 

surface. This allowed the titania coated diatoms to be directly incorporated into the standard 

DSSC structure.  

 

The three dimensional porous structure of the diatom frustule was observed to improve the 

efficiency of the solar cells. This is attributed to an enhanced scattering and trapping of the 

incident photons. The structure of the frustule allows it to behave as a photonic crystal and 

manipulate the flow of light through the organism. This can be utilised in the solar cells, as 

the light strikes the frustule surface the pores cause multiple reflections increasing the 

likelihood of photons being absorbed by the dye and generating an electron.  

 

Multiple coatings were required to achieve an improvement in light harvesting efficiency, 

with three layers proving to be optimal. Multiple coatings led to more continuous electron 

pathways reducing recombination and improving efficiency. After a single coating there are 

areas in which the titania layer is not complete, and due to the poor conductivity properties 

of silica, these areas would be responsible for high levels of recombination. For this reason 

it was important to ensure the complete coverage and interconnectivity of the silica 

frustules by increasing the quantity of titania nanoparticles.  
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Results presented in: 

J. Toster, K. S. Iyer, W. Xiang, F. Rosei, L. Spiccia and C. L. Raston, Nanoscale, 2013, 5, 

873-876. 

 

Graphical abstract: 
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3 Series of Papers 

3.1 Controlling anatase coating of diatom frustules by varying the binding 

layer 
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3.2 In-situ coating of diatom frustules with silver nanoparticles 
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3.3 Superparamagnetic diatom frustules and its applications for waste water 
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4 Conclusion and Future Work 

A green, facile and widely available technique for improving the efficiency of DSSC’s has 

been developed utilising the three dimensional porous structure of the diatom. All 

processing is done using simple benchtop techniques, with no requirements for high 

temperature refluxing, low pressure evaporation, toxic solvents or reagents. The final 

material formed had a complete coating of titania nanoparticles of less than 20 nm in size, 

providing efficient inter-particle contact throughout each frustule and a high level of 

interconnectivity between other frustules, resulting in a 30% improvement compared to a 

standard cell. 

 

Dye Synthesis 

The microwave synthesis of N3 dye in under three hours with far more benign solvents 

than the generally accepted method is an exciting step forward for the future production of 

the photosensitive dyes, which aids in the mass production of DSSC’s. By increasing the 

temperature of the reaction, control was achieved over the isomer ratio, at 150°C the trans 

isomer was formed at 160°C both were formed until at 170°C the cis isomer was formed. 

While the reaction temperature was seen to strongly effect the isomers formed, it was 

shown that with increasing microwave times, yields could be improved at a linear rate until 

peaking at approximately an hour. The yields provided by this technique are substantially 

lower than from the yields reported for the standard technique using DMF. Much of this 

can be attributed to the scale of material used, for example in a synthesis published by 

Nazeeruddin and Grätzel 5.23 g of ruthenium starting material was used and 9.52 g of 

dcbpy, while this work reports 49.9 mg and 70.6 mg for the respective compounds.94 This 

resulted in comparative efficiencies of 73% and 54%, where transference losses, especially 

75 
 



with an intermediate material which is weighed and analysed, represent a much greater 

proportion of the microwave synthesis sample. It would be advantageous to repeat this 

synthesis on a much larger scale so as to get a more accurate measure of the overall yield. 

 

As well as improving the yield it is important to test the viability of this synthesis technique 

with other common dyes such as cis-disothiocyanato-(2,2’-bipyridyl-4,4’-dicarboxylic 

acid)-(2,2’-bipyridyl-4,4’-dinonyl) ruthenium(II) (Z907) and triisothiocyanato-(2,2’:6’,6”-

terpyridyl-4,4’,4”-tricarboxylato) ruthenium(II) tris(tetra-butylammonium) (black dye). 

With this we can see if the use of microwave irradiation can be broadly applied to a wide 

range of dyes, or is exclusively effective for the synthesis of N3. The use of microwaves for 

organic synthesis has been developing since the 1970’s, and with their ability to greatly 

simplify the synthetic procedures of dyes, both ruthenium and organic, this technique could 

prove to be highly beneficial to the DSSC industry.95 A current issue with microwave 

processing is low output volumes, for this reason it would be interesting to test the 

possibility of using continuous flow microwave reactors to try and improve the industrial 

viability. 

 

Titania Coatings with Binding Layers 

The coating procedures utilised for the diatom frustule involving CA and P4VP showed a 

high level of control over the form of the resulting structures. The plasma treatment of the 

frustules aided in exposing the frustule surface, playing an important role along with 

concentrations of the binding agents, in achieving consistent coatings of P4VP and CA. 

Controlling the surface chemistry is a simple way to control the surface properties, and it 

would be advantageous to see the effect these binding layers have on other materials. It is 
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well known that P4VP can form gold nanoparticles on the surface of a diatom frustule, in 

the future it would be beneficial to see what other materials can be immobilised by these 

binding layers.67 Materials to test would include palladium, platinum and silver, which 

could be advantageous for applications in gas sensing, catalysis and biomedical fields 

respectively.  

 

Incorporating the titania coated frustules formed using CA and P4VP as binding layers into 

the DSSC design resulted in very poor efficiencies. The thin film formed using CA showed 

very little dye absorption, as the colour of the photoanode did not change after 24 hours of 

exposure to the N3 dye. The particle layer formed using P4VP showed initially more 

promise as the there was a small colour change however efficiencies using this material 

could not surpass 0.1%. The reason particles are generally used for the photoanode of the 

solar cells is that nanoparticles have a high surface area for dye binding, and that the 

particles aid in scattering the light. The thin film will be severely lacking in surface area 

compared to its particle counterpart, and this may explain the much lower dye take up. It 

should be noted that the silica frustules independent of titania showed no indication of dye 

absorption. The particle formation via P4VP did achieve a recognisable IV curve, however 

all efficiencies calculated were as stated previously, below 0.1%. It is likely that the titania 

coating is not thick or complete enough resulting in substantial recombination, severely 

hindering efficiency. For this reason a new technique was developed for coating diatom 

frustules with titania nanoparticles. As could be observed in the TEM of the particle coated 

frustule samples from paper 2 (supplementary info) and paper 3, the coating after a single 

cycle is much thicker and complete utilising the new technique from paper 3, “diatom 

frustules as light traps enhance DSSC efficiency”.  
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Diatom Incorporation into Cells 

It became apparent that although a single cycle was effective, the efficiency could be 

greatly improved with subsequent cycles. However, although three cycles of titania 

coatings provided the greatest efficiency it is unlikely that this is optimal. As is apparent in 

the TEM images of the three cycle samples, some of the porous three dimensional 

structures of the diatom frustules have been engulfed, filling the porous structure. The 

improvement in efficiency from two cycles to three is likely due to an increase in frustule 

interconnectivity, reducing recombination, however this advantage is likely countered to 

some degree, due to the loss of the frustule structure, which will affect light trapping and 

scattering. In future work, an adjustment to the titanium (IV) isopropoxide concentration in 

the diatom hexane suspension would be made. By optimising this procedure, further 

improvements to DSSC efficiency could be easily attained.  

 

It should be noted that the diatom sample used was of a mixed cluster of different species 

acquired from a diatomaceous earth mine in Queensland. Many of the frustules are 

fractured, of varying sizes and shapes. Whether the variation in size and shape is 

advantageous to cell efficiency by improving the stacking and interconnectivity of the 

frustules is unknown. It would be of interest to conduct the same experiments with a known 

sample, of a single species and of a particular size. Comparing the efficiencies of different 

species and analysing which structure is the most efficient for light harvesting could 

provide insight for the design and construction of future cells of all types. 
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Testing different dye molecules on this design would be an important step to show the 

flexibility of the diatom incorporated solar cells. As well as trialling other known 

photoanodes such as ZnO, SnO2 and Nb2O5 as the coating material for the frustule scaffold. 

One of these other materials may provide superior coatings of the frustules, allowing the 

porous structure to remain largely unaffected while still accomplishing a high 

interconnectivity throughout. The higher electron mobility of ZnO may be more suitable 

when coated onto the hierarchical porous structure of the diatom, where the major issue is 

most likely recombination in areas of poor electron pathway continuity. The higher electron 

mobility may result in a higher percentage of electrons getting to the anode before 

recombination can occur, however as stated previously, more suitable dyes are still required 

for ZnO to be competitive with titania. 

 

To truly test the viability of the diatom incorporation from a commercial perspective it 

would be important to analyse their suitability with solid state and quasi solid state 

electrolytes. The solid state and quasi solid state electrolytes are at the moment the most 

important change to the standard DSSC design. The improved lifetimes they have 

accomplished have made them viable for use in the public sector for private use. An 

increase to efficiency as the frustules provide is of little use if they are not compatible with 

the current optimal electrolyte design, making this testing of high significance. 

 

Silver Decoration 

The decoration of the diatom frustule with 10-20 nm silver nanoparticles was accomplished 

through the use of a green synthesis route using, silver nitrate, sodium hydroxide and 

glucose. There was no need for high temperature conditions, binding agents or any form of 
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process intensification. Even the cleaning of the diatom frustules was done through the use 

of a plasma chamber, rather than the typical piranha solution or acid wash. The result is a 

very clean, safe and effective synthesis method for the decoration of diatom frustules with 

silver nanoparticles. 

 

It was noted that the surface effect that the plasma treatment endowed onto the frustules 

was temporary and the more expedient the interaction with silver nitrate solution the more 

effective the decoration. However if the sample was not oxidised through the use of sodium 

hydroxide but rather directly reduced (with hydrazine hydrate, as glucose is only effective 

in basic conditions), no decoration was observed, only agglomeration. It would be of 

interest to try other bases and reducing agents to test the effect they would have on the 

decoration density, particle size and distribution as well as the form of the decoration, i.e. 

film or particles. As well as optimising the amount of glucose used as currently it is applied 

in excess and requires substantial cleaning via centrifugation, post reduction. Although 

glucose is economical, benign and the washing is a simple method, optimising the quantity 

utilised would be easily accomplished and would ensure the process was as efficient as 

possible with little waste. 

 

The next step in the current experimental path would be to test the effectiveness of the 

silver nanoparticles in the diatom incorporated DSSC’s. Qi et. al. stated that the localised 

surface plasmons arising from the silver/titania increase dye absorption, which allows 

thinner photoanodes, resulting in less recombination and back reaction of photocarriers.40 It 

would have to be tested if the advantages still occur when the silver is bound directly to the 

silica as is the case in paper 4. Or if the silica needs to be coated with a thin film of titania 
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as was achieved in paper 2 with CA. Or does the improved dye absorption only occur when 

the silver nanoparticles are coated with titania prior to attachment to the diatom frustule. It 

would also be worth investigating if the increased thickness of titania, i.e. layers 2, 3 and 4, 

interfere with the ability of the localised surface plasmons of the silver nanoparticles to 

enhance dye absorption. 

 

 

Magnetite Coating 

The frustules were successfully coated with magnetite nanoparticles up 20 nm in size using 

a facile synthesis procedure and ammonia as the base. By mixing the cleaned diatom 

frustules with the Fe2+/3+ solution and then slowly bubbling argon gas through a solution of 

ammonia and then into the mixture, a complete coating of magnetite was bound to the 

surface of the frustules. This method without the frustules, typically does not yield stable 

nanoparticles of this size, as agglomeration becomes a substantial problem, resulting in the 

need for a stabiliser which is not the case here.  

 

It was noted that in some cases when the Fe2+/3+ and frustule mixture had not been purged 

for sufficient time a brown magnetic substance would attach to the diatoms instead of black 

magnetite. This was easily rectified, but upon analysis of all samples using the 

superconducting quantum interference device (SQuID), this particular material had unusual 

results, with an incredibly large closing point for its hysteresis loop, around 40,000 Oe 

opposed to the normal 2000-3000 Oe, for the 5 K scan. It should be trialled to see if these 

results can be further analysed in more detail, identifying the actual material formed and the 

reason for the unusual results.  
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Although the magnetite coated frustules were tested for their ability to remove nitrate from 

water, magnetite and other iron oxide compounds are generally well suited to the removal 

of arsenic.96 Zero-valent iron nanoparticles have been shown to be the optimal iron material 

for nitrate removal.97 Due to time constraints, it was not possible to perform the arsenic 

removal tests only a proof of concept with nitrate removal. It would be beneficial to test the 

materials water purifying capabilities in its optimum setting, as many styles of filters 

already make use of diatomaceous earth (frustules) it would be a simple alteration of 

coating them with magnetite prior to constructing the filter. 

 

Overall 

Herein it has been shown that the incorporation of the diatom frustule into the basic DSSC 

design has resulted in a 30% improvement to efficiency. It was observed that the frustules 

had to be heavily coated with titania to ensure conductivity and interconnectivity between 

independent frustules, for an effective cell. The flexibility of the frustules with regard to 

functionalisation has been shown, they were easily coated with titania both particles and a 

thin film, which could be controlled by the binding layer used, as well as silver and 

magnetite which did not require a binding layer. Due to time constraints it was not possible 

to acquire information on the loading ratio of the frustules with their relevant coatings. It 

would have been beneficial to test if this could be optimised to improve the efficacy of the 

material for its particular tasks. Overall the three dimensional porous structure of the 

diatom frustule has shown not only that it can be effectively incorporated into solar cells, 

but that it has potential in other fields such as biomedical and water purification. The scene 
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is set to take the fundamental studies herein into applications of diatoms as a readily 

available and renewable feedstock, in developing progressive technologies for the future. 
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by varying the binding layer” by J. Toster, C. Harnagea, K. S. Iyer, F. Rosei and C. 

L. Raston, Crystengcomm, 2012, 14, 3446-3450. 
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efficiency” by J. Toster, K. S. Iyer, W. Xiang, F. Rosei, L. Spiccia and C. L. Raston, 

Nanoscale, 2013, 5, 873-876. 
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5.1 Appendix A 
Electronic Supplementary Information 

Controlling Anatase Coating of Diatom Frustules by Varying 
the Binding Layer 

Electronic Supporting Information 

AFM : 

P4VP        

Before heat treatment      Post heat treatment (450oC) 

 

 

 

 

 

 

 

 

XRD: 

Diatoms only. 
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Titania coated diatoms.  

Before heat treatment 

 

 

 

 

 

 

 

 

Citric Acid Technique 

P4VP 
 

86 
 



Post heat treatment 

 

 

Peaks correspond to known peaks for anatase1 

2θ = 25.40° (101), 2θ = 48.12° (200), 2θ = 54.12° (200)  

The large noise is likely due to the small amount of titania relative to silica, which is 
particularly evident in the citric acid pattern, where only the main peak at 25.25o is 
observed. 

The broad peak at 2θ = 20° present before  heat treatment XRD pattern is associated with 
the amorphous silica of the diatom frustule as shown in the first presented XRD pattern. 

Citric Acid Technique 

P4VP 
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Scherrer Equation: 

D=0.9λ/∆cosθ 

λ = 0.154 nm 

∆ (2θ) = 0.44° 

∆ (rad)= 0.00384 rad 

2θ = 25.4° 

θ = 12.7° 

D = (0.9x0.154)/(0.00384xcos(12.7)) 

D = 36.4 nm 

 

 

 

EDS:  

 Titania coated diatoms citric acid method 
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P4VP method 

    

 EDS confirmed the presence of titanium on the silica surface of the diatom frustules. When 
combined with XRD, which confirmed the presence of anatase titania, it can be inferred 
that the titanium peaks are representative of anatase titania. 

 

Control Experiment 
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Control experiment: 

Nitrogen was bubbled through a dispersion of plasma cleaned diatoms (15 mg) in ethanol 
(15 mL) for 15 minutes. Titanium(IV) isopropoxide was added (50 µL) and mixed for 15 
minutes in air. The coated diatom frustules were then centrifuged and collected. 

SEM shows uncontrolled attachment of titania with large particles obstructing the pores of 
the frustules. 
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TEM: 

Citric acid method 

 

P4VP method 

 

Pristine Diatom 
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TEM of the pristine diatoms show clear similarities to the titania coated diatoms made via 
both methods. It was for this reason that TEM was not seen as the most reliable tool for the 
analysis. 
 
 
 
FT-IR: 

Citric acid coated diatom 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Citric acid coated diatom with titania 
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P4VP coated diatom 

The FT-IR was expected to show three main absorption bands at about 1099, 950 and 470 
cm-1. The band at 1099 is consistent with the Si-O stretching mode, which is present 
throughout the silica diatoms. The band at 950 cm-1 could be assigned of Ti-O-Si stretching 
mode, however can not clearly be observed due to the masking by the Si-O stretching band 

P4VP coated diatom with titania 
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at 1099 cm-1. The band at 470 cm-1 can be assigned of the Ti-O stretching or the Si-O 
bending modes.2, 3 
 
 
 
Heat Treatments: 
120°C stabilisation: 
Polymer coated samples were placed in an oven that was already at 120°C resulting in the 
sample quickly reaching this temperature. The sample was then maintained at this 
temperature for four hours after which it was removed and left to cool to room temperature 
covered on the benchtop. 
 
450°C anatase conversion: 
The samples were placed into a furnace at 200°C and this temperature was ramped up to 
450°C over approximately 30 minutes. It was then left at this temperature for at least four 
hours to ensure complete conversion to anatase. 
 
 
1. Porkodi, K.; Arokiamary, S. D., Synthesis and spectroscopic characterization of 
nanostructured anatase titania: A photocatalyst. Materials Characterization 2007, 58, (6), 
495-503. 
2. Bertaux, J.; Frohlich, F.; Ildefonse, P., Multicomponent analysis of FTIR spectra: 
Quantification of amorphous and crystallized mineral phases in synthetic and natural 
sediments. Journal of Sedimentary Research 1998, 68, (3), 440-447. 
3. Xu, L. P.; Zhao, Y. X.; Wu, Z. G.; Liu, D. S., A new method for preparing Ti-Si 
mixed oxides. Chinese Chemical Letters 2003, 14, (11), 1159-1162. 
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5.2 Appendix B 
Electronic Supplementary Information 

In-situ coating of diatom frustules with silver nanoparticles 

 

Jeremiah Toster,a K. Swaminathan Iyer,a Federico Rosei,b and Colin L. Raston*,c 

 

a Centre for Strategic Nano-fabrication, School of Biomedical, Biomolecular and Chemical 

Sciences, University Of Western Australia, Crawley, WA-6009, Australia.  

b Centre Energie, Materiaux et Telecommunications, Institut National de la Recherche 

Scientifique,  1650 Boul. Lionel Boulet, J3X1S2, Varennes (QC) Canada. 

c School of Chemical and Physical Sciences, Flinders University, Bedford Park, SA 5042, 
Australia. 

 

Materials and Methods 

Diatom frustules (supplied by Mt Silvia Diatomite) were cleaned by a plasma treatment on 

the GaLa Plasma Prep 5 air plasma chamber, by applying a frequency of 40 kHz for 5 

minutes at a power setting of 110 W, then agitated to expose untreated regions and then 

similarly treated again two more times. A solution of silver nitrate (0.005 M, 4 mL, AGR 

Matthey) was prepared and freshly plasma cleaned diatom frustules (10 mg) were added 

and shaken for 10 seconds, dispersing the silver ions throughout the solution. A Sodium 

hydroxide (Sigma Aldrich) solution was made up of concentration 0.5M and 70 µL was 

added to improve the reduction effectiveness of glucose and form silver oxide which bound 

to the surface and could be easily reduced. D(+)Glucose (500 mg, Ajax Chemicals) was 
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added to reduce the silver oxide to elemental silver, forming 10-20 nm particles after a few 

minutes of vigorous mixing, as seen in Figure 2. The material had to be washed several 

times with milli Q water by centrifugation to remove all the glucose and nitrate ions. This 

allowed the material to be characterised by SEM and transmission electron microscopy 

(TEM). 

 

Frustule Coating Test 1 : Silver ion attachment 

 

TEM of diatom frustule which was plasma treated, and then combined with a solution of 

0.005 M silver nitrate for 30 minutes. The sample was then centrifuged at approximately 

1900 g and then redispersed in 5 ml of milli Q water.  NaOH was added and then glucose to 

reduce and AgO to elemental Ag. The result shows no silver presence, indicating that the 

silver ions to not bind to the silica surface. 
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Frustule Coating Test 2 : Pre silver nanoparticles 

 

TEM of diatom frustule which was plasma treated, and then combined with a suspension of 

previously prepared silver nanoparticles.  The silver nanoparticles were made in the same 

manner, 4 mL of 0.005 M AgNO3 had 70 µL of 0.5 M NaOH added to it and then 500 mg 

of glucose. The silver nanopartcles were then washed via centrifugation at approximately 

1900 g and combined with 10 mg of plasma cleaned diatom frustules. The results show the 

treated silica surface is not very effective at binding to already formed silver nanoparticles. 
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Frustule Coating Test 3 : Base added to form silver oxide 

 

TEM of diatom frustule which was plasma treated, and then combined with 4 mL of 0.005 

M silver nitrate. NaOH was then added to the material resulting in the precipitation of silver 

oxide particles on the surface, no glucose was added for reduction. The results show that 

the silver material  binds to the surface of the silica frustule at the silver oxide precipitation 

step.  
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XRD of silver coated diatoms 

 

XRD of diatom frustules coated with silver nanopartices showing the characteristic peaks 

of elemental silver accompanied by their respective miller indices.  

Scherrer equation: 

d = 0.9λ/∆cosθ  

∆ = 0.74° = 0.013 rad 

θ = 37.91/2  = 18.96° 

λ = 0.154 nm  

d = 10.8 nm  

(111
) 

(200
) 

(220
) 

(311
) 

(222
) 
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5.3 Appendix C 
Electronic Supplementary Information 

Superparamagnetic diatom frustules and its applications for 
waste water treatment 

 

Jeremiah Toster, Izella Kusumawardani, Ela Eroglu, Colin L. Raston, Federico Rosei, and 

K. Swaminathan Iyer* 

 

Experimental Details 

A sample of diatoms (approx 80 mg) is exposed to an air plasma source at a frequency of 

40 kHz at 110 W for five three minute periods with agitation in after each ion 

bombardment. A stock solution was made up comprising 35 mg of FeCl2.4H2O and 87.5 

mg of FeCl3.6H2O in 200 mL of milli Q water that has been purged with argon for at least 5 

minutes. The stock solution is purged while the Fe2+/3+ solution is mixed for a further 5 

minutes. 40 mL of the stock solution is collected and kept under argon while 40 mg of 

plasma cleaned diatoms is added to this Fe2+/3+ solution. The diatom Fe2+/3+ suspension is 

kept under argon for a further 5 minutes to ensure all oxygen is removed from the system.  

A solution of ammonia is made up with 5 mL of 30% ammonia added to 95 mL of DI water 

in a round bottom flask. Argon is bubbled through the ammonia solution and into the 

diatom/Fe2+/3+ suspension instigating the precipitation of magnetite nanoparticles. 
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XRD 

 

Powder XRD pattern for magnetite coated diatom frustules showing the Miller indices for 

each peak. The broad hump at around 20 is typical of the amorphous silica of diatomaceous 

earth. 

 

Scherrer Equation: 

d=0.9λ/∆cosθ 

∆ = 0.896 = 0.01564 rad 

θ = 36.44/2 = 17.72 

λ = 0.154 

d = 20.6 nm 

 

 

(220) 

(311) 

(400) 

(422) 

(511) 

(440) 
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FT-IR 

 

FT-IR showing no characteristic stretching bands for Si-O-Fe at around 900 cm-1 or 680 

cm-1. 
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5.4 Appendix D 
Electronic Supplementary Information 

Stereospecific microwave assisted conversion of a Ru(II)-p-
cymene Complex to a solar cell dye in water 

Stine H. Kristensena, Jeremiah Tosterb, Swaminathan Iyer*b and Colin Raston*b 

ab Centre for Strategic Nano-Fabrication,  The University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia. 

 Fax: (618) 64881005; Tel: (618) 64883045; E-mail: colin.raston@uwa.edu.au 

 

1. Detailed Method         
 S2 

 

2. Allocated 1H NMR spectra of cis-RuL2NCS2.     
 S3 

 

3. Mass Spec of cis-RuL2NCS2.         
 S4 

 

4. 1H NMR spectra of cis-RuL2Cl2 (intermediate compound).    
 S5 

 

5. UV/Vis spectra of cis-RuL2Cl2.       
 S6 
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Detailed Method: 

 CEM Discover Benchmate microwave unit was used for all microwave reactions. KNCS, 
The Ru(II)-p-cymene metal precursor, Scheme 1, and 4,4’-dicarboxylic acid-2,2’-
bipyridine (dcbp) were all used as supplied by Dyesol. Hydrochloric acid (HCl) 32% 
supplied by Ajax Finechem was used as received. Analysis was carried out using the Perkin 
Elmer Spectrum One FTIR, the Varian Cary 50 UV-Vis and the Varian 400 HNMR 
spectrometer. 

Ru-p-cymene (0.081mmol) and dcbpy (0.287mmol) were mixed in a solution of 1.5 mL 
H2O and 1.5 mL HCl (32%) in a pressurised microwave vial. The solution was heated to 
170°C using microwave heating for 60 minutes with a power of 300 W and a pressure of 10 
bar. After cooling the solution, a black powder was isolated by suction filtration and 
washed with water. 

The next step in the synthesis of cis-RuL2(NCS)2 was to substitute the chloride ions with 
thiocyante ions. The cis-RuL2Cl2 complex(0.19mmol) and KNCS (1.31mmol) were mixed 
in 3 mL H2O, and the solution was heated to 170°C and irradiated with microwaves for 30 
minutes with a power of 300 W and 10 bar. After cooling a black powder was vaccuum 
filtered and washed with water.  
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Proton δ(H)/ppm 

1 9.36 

2 8.03 

3 8.76 

4 7.62 

5 7.33 

6 8.57 

Figure 3: H NMR of cis-RuL2(NCS)2 
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Figure 1: Cis-RuL2(NCS)2 Ruthenium Dye Figure 2: table of 1H NMR chemical shifts 
with proton allocation. 
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Figure 4: Mass Spec of cis-RuL2(NCS)2 

Figure 5: Mass Spec of cis-RuL2(NCS)2 
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Figure 6: 1H NMR of  cis-RuL2Cl2 

Figure 7: 1H NMR of  cis-RuL2Cl2 
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Figure 8: UV/Vis Spectra of cis-RuL2Cl2. 
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5.5 Appendix E 
Electronic Supplementary Information 

Diatom Frustules as Light Traps Enhance DSSC Efficiency  

 

Jeremiah Toster,† K. Swaminathan Iyer,† Wanchun Xiang,┴ Federico Rosei,‡ Leone 

Spiccia┴ and Colin L. Raston*,† 

 
†Centre for Strategic Nano-Fabrication, School of Chemistry and Biochemistry, The University of Western 

Australia, Crawley, WA-6009, Australia. 

‡National de la Recherche Scientifique, Université du Quebec, 1650 Boul. Lionel Boulet, J3X1S2, Varennes 

(QC) Canada 

┴School of Chemistry and ARC Centre of Excellence for Electromaterials Science, Monash University 3800 

Victoria Australia 

 

Materials and Method 

Diatoms (80 mg) were plasma treated by exposing them to an air plasma source at a frequency of 40 kHz at 110 

W for three five minute periods, with agitation between each ion bombardment. Hexane (100 mL) was bubbled 

with argon for 10 minutes and titanium(IV) isopropoxide (200 µL) was added. The plasma treated diatoms were 

then added to the hexane titanium(IV) isopropoxide solution and mixed open to air. Hydrolysis was carried out by 

pumping hydrated air into the solution until it went white. Subsequently the frustules were calcined at 500°C for 

four hours, resulting in surface bound anatase nanoparticles <20 nm in diameter. The process was then repeated to 

increase the thickness and connectivity of the titania coating.  

Titania coated diatoms were calcined at 500°C for 4 hours and made into a paste by mixing with ethyl cellulose 

and terpineol (2:1:7 diatom/titania:ethyl cellulose:terpineol). The paste was screen printed onto FTO glass and 

calcined at 500°C for 2 hours. The working electrode was immersed into a solution of the N719 ruthenium dye 

overnight and then washed with ethanol, sealed to a platinum counter electrode and back filled with the iodide/tri-

iodide electrolyte. 
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Cell Assembly 

A mixture of terpineol (28 mL) and ethyl cellulose (3.9956 g) was added to the diatom titania samples in a ratio of 

4:1. Each sample was screen printed onto a 0.16 cm2 active area and heated to 120°C for 6 minutes, and then a 

second layer was printed. This was sintered at 500°C for 2 hours then submerged in a solution of 1 mL TiCl4 (2M) 

and 49 mL of H2O for 30 minutes at 70°C. The cell was then washed with ethanol and water and allowed to cool to 

70°C before immersion into the N719 dye solution for 24 hours. The platinum counter electrode was made by 

drilling a hole in cleaned FTO glass and dropping H2PtCl6 to cover the surface of the glass and heating to 450°C for 

15 minutes. After sealing, the working and counter electrodes together with the iodide/tri-iodide electrolyte was 

added through the drill hole and dispersed through the cell by putting under vacuum. The drill hole was then sealed 

using a cover slip and sealant, then the exposed glass was soldered to increase conductivity and to connect wires to 

the working and counter electrodes. 
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AFM analysis 

 

SEM targeting of AFM tip onto the surface of 

the diatom frustule. 

 

 

 

 

 

 

 

 

 

 

AFM of untreated diatom frustule 

 

 

 

 

 

 

 

 

 

 

 

  2 µm 
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AFM of diatom frustules after single titania 

coating cycle. 

 

XRD 

(101) 

(004) (200) 

(105) (211) 

(118) 
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From the XRD (after 1 cycle and calcination at 500°C for four hours) it was established that the titania is in the 

anatase phase, evident by the primary anatase (101) peak at 25.3° and the absence of the rutile (110) peak around 

27°.  

D=0.9λ/∆cosθ 

λ = 0.154 nm ∆ = 0.008366 rad θ = 12.65° 

D=16.6 nm 

 

IPCE 

 

The IPCE data shows the titania only sample being less efficient than titania coated diatoms after 2, 3 and 4 cycles. 
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