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ABSTRACT

Nanostructured calcium silicate (NCaSil) had preslg been found to be photoactive and mildly
semiconducting. Its use in solar cells was inves#id in this project. Many different types of solar
cells exist. Most common on the market are silibased cells, which generate charge separation
through electric fields ap/n junctions. Over the last decade, dye-sensitisdéal s@lls (DSSCs)
have been heavily researched. DSSCs depend oriedfetectron/hole separation at the dye and
efficient transfer to the electron- and hole-corthgcmaterials. An older and little-researched form
of cells is the photogalvanic cell, of which theme two forms. One contains a semiconducting
material, whereas the other comprises of either @nigvo redox couples, in which at least one
species is photoactive. An example of the lattemfof cell is the iodide/triiodide redox couple,
which is commonly the electrolyte of choice in DSSG@Gnd semiconductor-containing

photogalvanic cells.

This project predominantly investigated the usé&GfaSil in conjunction with the iodide/triiodide

redox couple and its use in solar cells. The ptogscertained that, when used with the
iodidef/triiodide, the NCaSil did not act as a semutucting material (either as in a DSSC or
semiconductor photogalvanic cell). Rather iodidiedide’s photogalvanic process dominated the
cell, despite the presence of NCaSil. Furthermtme, addition of the stable NCaSils to the
iodide/triiodide (with 5 wt% CaG) created “soggy sand electrolytes”. These elegslshowed

increased conductivities, despite their higher agsites, due to a synergistic effect. Soggy sand

electrolytes show great promise in the developroéntore solid-like DSSCs.

Furthermore, the project observed that the perfaomaf NCaSil cells was maximized with a 70
wt% ethanol (30 wt% water) solvated electrolytethwli.5 wt% CaGladded to this electrolyte (or 5
wt % CaC} in the water content). When used long-term in gocijion with Reinforced NCaSil, a
gel was formed, which showed promising activityisTactivity was attributed to the interaction of
surface-bound Gato iodine. Similar gels formed from vanadium- atium-treated NCaSil also
showed great cell performance. Cell performance fwdber enhanced by backing the cell with a

reflective or light scattering material, such adldretape.
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GLOSSARY

Dark Current

Donor Number

Fill factor

Incident photon-to-current
conversion efficiency
(IPCE)

Junction

Light path

Maximum power (mp)

Open-circuit voltageYoc

Photogalvanic

Photovoltaic

The dark current is a form of cellffregency and is the current
through a device at a given bias, in the absentighdf It opposes

the photocurrent.

This expresses a molecules abilightre the electron density of its

lone electron pairs,e,, it is a measure of lewis basicity.

The fill factor is a measure of cellrfmmance, and is the & V) at

maximum power, over theg{ x Vo).

The quantum efficiency of photocurrent generatiomfincident

photonsj.e., the number of electrons extracted per incideotquin

A junction is the interface shared by whigo different materials.

The light path is the length, which aimeof light can travel within a
cell.

Power is defined &s(V), thus the maximum power is the

maximum value ofl(x V) the cell is capable of.

The open-circuit voltgate is the difference ofctiieal potential
between two terminals of a device when there isxternal load

connectedI(= 0).

Photogalvanic describes a processtwdainverts light into energy
via an electrochemical process. Charges are phetaichlly

generated in a solution-phase redox couple.

Photovoltaic describes a process wbdietverts light to electricity by

the creation of an electron/hole pair.



Power conversion

efficiency

Short-circuit currentl g

Trap State

The power conversion efficiency is a measure ofalleell
efficiency, which compares the amount of power gt from the

cell relative to the amount of power put in.

The short-circuit current is measured when resctgand potential

approach zero.

A trap state refers to a state of high&wer energy, from in which
an electron might never produce an output, untes®tis a driving

force.



I INTRODUCTION

The increasing demand for energy over the past yitars has resulted in a drive for research into
possible energy sources that are both commerociaélyle and do not create waste products that are
detrimental to the environmelit.it has been projected that, by 2050, worldwidergneonsumption
will increase to approximately 28 TW, from its 20@&el of around 11 TW# With a potential of
approximately 100000 TW, the solar energy thathreadhe Earth’s surface is the largest carbon-free

energy sourc&! which could be harvested with photovoltaic or plyativanic devices.

Current silicon based solar cells on the markesetieon inorganic solid-state junction devices, are
environmentally clean, but expensi¥€® due to large amounts of materials required fodpation,
and generally heavy or cumbersofieThough silicon cells have relatively high reportedwer
conversion efficiencies of between 15 and 2'%he efficiencies achieved in laboratory studies ar
often not conveyed in commercially available apgimns, due to problems with scale up and the

requirement of highly controlled conditioH5.

Silicon-based cells have dominated the photovottaacket for the last fifty years and much rese@sch
still made into enhancing existing systefi$iowever, silicon cells have a theoretical maxinmuower
conversion capacity of less than 29%Alternate forms of cells are thus being heavilgearched,
particularly those using nanomaterials, due toféiveurably small amount of material needed and the

likely associated decrease in cost per watt.

1 Dye-Sensitised Solar Cells (DSSCs)

Dye-sensitised solar cells (DSSCs) are an altemmadi silicon devices and have solid-liquid junogo

So far, relatively high levels of power conversalmove 10 % have been achieved with dye-sensitised
TiO, nanoparticle cellS! but no DSSC has managed to achieve conversioestabtompete with
silicon based cells. For example, the most welMkm®SSC, Graetzel's Cell (a TiOruthenium dye-
sensitised, I/lelectrolyte cell), has been made with a power ecsion efficiency of 12 %% DSSCs

are additionally advantageous in their insensititd temperature changes. It has been shown that
increasing the temperature from 20 to 60 °C hdke léffect on the power conversion of a DSSC,

whereas silicon cells show a decrease in powerarsion of about 20 % under the same conditiths.



DSSCs comprise of three principle components: ht-Bdpsorbing material, an electron-conducting
material and a hole-conducting material. In a nge-sensitised cell, the light absorbing and eleztro
conducting materials are the same. In a dye-seeditiell, it is the dye that absorbs the lightatng

an electron/hole paft? Thus, the efficiency of solar cells depends on:

A. the spectral absorbance of the light-absorbing mahteand the
electron/hole injection efficiency;

B. the electron transport and recombination rateschvhre dependent on the
electron-conducting material; and

C. the hole transport and stability, which is relatedhe hole conductor used.

1.1 Electrical Contacts

1.1.1 Cell Make-up

The three major components (semiconducting matetia@ sensitiser and hole-transporting material)
of a DSSC are sandwiched between two electricaiacts or electrodes. On illumination and creation
of electron/hole pairs, electrons injected intcedectron-conducting material flow through to theda

and return through the cathode creating an exteuraént, which can be used by a load. Once at the
cathode, the electron reduces the oxidised holduwziar, restoring it to its original state (Figuke

The two electrical contacts are predominantly mafdglass coated with either indium tin oxide (ITO)
or fluorine-doped tin oxide (*SnQ). Thin films of etched ZnO:Al on glass have als®eb used for
silicon-based solar celt8 ** Recently, DSSC work has been carried out on plasgictrodes based on

poly(ethylene terephthalatgy!
1.1.2 The Photoelectrode (Anode)

The anode is the electron-conducting electrode, lmésned the photoelectrode as it is the illuminated
electrode. Electron-conducting materials are uguplaced onto the anode in such a way as to
maximise contact. This is usually achieved by dobtading!® ***% screen printindf: ** 2 17 2% gpin
coating®® or sol-gel deposition of dissolved electron-corthgcmaterial together with a bind€r??
The contact and electron-conducting material aeglf(in air at 450 to 500 °C for TiDto sinter the

electron-conducting particles to each other anthéosubstraté® #* 2 Sintering removes the binder



and solvent to create an electronically connectectren-conducting network® This is then usually
immersed in a solution of the light sensitiser watcthe electron-conducting material with the

sensitisef'® 18 291

Photo- . : : . Counter
electrode Electron -Conducting Light -Absorbing Hole-Conducting Electrode

— Material Material Material —

. (d) @ *
@ A

CB <
(b)
VB
Photons .
HOMO ®
| (a) R ||
CB = Conductance Band (©)
VB = Valence Band
HOMO = Highest Occupied Molecular Orbital

* = Excited State - External Current Generated

Figure 1. Generalised Electron and Hole Orbital andCell Movement in DSSCs: (a) Photoexitation of theight-
Absorbing Material; (b) Electron/Hole Pair Photogereration; (c) Movement of the Generated Hole from te HOMO
of the Light-Absorbing Material to the VB of the Hole-Conducting Material via the Transfer of an Electon from the

Latter to the Former; (d) Electron Flow from the Excited State of the Light-Absorbing Material to theCB of the
Electron Conducting Material; (e) Electron Flow Through the Photoelectrode and the External Circuit, R-entering

Through the Counter Electrode; (f) Regeneration othe Hole-Conducting Material.

1.1.3 The Counter Electrode (Cathode)

Both electrodes are exposed to the hole conduattbrei cell?® Interaction between the hole conductor
and the anode is undesirable, as it results inmmbgmation. Thus, interaction at the opposite eteter
(the cathode) must be faster, to make it kinetjcadbre favourable. Because of this, the cathode (fo
example, ITO glass) is usually coated with eitharbon' platinund'® 2% 2% 21or gold[t® & 21
Poly(3,4-ethylenedioxythiophene) (PEDOT) coatgeSRG; glass is also an efficient counter electrode
used in TiQ DSSCH?®! The coating on the cathode catalyses the formatidndide from triiodide,
regenerating the electrolyf®.It has been found that coating the back electro®SSCs with
platinum greatly improves cell performar@2 The cathode is adjusted to accommodate an equitibr
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potential close to that of the hole conductor'seveas the anode (the photoelectrode) is far fram th

equilibrium potential?®’

It is possible that such a coating would not beuregl for cells that do not have iodide/triiodidasked
hole conductors. However, to date, reports of aglisre polymer hole conductors have been used still
required a coating of the cathddfe® 1 22

1.1.4 Plastic Electrodes

A major drawback of using glass electrodes is thaly lack flexibility and are relatively heavy.
Because of this, lighter, impact resistant and nftaeible plastic electrodes based on ITO-coated
poly(ethylene terephthalate) (ITO PET) have beamstigated™® ! The use of flexible electrodes
would also allow DSSCs to be made using a contisuoll-to-roll, high speed coating process and
cells could be made in different shapes for spesitiface$™® The ability to manufacture DSSCs in
continuous steps, as opposed to the batch proeessed with glass, should lower production c&sts.

That such composed cells could simply be lamintigdther has also been considéféd.

So far, ITO PET DSSCs have not been able to compitteequivalent glass cells, but completely
solid-state cells made with ITO PET have been itepaio have achieve power conversion efficiencies
of 5.5 %% A major challenge with plastic electrodes is ttiaty cannot be sintered above 150 °C
without polymer degradation, causing loss of transpcy and shape’ Consequently, there is poor
electrical adhesion between the electron-condugiartjcles, low dye adsorption, and residues of the
binder and solvent remalft! Furthermore, though the PET may be flexible, tmatrystalline
semiconducting materials often are not, and hawen deown to “crack” or peel away from the

conductive substraté’) A possible solution to this is the use of nanosiigeown on the substrafe!
1.2 Light-Absorbing Materials

To increase the range of spectral absorbance, eysitsers have been used and treated onto the
surface of electron-conducting materials as a may®st! (multilayers of dye have been found to be
unhelpful in increasing light harvesting} In DSSCs, it is the sensitising material that absahe
light (photons) and photo-induced charge separatiocurs at the interface between the electron

conductor and “hole” carrief§? This charge separation occurs because, on alsorptia photon,
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electrons are excited from the HOMO to an excitetesin the dye, creating an electron/hole paie Th
electrons move into the electron conductor, andhthle into the hole conductor. For separation at th

sensitiser, the energy of the photon must be grédae the energy of the band gap in the material.

Unlike with silicon cells, which create charge sepian through electric fields present pp and n-
doped electron-conducting material, DSSCs achiénagge separation via kinetic competition (Part |
1.2.1), as in photosynthe&is.

The light-absorbing materials in solar cells mdftiently generate electrons and holes in thecitme
(see above, Figure 1(a) and (BY).Due to the second law of thermodynamics, not nticae 33 %
efficiency can be achieved by a solar converteh witly one pigmeni: 3 3! When only a single
pigments has been used, Ru-based dyes have achie/éést results. The ideal sensitiser would be
able to absorb light at all wavelengths3 lbelow 920 nn*! thus spanning across the range of light that
reaches the Earth’s surface, and maximising effyie Absorption in the near-IR or red region are
preferred® as up to 80 % of incident light that reaches Eatred shifted® The concept of dye-
sensitising Ti@ had been considered for many yéafsbut prior to Graetzel's celfé! no dye had

proven to satisfy all the requirements of a sesesiti

The absorbance range can be modified by the udiéferfent sensitiser$® In selecting a sensitiser, the
energy level of the excited state must be highan tthe lowest edge of the conduction band of the
electron conductor. Additionally, the ground statiest be below the upper edge of the valence band of
the hole conductor. This is necessary so that lgxetren can be passed from the dye to the electron
conductor, and the hole from the dye to the holeloctor.

The ideal sensitiser should be stable and be abkdtach to the surface of the electron-conducting
material (for example, attachment via carboxylatplmsphonate groups on the sensitiser to tfieii
TiO,).®! Generally, carboxylate linkers have achieved greefficiencies than phosphonate linkéts.
The carboxylate groups are able to form ester {ekawith the oxides on the electron conductor’s
surface, creating a strong bond between the ssersind electron conductdrHowever, as the bond
can be hydrolysed by water, the cells require nqueaus condition€! Recent studies have shown that
hydrophobic dyes are able to retard hydrolysisyeméng dye desorptiof®*® Furthermore, it is
postulated that the hydrophobic sensitiser cangmiethe hole conductor interacting with the surfate

the electron-conducting material, thus hinderirgprebination of generated electron/hole p&irs.



Sensitisers should also have redox potentials csefiily high, so that they can be regenerated by

electron donation from the hole condudtéy.

1.2.1 Organometallic Dyes

Sensitiser requirements are met by some organdinetifes - usually ruthenium or osmium
complexes™ Both osmium and ruthenium are known to yield luesicent complexes that have have
very favourable electrochemical, photophysical gftbtochemical propertiéd: 42 A variety of
different complexes have been tested, but not alethad great success. Graegtedl.'> *) have
discovered three ruthenium based dyes that haweprim work well in the DSSC. These are the “N3”
or “N719” dyes, ¢€is-bis(isothiocyanato)bis(4,4’-dicarboxylato-2,2'-pipdyl)-Ru(l1))*, where N3 is
the acid form, the N719 has two tetrdutlyammonium (TBA) groups on the carboxylate grguand
“Black Dye” (tri(cyanato)-4,4’,4"-tricarboxylato-2’,2”-terpyridyl- Ru(ll)2TBA) (Figure 2). These
dyes have achieved power conversion efficienciesvef 10 % and are able to sustaifi te@lox cycles

and 20 years of continuous use in normal sunlight.

Graetzelet al.'”! achieved photocurrents of 16.5 and 20.5 mA/ewith the N3 and Black Dye
respectively. That the dyes achieve such good temihot surprising, given that their wide spdctra
absorbance ranges span the visible spectrum (FRufhis greatly enhances the spectral rangeeof th
cell, as the Ti@absorbance falls off sharply at 400 nm. Furtheanitris not surprising that the Black
Dye performs better than N3 dye, seeing that ibdissall the way up to > 900 nm, whereas N3 stops
absorbing at below 800 nm.

N719 Dye o} Black Dye O

Figure 2. N719 and Black Dye used by Graetzet al.
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Figure 3. Spectral Absorbance Ranges of the N3 aglack Dye, as Inferred from the IPCE (IPCE is the hcident
Photon-to-Current Conversion Efficiency).

These ruthenium dyes have good charge separateal for photovoltaic use. Absorption of low
energy visible region light by the dyes resultsaaimetal-to-ligand charge transfer transition state,
which the excited electron is located at the ingmasup[31 Because it is the ligands that attach to the
TiO,, the result is fast injection of the electron i@ electron-conducting material. The hole (or
positive charge density) remains on the dye, tisted over the metal and to some extent over the
NCS ligands (Figure 2§/ Thus, there is spatial separation of the hole eledtron pair, thereby
retarding recombination. The driving force of theqess is kinetic rather than thermodynamic, the
latter of which favours recombination as determibgdhe reduction potential of the hole/dye. Once
the electron is injected into the electron condyctioe oxidised sensitiser is stable within theetim
required for diffusion of the hole conductor anduetion by it*? The oxidised sensitiser undergoes
substitution of its NCS ligands with solvent mollsuwith a rate constant in the order of &3,

whereas hole conductance occurs within 16hs.

Studies have also been carried out on the pogiigpoi the linker groups on the ruthenium dyes. 81 N
the linker groups are on the 4,4’ positions of biygyridyl ligand. 3,3’ positioning has been assdsse
and it has been shown that this results in a deerigeefficiency* This has been attributed to the 3,3’
positioning requiring the complex to twist, chariits electrochemical properti€4. Systems based
on N3/N719, but with variations of the carboxylgteups on the 4,4’ position on one of the bipyridyl
groups have proven to work quite Wéil*®> “®!for example:cis-bis(isothiocyanato)(4,4’-dicarboxylic
acid-2,2"-bipyridine)(4,4"-bigg-hexyloxystyryl)-2,2"-bipyridine) Ru(ll), or “K-19:4°!



Then-conjugated systems in these dyes are importardhfarge separation, and expansion of the C=C
backbone can extend the absorption spectrum ietoeth region, thus improving cell performaffce.
Doing so withr-conjugated rings both increases cell performamcecell stability®® The type of ring
used (for example, thiophene or pheliligffects the redox potential of the dyes greailo affecting

cell performanc&? If one of the 2,2'-bipyridyl-4,4-dicarboxylate grmps on the N3 dye is exchanged
for a styryl-substituted bipyridine, the extinctioaefficient of the dye is increased and additityntide

dye becomes more hydrophobic and, thus, less likelhe desorbed from the electron condultdr.

1.3 Electron-Conducting Material

In DSSCs, the electrons generated are transfemtedan electron-conducting material (above, Figure
1(d)), where the electrons are free to flow throtigg conduction band to an electrode. Electrons are
converted to electricity in a process termed thet@loltaic effect. The electron conductor must have
conduction band energy that allows for efficiergctlonic coupling with the sensitiser energy levels
and charge separation, and to minimise recombimatiothe electron and sensitiser. An electron-
conductor system that has a low level of recomimnand maintains a good electrical connectivity to

the electrode/substrate is the most favouréble.

TiO, (anatase) satisfies these restrictions and mudkares has been done with mesoporous;TiO
nanoparticles in photovoltaics, with the most ssstid being a 1@um thick porous film made up of
particles of 15 nm in diamet&) The success of the TiSSCs has been attributed to the fast
electron injection from the sensitiser to the T{© 50 fs)and a much slower reversal procé8sThis
high speed is consistent with near 100 % quantditiefcy*® As the lifetime of the excited state of
most dyes (for example, N3) is around 50 ns, effitinjection could still take place if the injearti
were magnitudes slower. There is no necessityttiginjection be so much greater than the rate of
recombination; this is known as “kinetic redundan@y Such an effect is actually inefficient and
efficiency is maximised when the rate of injectisronly just faster than the rate of recombinatfbn.

The kinetic redundancy can be modified by chantfiegsensitiser-electron-conductor linker grotips.

Anatase is favoured over rutile because it is thetemperature stable form (kinetically favouredyla
forms transparent and colourless mesoscopic fiithk.has better light scattering properties thaieut
and it has been found that the use of anatase ratite improves efficiency by a factor of fiV&

Furthermore, rutile has a surface area 25 % lolaT finatase and absorbs around 35 % lesétiye.



TiOz is a wide band gap material, with a band gap ofe3/%! Alternative wide band gap materials
have also been studied, such as Zhé& 2" 4° S Nb,05, 18 31 SPQ!® and 1n05.*® Wide band gap
materials tend to be insensitive to the visiblecgpen and, generally, only absorb high energy UV
wavelengths. However, a wide band gap is desirasat implies strong chemical bonds and thus a
stable materidf! It also implies that the material is transparenvisible light, allowing maximum
uptake by the sensitiser in this region, which ésidhble as sensitisers tend to be more efficient a
creating stable electron/hole pairs than standdedtren-conducting materials. If the electron-

conducting material itself had a wide spectral mragsensitiser would not be needed.

Solar cells made of polycrystalline films (10 to 2én thickf?® of randomly connected oxide
nanoparticles (10 to 30 nm in diamefét) such as in nanocrystalline TiCare more efficient than
non-nanoparticle compacted layers, because theaitsurface area is about one hundred times larger
as determined by their “roughneé@}.A high roughness of particles means that thestcjes scatter
light to a high degre&” This scattering increases the optical path lengthe incident light beam that
passes through the sample, which results in adpglal density of the dye-coated nanoparticle dsye

A greater surface area is favourable in dye-sesiticells, as it also increases the area of the dye
which is absorbed onto the surface of the electarducting materiaf’ The film must be mesoporous
so that the hole conductor can diffuse throudt'it.

1.3.1 Cell Thickness

Ito et al.®® have found that, in a liquid-electrolyte N719-dyBE@, cell, the greater the cell thickness
(and thus surface area), the more sites thereoaih&rge recombination. The more patrticles theze a
the more difficult it is to coat the sample comelgtand evenly with the sensitiser. They found a
disproportionately larger number of uncoated sitesaterials with larger surface areas. Hence, they

noted an increase in dark current causing the gpeni voltage Voc, see Glossary) to drop.

Ito et al.®*! also observed a rise in short-circuit currégt §ee Glossary) with increasing cell thickness,
with the current reaching a maximum at a certaioktiess (14.Qum) before falling off. Beyond the
maximum point, thés. deceases as the electrons and holes have to ¢r@ater distancé¥) Overall
power conversion efficiencies were found to improveincreasing cell thickness up to a thickness of

12.6um while maintaining the cell’s fill factorff( a measure of cell efficiency, see Part 1 5.1).



These findings were confirmed by Hasaal.*® who used a mercurochrome sensitiser. Haral.
showed that as the cell thickness incredsgslrops ands: increases. The rise in current was said to be
due to an increase in the amount of absorbed dythiftker cells. Conversely, the voltage decreases
the cell thickness increases. This was attributed toss of injected electrons due to an accretion
recombination and growing series resistance ot#i'® The increase in recombination was argued
to be due to there being more non-dye absorbed 3Jit®s able to interact with the hole conducting
material™®!

Cell thickness is also important in how it affedight scattering, optical path length and optical
density?’® At 5 um thickness, it has been found that Ti®aches near 100 % incident photon-to-

current conversion efficiency (IPCE) in the bluestpal rangé:”
1.3.2 Porosity Effects

The internal surface area of an electron-conduativagerial is dependant on particle size and film
thicknesd®? Smaller particles will have greater accessibleopity. The average coordination number
of a particle decreases when its porosity incredses TiG,, coordination decreases from 6.6 to 2.8
when porosity advances from 40 % to 80°#The greater the porosity, the greater the dyetrelec
conductor contact area will be due to a largeramarfarea. However, this must be balanced agaist th
ability of the hole conductor to diffuse througte thores>?

Porosity affects DSSC performance by changing bmehlight absorption coefficient( and electron
diffusion coefficient (DY°>* As « increases, both, and V. increase due to the absorption of more
photons. As D increasess is enhanced and,. decreases. This is because, as D increases, the
diffusion path is extended, which causes more eastto be extracted into the external circuit,
increasing the current. However, electron densityoivered, so the cell voltage decred¥®sThe

diffusion coefficient can be changed by porosityrtaximise cell power (I x

When current and voltage are modelled by the “@msbverlap®! method (Table 1) for a porosity
range of 0.41 to 0.70, it is assumed that all tli&, hanoparticles are of the same spherical shape and
have a 10 nm radius. As the porosity is lowetgdincreases antf,. changes very little. Within this
porosity range, there are more Fi@anopatrticles in the porous thin film, resultingai higher and D.

The overall power output is enhanced as the pgrdsitreases. Results based on this theoreticallmode

fit well with experimental resultg® 57!
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For porosities below 0.41, modelling is done usihg “variable overlap” methdd” As porosity
decreases there is an increase in particle oventah causes a reduction in internal surface area,
resulting in a smalk. An increase in the overlap allows for better etat diffusion leading to a rise in

D. The overall effect of a smaller and a larger D is that botk. andV,. decrease. As the overlap
increases and pore size decreases, the abilityedfidle conductor to mediate between the partisles
limited. This in turn heightens the likelihood afcombination. Thus, the actugl andV,. may be

lower than predicted by the variable overlap mé&ykl.

Table 1. Different Methods for Theoretical Porosityand | /V,. Calculations.

Method Absorption Coefficient Electron Diffusion Coefficient (D)
(o)
Constant Overlap o = 2568(1 — P)(P + 2.89) DaP - R}
Variable Overlap o =2.97 x 16/ D=1.69 x 10 (-17.48P + 7.39 B— 2.89P + 2.15)
ais a constant and is 4 x1@en? s™. P is the porosity.
M is a constant and is 0.82. P is the critical porosity and is 0.76.

By combining the results obtained from the constartt variable overlap methods, it is possible & se
the change ity andV, as a function of porosity. Through this, a poro$itythe maximum g andVyc
can be found and, thus, so can the point of maximpawer outputls. peaks at a porosity of 0.41 and
Ve continues to rise gradually after 024 Therefore, a porosity of around 0.41 should bentaaied

to achieve maximum power.
1.3.3 Nanowires
1.3.3.1 Electron Transport

Electron transport in nanoparticle DSSCs, suchi@s flas been theorised to occur either by a series of
“hopping” steps between trap states (see Glossary)eighboring particlés® or via diffusion within
extended states slowed down by trapping/detrappiregts?® An electron has been estimated to cross
between 18to 10 particles while traveling through the nanopartielectron conductdf® Electrons
within a nanoparticle have high mobility, but theatder of the nanopatrticle network slows down the
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transport of an electron through the bulk film. $hthe trap-limited diffusion is slow and limitsrdar
collection efficiency, particularly at lower eneegi corresponding to red wavelendts Electron
hopping in the nanoparticle network is efficientit there is a link between electron transport and
recombination, meaning that any improvement in trensport rate also increases the rate of
recombination, and so the solar cell performanceanes unchangeé® This link is hyphothesised to
be a result of the nanoparticle morphol&Gywhich can result in recombination percentagesigs s

40 %, limiting efficiency to about 45 %% Thus, nanowire morphologies are potentially faable, as
there is little electron hopping necessary.

ZnO has nearly the same band gap (3.3 eV) andrateeffinity as TiQ'*® and there has been an
abundance of research in making ZnO nanowires (aoedpto that for Ti@nanowires). Thus, the use
of ZnO nanowires is currently being investigatechasalternative to Ti@nanoparticle films. A dense
array of oriented, single-crystal ZnO nanowireserdfa highly-ordered photoanode of continuous,
crystalline media for the electrons to travel tlglouThe ZnO nanowires have an electron diffusiaity
0.05 to 0.5 cifs?, which is several hundred times larger than tloat iO, or ZnO nanoparticle
films.*®! When looking at equivalent surface areas, theeotsrare higher for the nanowire cells than
for ZnO nanoparticle cells, and the current deesitire the same as those of Ji@noparticle cellS”
Nanowires improve electron transport, as they gl®a direct path from the point of photogeneration
to the conducting substrate. Every electron inedte directly connected to the substrate with a

minimal number of interfaces and grain boundariesetweer"

The nanowires do not need to be ordered or peyfgatpendicular to the substrate, as randomly
nucleated and coiled wires would still carry thieated electron to the anol8. But perpendicular,

untangled wires are favoured, as there is lesscehafh an electron having to cross a boundary.
Perpendicular wires would also increase the donoadceptor interfacial area and create electron
transport pathways toward the negative electrod¢ plossess very high electron mobility. Higher

length-to-diameter ratios are also preferred, ay thcrease external quantum efficieffcy.
1.3.3.2 Surface Area

Growing nanowires and making electron-conductor phologies with “dendrite-like” branched
structures leads to an enhancement in surfacecarepared to a nanoparticle filfil A greater surface

area is favourable, as it also increases the sudaea of an applied dye, absorbed onto the efectro
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conductor. The largest increase in surface arearsdoetween the formation of first and second
generation growth (see Figure#).

Zeroth

Generation
/ Growtr
First

Generation

Growth/ﬁk
|

Second = v |
Generation ‘ '
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4 |
Substrate: ITO or SnF,

Figure 4. Nanowire Growth.

Thus far, thdg, Vo and overall efficiencies obtained for nanowirelg@! 2" %% ¥lare relatively low
when compared to TiOnanoparticle film cells. This is due to low ligh&rvesting by the nanowire
cells. DSSCs made from 10 to & thick nanoparticle films usually absorb over 80o%4dncident
light and have dye coverages of over 7.3 ¥ rbl/cn?, compared to 9 % and 9.0 xénol/cnf for
nanowire-based solar celfs. The surface area for the nanowires is limitedH®ygrowth method used.
Growing longer and thinner nanowires with increasadleation density should increase the surface
area and would be more idé4l. It is hypothesised that this could raise the aurdensity to around
410 mA/cni.”® An increase in the density of the nanowires canddease the effective path length of

light, increasing absorbance of red wavelengthgresthe dye’s absorption is |4
1.4 Hole-Conducting Material

The positively charged “holes” that are createcpad of an electron/hole pair flow in the opposite
direction to the electrons via a neighbouring boetettron moving into an existing hole, leaving a
new hole behind (above, Figure 1(c)). The holesxadly pass into a hole conductor, the sensitser
reduced and the circuit completed when the holetgoting material is reduced by an electron that has
traveled through the external circuit. The holedwmtor can be liquid or solid, inorganic or organic

The photoexcited dye molecules are then regenebgteeduction.
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For efficiency, recombination of the generated tetezhole pair should be limited. This is partialya
important at high light intensities, when largereuts are forced through the 8. As sensitisers
generate stable electron/hole pairs, it is desrdbht the hole conductor not be capable of being
photoactivated in the visible region, so as to ms@ the sensitiser’'s light uptake in this region.
Whether the electron and hole recombine in the shmsitiser depends on the kinetics of the hole
conductof!” The iodide ion has favourable kinetic propert&s,ts rate of reducing the sensitiser is
greater than the rate of recombination for a tyseasitiser. Additionally, recapture of the eleatby
triiodide from the sensitiser is kinetically unfawrable. Because of the efficiency of the iodidmittide
couple, most DSSCs use iodide as their reducingtager efficient hole transport to occur, the hole
conductor must be well interpenetrated within theeteon conductor’s latticl The redox properties

of the hole conductor must also be fully reversibthich is fulfilled by the iodide/triiodide coupl€’

Recombination can be prevented by use of an elgradditive, such as #¥t-butylpyridind>* X or
pyridind®?, as these adsorb onto the electron conductor cgyrfareventing the triiodide ion from
interacting with it. Pyridine is also favourable i&s low viscosity means that its addition does not

decreasés. noticeably®®
1.4.1 Liquid Electrolytes

Traditionally, in DSSC cells, liquid electrolyteprédominantly based on the iodide/triiodide redox
couple) are used in an organic solvent (usuallyomiteile).*”! The iodide donates an electron to the
“hole” in the dye preventing recombination with tllectron” reducing the sensitiser and becoming
oxidised to triiodide. lodide is subsequently regrated by the reduction of triiodide ion at the rieu-

electrode with the circuit completion.

The iodide/triiodide couple is particularly favobta due to the largely irreversible nature of theide

to triiodide transition; electrons are readily dmthby iodide, but the reverse reaction is kindljica
unfavourabld®¥ Substitution of the iodide/triiodide couple withther redox couples, such as
ferrocenes, (SCN)SCN®® or BF/Br", does not show any improvement over the iodideledt? Hara

et al.”% compared the/ls couple to the BIBr, couple. They found that thé, was higher in the
bromide system, which was attributed to/Br, having a redox potential of 0.65 V (vs. NHE), 0\25
more positive than the potential of the iodidedtlide couple. A smalléel; was observed for the Br
IBr,, attributed to ineffective electron transfer frahe Br to the HOMO of the sensitiser due to a

small energy gap between the/Br, redox potential and the HOMO of the sensitiser.
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Table 2. Haraet al.’s Results for lodide Compared to Bromide in Acetoitrile with TiO , DSSCs?”

lsc (MA/cP) Voe (MV)
Lil 3.42 0.52
LiBr 1.33 0.82

Many polypyridyl cobalt(ll/lll) complexes have be@sted and shown to potentially compete with the
iodide/triiodide couple at low light intensi§’ However, mass transport limitations under fulllght

cause power efficiencies to drop below 4%k,

Liquid, inorganic electrolytes have proven to behpematic because of their instability/degradation
and propensity to evaporate under standard conditidhe volatile organic solvents used with the
electrolytes require that the cells be completebled off from aif! The liquid iodide/triiodide system
is prone to photobleaching and makes the procepsodiucing cells difficult because they have to be
electrically connected, but chemically separatedfepably on a single substrat8. Furthermore, the
iodide/triiodide couple can be corrosive towardsnalectrode materials, such as platiféinall the
DSSCs made that have achieved power conversiasiegities of over 10 % (the point at which they
become economically viable) are not commerciallgbie because of their poor long term stability
brought on by the liquid iodide/triiodide coupie”

Replacement of the liquid electrolyte with a satdte analog (ionic soff! or conducting polymé&r
15.18. 19 increases stability. Recent research has lookersiag a solid or gel hole acceptor® in
which electronic, rather than ionic transport pis/&” lonic liquids have also been heavily
researched. However, these have all proven todsed#icient than the liquid iodide/triiodide coapl
and none have reached power conversion efficiermsies 10 %. For example: gel, organic and ionic
polymer systems usually achieve power conversiiniefdcies of 6, 4 and 8 % respectivElyThese
lower efficiencies have been attributed to lowelehmobility, less favourable electron-transfer

kinetics, and poor contact between these hole aminrhiand the electron-conducting material.
1.4.1.1 Electrolyte Concentration

Haraet al.?” found that increasing the concentration of freolrce (from 0.007 to 3 mol/djnwhile
keeping thed source constant (at 0.03 mol/§naffects boths. andV... On increasing concentrations

of I', I increases up to a certain point as there is aease in conductivity of the electrolyte caused
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by both the 1and its catiof?” This infers that, up to the maximuig, the rate determining step is the
diffusion of the 1from the bulk and into the mesoporous oxide lagad diffusion of thesl from the
oxide layer to the counter electrode. As theohcentration increases beyond the maximum pbjnt,
decreases because of an increase in viscosityeafdhution, which decreases ion mobilf.V also
increases with greaterdoncentration up to a maximum before decreaéthghis was deemed to be

due to kinetics.

According to equation 1, as the concentration wickeases, the concentration gfi$ also raised. This
in turn pushes the reaction in equation 2 forwamhancing the back electron transfer process,

decreasiny/o..”® Thus, it is actually thesiconcentration that affects the cell performafite.

Equation 1.
"+ < I3

Equation 2.
I3 + 2@y <« 3I

€y is the carrier (electron) density on the conduchand of the electron conductor

Haraet al.?” also looked at the effects of keeping the conegiotn of the 1source constant (at 0.3
mol/dnT), while changing the;ource (0.005 to 1 mol/din I« reached a maximum at 0.015 molfim
before decreasing with increasingcbncentration. This was said to be due to incneggiscosity.Voc

decreased as toncentration increased because of enhanced bsatkoa transfel?® ¢!
1.4.1.2 Counter Cation Effect

Liu et al.®® have reported the effects of the counter cationth® iodide on the overall cell
performance. Having tested a variety of cationsy ttound thaW/,. is proportional to the ionic cation
radius. This is because the cation species is labdanto the surface of the sensitised;é3ulting in

a potential drop in the Helmholtz layer, the extehtvhich is dependent on the radius of the adsbrbe
cation and which increases as the radius decrébggpse 5). The cation adsorbs onto the outside of
the Helmholtz layer and does not affect the sessifTiQ, interface® The potential drop caused by
small cations results in a positive shift in thendoction band of the Tif) the level of which again
depends on the cation and its size. This positive af the TiO, creates a larger energy gap between
the excited state of the sensitiser and the cormutland (LUMO) of the TigQ thus creating a larger

photocurrent. V. is dependant on the energy gap between the ebectmoducting materials’
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conduction band (quasi-Fermi lev&d) and the iodide/triiodide redox potential. A positishift of the
electron conductor’s conductance band caused bl sat@ns results in a smaller energy gap between
the electron-conducting materials’ conduction bamd the iodide/triiodide redox potential, thus a

smallerV, is observed. Therefore, the cation affects therfatial energy of the sensitised electron

conductor®®
Semiconducting Light-Absorbing Hole-conducting
Material Material Material
-1.0V —
CB — e — — —p ——
Smaller T
oV Cation
A v
1.0V —
CB = conductance band
VB = valence band
V vs. NHE

Figure 5. Effect of Cation on the Interfacial Energ of a Sensitised Electron-conducting Material.

Small, high charge density cations on the electmmductor’s surface create deep traps sites, which
prevent efficient transfer of electrons in the &lme-conducting materi&l® This results in an increase
of recombination and loweY,., as the triiodide interacts more with the electconductor’s surface,
which is made more positive by the interactionshvilte cation. Thus, the electron lifetime in the

electron-conducting material is shorteh&d.

For example, Litet al.'*® studied Li, Na', K*, Rb" and C§ iodides, and found that Liave the largest

I« and lowestV,.. Of these cations, Lihas the smallest ionic radius, and as such leatisetlargest
potential drop in the Helmholtz layer, resultingtive largest positive shift of the electron condust
conduction band. Thus, it has the largest gap twke sensitiser's excited state and the electron
conductor’'s conduction band, leading to a high but it has a smaller gap between the electron

conductor’s conduction band and the iodide/triieBdedox potential, resulting in a smaN&k.

Haraet al.”” investigated Lil and BNI as hole conducting electrolytes in mercurochraeasitised
TiO, DSSCs (Table 3). Their results concur well with &ial.’s,®® as do Fredimt al.’s '” results.
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Table 3. Effect of Cations on Cell Performance in Aetonitrile (Hara et al.) with TiO , DSSC?%

lsc (MA/CcP) Ve (V)
Lil 3.42 0.52
PrNI 2.10 0.86

Larger cations are less able to interact with thecteon-conducting surface; their size causing
decreased mobility between the gaps in the semsitsatind® On irradiation, electron injection into
the electron conductor’s conductance band fronsémsitiser raises its energy level, shifting itrtore
negative values, resulting in a largée.®® A negative shift in the conduction band lowers dhnieing
force for injection of electrons from the sensitjsesulting in low injection efficiencié®® Thus, |
decreases as the cation radius increases. Furtreerigas also affected by diffusion effects. Usually,
the larger the cation, the less solvated it is tx@dmore able it is to interact with iodide orddide,
hindering their mobility®® It is important to note that changes in ion mapitio not affect,. greatly

due to a logarithmic (rather than linear) relatilmpsetween the two.

Additionally, large cations with low charge densagsist in smooth electron transfer in the eleetron
conducting material by forming charge pairs to rr@ma neutral interface, but allowing the negative
charge to move through the electron conduétbitherefore, highvy. values are achieved, as there is
less electron trapping and a longer electron tifeti® However, large cations result in the decrease of
diffusion of the triiodide ion from the mesoporooside to the counter electrode, decreadigy™
Paulssoret al.l”? found that trap distribution is only marginallyfedted by the electrolyte cation, and

more dependent on the bulk electron conductor.

As well as cation size, the strength of absorptinto the sensitised Tiurface also affects thg and
Ve, s the stronger the adsorption, the greaterléngrestatic effect on the Helmholtz lay&¥.Hence,

of two cations of comparable sizes, the cation wWithstronger absorption will cause a greater piaten
drop in the Helmholtz layer, decreasig and increasindi.. Larger cations also tend to improve the
reductive capabilities of the iodide i

Wang et al.*¥ looked at the dependence lgf on the charge/radius ratio, which is effectivehe t
charge density of a system, and found thatdhacreases as the ratio is raised. It does sorlynaa to

1.5 x 10 nrit, after which thdg continues to rise, but only slightly. This is igraement with work
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done by Kellyet al..”® who found that electron injection from the sessitito the electron-conducting

material increases with rising charge/radius ratio.
1.4.1.3 Solvent Effects

The effect of the solvent is dependent on its donmnber (see Glossa§j! This is because the donor
number affects which of the iodide species willdmainantly exist in solution. Kebedaeal.*” found
that if a solvent has a low donor number, suclmdsivis acids like 1,2-dichloroethane, most of khe
will exist as } in the electrolyte by itself (not in a DSS®), as the solvent will not donate electron
density readily, whereas, in a solvent with a ldginor number, the majority of thewill exist as § in

the electrolytd®® Kebedeet al.’s findings appear to contradict those of otheeaesh group&® 5% &3
who have found that the higher donating abilityufessin a lower dark current, which is associateihw

a lower | content (Equations 1 and 2). Veual.l*® proposed the following mechanism, based on the

presumption that a higher donating ability resinlta higher level of coupling with the oxidiseft |

Equation 3.
Solvent +§{ — Solvent-§ <« Solvent-} + 1

Interestingly, Wet al.[*® discuss the findings of Kebeegal .*® but do not mention the inconsistency.
It is possible that the differences are due to Kelet al.’s data being from investigations of the

electrolyte alone.

It has been found that larg&f, tend to be achieved with more basic (high donamiper, DN)
solventd?® 81 ®3lgych as dimethylsulfoxide (DN = 29/8%,%% N,N-dimethylformamide (DN = 26.6"

%9 N-methyl-2-pyrolidone (DN = 27.3§" ®1 V. increases are due to negative shifts of the electr
conductor’s conduction band by the basic solventsch is more dominant as the solvent becomes
more electron donatin® ® ®! The dark current at the electron-conductor-eléytojunction is
suppressed by the solvent molecules blocking actesthe electron conductor's surfdée. %
However the basic nature of the solvents also sasmesitiser desorption from the electron-condgctin

material, which is not observed for the nitrilevaits?® &% 63l

Lower lg values are observed for high donor solvents becthese is a decrease in the driving force
for electron injection from the sensitiser to teceon conductof® 8% ¢*Additionally, the high donor

solvents tend to have greater viscosities, hindeiim mobility®* For example, whereas the low
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donor number acetonitrile has a viscosity of 0.B3tbe viscosity of the high donor dimethysulfoxide
is 2.00 cP®Y The consequence of this is that lartigrvalues are achieved in nitrile (low DN and
viscosity) containing solvents, such as acetogitrDN = 14.1%% and methoxyacetonitrile (DN =

14.6)?% %3 However, as a result of their lower donor numbésjer V.. values are observed for

nitrile-containing solventd?® ¢4

In alcoholic solvents, such as methanol (DN =*#93nd ethanol (DN = 26, low I and highVec
values are observéd! Hara et al.?? observed that,. was unstable in alcoholic solvents and

decreased rapidly on constant irradiation. Dye gegm also occurred in alcoholic solvents.

Fukui et al.®¥ tested a mixture of a high donor solvent (dimethifbxide, N,N-dimethylformamide,
N-methyl-2-pyrolidone and tetrahydrofuran) with twetrile to try and increase th¥, whilst
maintaining a higHg. It was found that for the first three listed smits, V.. andly increased with
increasing donor number, thus indicating that dankent was suppressed, but the conduction band of
the electron conductor was negative shifted, irsingp the band gap. For the mixture with
tetrohydrofuran]s remained quite constant with increasing donor renmvhileV,. increased. Hence,

in the mixture with tetrahydrofuran, dark currerdasasuppressed and there was no shift in the efectro

conductor’s conduction band.

The donating ability of the solvent is relatedhie partial charge on the solvent. The greater éngab
charge, the greater tig. but the lower thés.®"! A large partial charge allows for a greater intéom
between the solvent and electron conductor’'s serfatocking the surface fromy’| but negatively
shifting the electron conductor’'s conduction badegreasing the driving force for electron injection
from the sensitiser, thus decreasigd®” For example, tetrahydrofuran does not have a gesial
charge, so its interaction with electron condubiocks the surface from thg,lbut does not affect the

electron conductor’s conduction bafd.

The presence of water in a HIOSSC with an acetonitrile solvent has been shanindreasé/,. and
decreasé«.®® This change is not due to a negative shift inabieduction band of the TiQas it has
also been shown that water causes a positivetsHtiie TiQ conduction band?! It was thus proposed
that it was due to a decrease in back electrosfeafi®’ Water binds very strongly to the Ti6urface,
preventing the triiodide ion from interacting withe surface and recombining. Therefore, the blagkin
effect of the water is greater than the band @ffétct!®® The decrease ih, on water exposure was

hypothesised to be because of hydrolysis or wealeoi the TiQ-dye linkage, photosubstitution of
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the dye-ligands or a change in the adsorption ptiegeof the dye as a consequence of polarity

changé®® After exposure to water, thé. cannot be restored to its prior value, whereasstuan!®®
1.4.2 lonic Liquids

The use of low viscosity, high volatility solventsibits the commercialisation of solar cells, &ese
of the possible evaporation and degradation of efeetrolyte® **! Sealing of the cells becomes
problematic when cells are scaled{TbRecently, room temperature molten salts or idigigidis based
on the imidazolium cation have been investigatedpa@i®ntial solvents, as they show favourable
stability*™ are non-combustiblé, are able to form gels (with polyméf&, silical’”! small molecular
weight gelators’® ™ carbon nanotubd®! and even sub-micrometre anatde have a wide
electrochemical windoW? and are considered to be more environmentallyndtie than organic
solvated electrolyte[@ Furthermore, ionic liquids only consist of ionsg &igh viscosity liquids over
a wide range of temperatures (viscosity being priigaal to the temperature) and show high ionic
conductivities? This high conductivity is attributed to the alyilito promote the formation of

polyiodides (for examplezl Is, 17... ).

Because of the favourable kinetics of the iodideftide couple, most ionic liquids that have been
tested are still based on this redox couple. Uguadither than the source of iodide being one that
requires solvation, a 1,3-dialkyimidazolium-basedic liquid is used which has an iodide as its
counter ion. Molecular iodine is added to the iohimid. 1,3-dialkyimidazolium ionic liquids are
favoured because they are able to solvate ioniavasidcular species despite being miscible in or@ani
solvents and other ionic liquié! The ability to change the two alkyl groups quitadily also makes
the 1,3-dialkyimidazolium ionic liquids attracti’®! For example: 1-methyl-3-hexyl imidazolium
iodide, 1-methyl-3-propyl imidazolium iodide, 1,kethyl-3-propyl imidazolium iodid€? 1-allyl-3-
ethylimidazolium iodide and 1-allyl-3-propylimidaizem iodide!*® Binary systems of two ionic
liquids have also been investigatétd® & A possible problem with imidazolium-based iodidéts s

their hygroscopic nature, requiring that they bptke absolutely dry conditiort&?
1.4.2.1 Diffusion

As advantageous as it is to have a low volatile lmainductor, ionic liquids have a major drawback in
their high viscosity, which is problematic for massnsport of ions, particularly at high light

intensities’? & The viscosity of a typical ionic liquid is one hired times greater than acetonitrile,
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and 30 time greater than watét. The diffusion of the triiodide ion is usually thieniting factor in
most DSSCs, with the diffusion coefficients of neoltelectrolytes being about an order of magnitude
lower than those of liquid electrolyt€4.’® Consequently, they show decreases in efficienthiasell
thickness increases, as diffusion of iodide/trigmdfrom ionic liquids is much slower than that fram
liquid system due to their high viscosi§. Consequently, a thin nanocrystalline Tifdm is required

to achieve a high conversion efficiency. In almalstcases, the power conversion efficiency of khui

electrolyte cells is higher than that of ionic lidgeells®

Kawanoet al.[’® 8 8T hayve shown that high efficiency ionic liquid cefiee achievable despite their
high viscosity, because of the different diffusimechanisms inherent to their systems. There are two
contributions to the charge transport of the ioMlrdedide redox couple, physical diffusion and
exchange-reaction based diffusion. It has been shbat exchange-reaction based diffusion (Equation
4) dominates at high iodide/triiodide concentrasifl and is the reason why ionic liquids show
relatively fast hole transport despite their extegmhigh viscosity®® This exchange-reaction based
diffusion has been shown to only occur in ioniaids and not liquid electrolytes, because the redox
couple in ionic liquids exists in a strong ionielél® Conversely, physical diffusion takes place in
both ionic liquids and liquid electrolyté§! A DSSC made up of an ionic liquid was shown to be

capable to achieving photocurrent of up to 90 %mfivalent liquid electrolyte cell&’

Equation 4. Exchange-Reaction Diffusion.

I + I | +13

Cell performance with ionic liquids is greatly deplent on the structure of the imidazolium catiod an
its ionic conductivity and viscosity. However, ias been found that tHg. does not quantitatively
depend on these factors; other consequences, suttedonic liquid’s effect on the potential gap
between the semiconductor’'s Fermi level and thexemuple’s equilibrium potential, also contribute
to the resultind<.["® Furthermore, as in liquid electrolyte cellstett-butylpyridind®* ®* and Lil can

also be added to ionic liquid cells to enhakgeby preventing back electron transf&t.
1.4.2.2 Dependence on the lodide/Triiodide Couple.

The dependence on the iodide triiodide couple gmiicant in ionic liquid-based DSSE3 and,

historically, it has proven to be the most effitieedox couple for DSSCs (as discussed above,|lPart
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1.4.1). Even systems not using the imidazoliumocatften use the iodide/triiodide couple; for
example, trialkyl sulphonium iodid&! Often, when imidazolium anions are not iodine baskey are
used in conjunction with an iodide source. For eplamnl-ethyl-3-methylimidazolium dicyanamide
was used with iodide (dicyanamide was found to eaimstability on illumination)’ 1-ethyl-3-
methylimidazolium thiocyanate was used in a binapgtem with 1-propyl-3-methylimidazolium
iodide, which achieved over 7 % power conversiditiehcy!® and 1-ethyl-3-methylimidazolium
tetracyanoborate was used in a binary ionic ligystem with 1-propyl-3-methylimidazolium iodide

and this proved to be a stable low viscosity systégth a reasonably high conversion efficiency of 7
%. 184

Interhalogen ionic liquids such as 1,3-dialkyimidiézm with IBr,” or LBr (trihalide anions) have also
been tested because of their lower viscositied) sdme succe$¥ Compared to the iodide/triiodide
couple, such interhalogen systems are favourablddm higher flexibility in redox species, due to

equilibria between different anions in solutff.
1.4.3 *“Soggy Sand” Electrolytes

Electrolytes consisting of (usually) liquid, noneggus salt solutions may also be used in conjumctio
with solid insulating particle€® Such electrolytes have been termed soggy santradjees, rather
than just being solid-liquid composites, as thairuse is not merely additive, but synergistic with
respect to overall conductivif’ These electrolytes achieve this effect throughatisorption of the
cations or anions from the salt onto the surfacthefparticles used, leaving the opposite ions fioee

moving charge&® & This is known as “interfacial conductivity enhamznt”.

Battacharyya et éf® reported the conductivity of electrolytes comprisbf LiCIO, with one of three
different oxides (TiQ, Si0G, or Al,Os), in either methanol or THF. They did this for i@easing volume
contents of the oxides. In methanol, the conduasiwere found to be very dependant on the surface
pH of the oxides. The more acidic the surface efdkide was (Si@> TiO, > Al,O3), the higher the
conductivity achieved. Thus, it was theorised tihat anions were adsorbed onto the surfaces of the
oxides, enhancing the Ltoncentration in the space charge layer surrognitie oxide particles. The
surface charge density was found to affect the eoindty in proportion to the oxide content. When
there were only small amounts of SiPresent, the double layer repulsion on its surfeselted in
poor conductivities. Conversely, A); has a lower charge density, which gave rise to aofm

increase in conductivity as the oxide content wagaced. At some volume fraction, different forteac
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oxide (~0.2, AJO; > TiO, > SiO,), the conductivity peaked, before dropping offisTHecrease was
attributed to porosity effects, namely that pathsvagcome blocked by “dry” oxide particles. In THF,
there was a greater degree of ion association ithanethanol, which was due to the much lower
dielectric constant of THF (7.4 compared to 32.6).

With TiO, DSSCs, stable electrolytes utilising Lil in diféett solventé® ° and, in particular, their
amalgam with solid insulating particles (such &,5have been reportéd: 8°% An et al.*” assessed
the use of Lil/} in ethanol with Si@ nanopatrticles, in a TUODSSC. They achieved high power
conversion efficiencies (6.1 %), almost identicathiose achieved with the purely liquid Lil&thanol
electrolyte, despite the much higher viscosityhs §iQ-containing electrolyte. This was because the
lonic conductivity of the Si@containing electrolyte was only 16 % less thant tbhits liquid
counterpart. The identical conversion efficiencidgained were attributed to the fact that the ;SiO
particles used were smaller than the pores of,18Gch that the gel electrolytes could still pesietthe
mesoporous network and achieve good contact with samiconducting material. Furthermore,

triiodide and iodide were able to move freely ie tthannels of the Sietwork.

Wanget al.®% reported similar results with Lil, 3-hydroxypropitrile (HPN) and Si@. It was found
that the use of micro-sized Si@creased the ionic conductivity of the liquidalelyte and improved
the overall cell current, potential and conversafiiciency of a TiQ DSSC. Using nano-sized particles
enhanced this even further. In the Lil-HPN systéme, Li" is coordinated to O and N, thus it is the
iodide that is the mobile charge carrier. SeeingS#%» has a relatively acidic surface and should
interact with the anions, the conductivity shouklreduced. Hence, the increase in conductivity was
attributed to the formation of amorphous regionthatSiQ/Lil-HPN interface, where the iodide ions

had more mobility than when in the bulk. A poweneersion efficiency of 5.4 % was obtained.

Work has also been done on the use of nanopa8i€lg as a gelator, with ionic liquids, specifically 1-
methyl-3-propylimidazolium iodid€” >°!wanget al.l’”! reported that, though the Si@lectrolyte
had a viscosity far greater than the equivalentidicelectrolyte, the two electrolytes showed almost
identical steady-state voltammograms, indicatirgg thiodide and iodide were able to move freely in
the channels of the silica network. The resultsaioletd in a TiQ DSSC were very promising,
achieving power conversion efficiencies up to 7 Ptatching those achieved by their liquid
counterparts. Berginet al.°®¥ reported increased charge transportation in Bi-containing ionic

liquid electrolytes, which they found increased eéficiency by up to 20 %.
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2 Solid-State DSSCs

DSSCs may be fabricated from solid-state dye-gsaditheterojunctions, consisting of two solid
semiconducting materials, onetype and the othep-type. Where liquid DSSCs are molecular
electronic devices, which operate on the basishefrical conversion on the molecular scale, solid-
state DSSCs act as sensitiged heterojunctions with the behaviour of semicondtsf8’ When the
dye is excited, the electron flows into théype semiconductor, which has a wide band gapisnd

inorganic. The hole travels to tpetype semiconductor, which can be inorganic or pig/a”

Having a solid-state hole conductor solves sedksutes, but poses inherent problems in achieving
interpenetration into the electron conductor’'s acef For good conduction, the sensitiser must be in
good contact with both of the semiconducting matsriwhich is problematic in solids! This is
particularly true as the cell gets thicker thapn2, as the filling of the pores gets more diffica$ the

cell thickness increas€&é!

The p-type material has the same requirements as al ¢camdductors, in that it must be transparent to
the visible spectrum (have a wide band gap), timwust be a way to deposit it onto the electron-
conducting material without degrading it, and itdence band must correlate well with the sensiiser
HOMO P In a typical solid cell, the-type electron conductor would be the Fiéhd thep-type hole
conductor would be, for example, fllor CUSCN?® Cul is a good choice because it has a wide band
gap (3.1 eV) and dissolves in organic solvents limvadeposition®” Its valence band also aligns
nicely, being located just above the HOMO of thedy&!°® With Cul power conversion efficiencies
of 3 % have been observed in a ruthenium sensiffé@d cell®® The thiocyanate groups on the

ruthenium dye bind well with the cuprous iGH.

CuSCN also has a wide band gap (3.6 eV) and gogdnaént of its valence band with the HOMO of
the N3 dyé’® However, it is not very soluble in most organidveats, and is only fully soluble in
dipropy! sulfide, which is poisonous. A power corsien efficiency of 2 % was obtained from a
ruthenium sensitised Ti@ell using CuSCN®

Spirobisfluororene-connected acrylamingifo OMeTAD) has also been testéth: %2 It is an

amorphous material, so is able to form inside tleeteon conductor’'s pores, where it connects well
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with the sensitiser monolayer, reducing the oxidlisensitiser rapidlﬂ}.os’] A TiO, DSSC usingspiro

OMeTAD has been reported to have a power converdfariency of over 5 %->%

A major hindrance of solid-state DSSCs, particyléitm Cul and CuSCN, is that they suffer from a
large amount of recombinatiéi! This is due to the large interfacial area betweke two
semiconductors, compared to the liquid system wtierdriiodide ion is able to diffuse away from the
electron conductdf® This problem would not be so prevalent if a corteolaonolayer of the sensitiser
could be deposited on tmetype electron conductor, however this is not gaesiue to the large size
of the sensitiser and repulsion among the moleé¢ifieshus, undesirable contacts between the two

semiconductors are unavoidable in solid-state DSSCs

Recombination at the sensitiser is not usuallyodlem, as reduction of the oxidised sensitiser Bapp

faster than recapture of the ejected electi5h.

3 Photogalvanic Solar Cells

Photogalvanic solar cells are based on photoeldotraical processes, which involve charge
separation by physical movement of spefi&In photogalvanic cells, current and voltage change
result fromphotochemically generated changes in the relatmeentrations of reactants a solution
phase oxidation-reduction coupl€hese cells have not been researched as extensiwelg the
discovery of the newer DSSCs, as they have, histityj tended to require the use of toxic and

expensive materials, such as cadmium-seleniderandtitheniunt” 1%

3.1 Semiconductor Photogalvanic Cells

In some ways, this form of photgalvanic cell resksala DSSC without a sensitiser, except that the
semiconducting material is on the electrode futtliesm the light and the electrons do not travel
through the semiconducting material but througheieetrolyte solution. When light hits such as cell

it penetrates all the way through the cell to taekbphotoactivep-semiconductor electrode. Electrons
are released, reducing the electrolyte. These estions flow to the opposite electrode, where tey
oxidised back to their original form by releasirng tgained electrons. The hole created moves to the

opposite electrode, where it meets released efecftowing through an external circuit (usable loy a
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external load). The circuit is completed by retanghelectrons to the semiconducting material (Figure

6). n-Type semiconductor photogalvanic cells are equadple.

Photoactive p-

Transparent Semiconductor
Electrode Electrode

e _ Reduction e
<«— 3l «— I3 +26 +—

Oxidation

;node Cathode

I3
External Current Generated -

Figure 6. p-type Semiconductor Photogalvanic Cell.

Photogalvanic cells necessitate the separationhefphotogenerated electron and hole and their
respective associated ionic speét®d. This is also true for DSSCs, except that the uUsa dye
sensitiser means that the electron and hole arsigally separated, making recombination of the
initially excited species less likely. In photogahic cells, physical separation is problematic,tas
requires both fast electron injection into the &t@t transporter and fast electron and hole trassfe
This transfer involves physical migration of idHf§! Hence, only thin films are viable for

photogalvanic cell§%! and the illuminated electrode must be selectfre.

Semiconductor photogalvanic cells tend to accurawudatirge, resulting in oxidation or reduction @ th
semiconducting material instead of the desired xedaction’°® Additionally, the greatest results of
12 % power conversion efficiency have been achievitii single crystals, which is unhelpful for large

scale applicatioH®® An example is the GaAs cell with a selenide-pdbysiele redox systef®”!
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3.2 Thin-Layer-Electrolyte Photogalvanic Cells

In these photogalvanic cells no semiconducting rietes employed, but merely a photoactive redox
electrolyte!® or a mixture of two redox couples, one of which ba photoactivated. Examples of the
latter are iron-thionine systerft&> %8 and iron-ruthenium systertd: %! These photochemical
systems have two redox reactions, each of whiclurscat separate electrod®s! Thus, physical
separation of the activated species is again reduir

To control which reactions take place at each eddet the front electrode is transparent whilelthek
electrode becomes the “dark electrode”, which itjiet Idoes not interact with (Figure 75> Because
the cell medium is a fluid, the reverse reactioruos rapidly in the absence of an inhibitor, or
promoter of the desired reactiBff! Thus, for an efficient photogalvanic cell one bé telectrodes
must show selectivity for one of the redox reacffhand the electrode kinetics of the two electrodes
must be differen:®®

Photons
Transparent

Electrode >

Electrolyte —»

park —»

Electrode

Figure 7. Thin-Layer-Electrolyte Photogalvanic Cell

An example of a single electrolyte photogalvanilt isethe iodide/triiodide couple, as the triiodidm

is capable of being photoactivated (Figuré'®J. It was found that the iodide/triiodide couple fzas
efficiency peak at approximately 430 nm, whichgaiff to a negligible value at 710 nm. Unlike
DSSCs or semiconducting photogalvanic cells, tistadce between electrodes does not greatly affect
cell performance. Stevensenal ' reported less than a 10 % change in power ougpan changing

the cell width from 1 to 4 mm.

That the iodide/triiodide couple can act in a plgateanic capacity is interesting if one considérat t
one of the requirements of a DSSC hole conducttirasit be transparent to the visible spectrumaso
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not to affect the light uptake by the sensitiseDBSCs (Part | 1.2). No publications on DSSCs refer
the fact that the iodide/triiodide couple can itée photoactivated or the effects this may havehen
overall cell performance. This is possibly becatls® currents and potentials obtained from these
photogalvanic cells tend to be low compared toethashieved by published DSSCs.

Transparent .
Photoelectrode Platinum

Electrode
. |3_ —> 1+ .|2-
e

External Current Generated _

Figure 8. Thin-Layer-Electrolyte lodide/Triiodide Photogalvanic Cell.

Some research has been carried out with dye sengithese electrolyte photogalvanic cells, however
this is minimal compared with research on DS8®5Furthermore, the dyes investigated were not
used to enhance the spectral range of the semictngumaterial, were unstable and merely used to

prevent corrosion of the electrodes.
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4 Nanostructured Calcium Silicate

Crystalline calcium silicate (wollastonite) doest neave semiconductive properties and is not
photoactive. However, a non-crystalline nanostmgrtucalcium silicate (NCaSil) developed by
researchers at Victoria University of Wellington shdgeen found to have photoactive and
semiconductive properties when in slurry fdfti:**®! Nanostructured calcium silicate particles are
made up of nano-sized plates, 2 to 10 nm thickagptoximately 100 nm wide, which come together
to form a microstructure with a gypsum desert-rappearance (Figure 8}¥ These have meso- as
well as nano-pores and a very high surface arem o 600 rfig*.**") Nanostructured calcium silicate
also has a very low manufacturing cost, such thebuld have commercial viability, even if it were

unable to achieve power conversions as high d8@sanalogues.

NONE SEI  15.0kV X50,000 100nm WD 9.6mm

Figure 9. Reinforced Nanostructured Calcium Silica¢ (at x 50000 magnification).

4.1 Photoactive Properties

At the low energy end of the UV-spectrum<(400 nm), the most energy-rich visible light is oy at
around 400 nm, E = 3.1 eV (as E =M)c/Thus, it is preferable that the band gap of Ecteon-
conducting material be above 3 eV. This is so #misonducting material does not compete with any
sensitiser for light uptake and is not destabiliggdvisible light. In its dry form, NCaSil shows
absorbance over the whole spectral range, peaki?g2anm (Figure 10f%
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Figure 10. Absorbance of Dry and Wet NanostructuredCalcium Silicate!™”

However, the material appears white (Table 4)tedag and reflecting most incident light. When wet
at the same concentration, the NCaSil shows the spectral range, but has higher absorbances due to
the reflective indices of water and the silicatengecloser than those of silicate and air. This nsethe

silicate appears more transparent, thus dispeligingmore greatly and increasing the light patfl.

Table 4. Optical Properties of Different Types of KCaSil (data from PhD thesis of Dr Andy McFarlane, $hool of
Chemical and Physical Sciences, Victoria Universitgf Wellington).

a* (Red - Db*(Yellow 457 nm 577 nm
Green — Blue (TAPPI- (ISO-
Undertone) Undertone) Brightness) Brightness)

L*

(Luminescence)

NCasSil 98.83 0.11 0.04 96.80 97.13
RNCasiIl 95.73 -0.14 -1.03 90.58 89.02
EENCaSIl 95.72 -0.72 2.74 85.97 89.85

Luminescence is a form of cold body radiation.

The “undertone” relates to the light scatterindigbof the material and how this

varies as a function of wavelengthg., at the red-green or yellow-blue end of
the visible spectrum.

TAPPI Brightness is the reflection at 457 nm.
ISO-Brightness is the reflection at 577 nm.
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The excitation spectrum of NCaSil peaks in theawitlet to blue region. The band gap has been
estimated from the absorption and excitation spectrbe around 3.6 eV, making it a good candidate
for use in solar cells, as it is not destabilisgdvisible light. By contrast, the band gaps of the
iodide/triiodide electrolyte (from absorption dathtained by Kebedet al.*”) are 2.48 eV ¢), 3.44
and 4.27 eV ¢), and 5.64 eV (). Thus, } can be destabilised by visible light (likely regudt in
photobleaching) and, furthermore, is able to compath dye sensitisers for light uptake. This dejsen

on the extinction coefficient of the, its concentration and the cell thickness.

No work has been done utilising NCaSil in a sokdf set up. It is not known whether, when used with
the iodide/triiodide electrolyte, the NCaSil's pbattivty would dominate the cell’s performancefor i
this would be dwarfed by the photogalvanic proadsthe iodide/triiodide couple. Furthermore, if the
NCaSil's photoactivity does dominate the cell, & mot clear whether the NCaSil acts as a

semiconducting material as in a DSSC or semicodyxttotogalvanic cell.

4.2  Semiconducting Properties

When dried at temperatures above 300 °C, NCaSihlg mildly semiconductive (% 10° Sm®; the
cut-off for semiconductivity is approximately 10sm?),**% and is only sufficiently semiconductive in
its slurry form. In water (10 % solid content, wt%pnductivities of around 1.1 x 1®m* have been
observed*? This was possibly due to increasing ion mobilitglahe release of calcium and hydroxyl
ions. Comparatively, values extrapolated from adtmined by Shedlovsky and BroW indicate the
conductivity of CaGlelectrolyte solution, of the same concentratio€df as in the NCasSil, would be

closerto 1 x 1dSm.

It is not clear whether the silicate structurelftsssemiconducting or if it is simply a polyelealyte.
The residual conductivity observed of the drieccicah silicate was possibly due to loosely bound
water on the silicate structure (even after heain@00 °C), which allows some ion transpdft.

4.3 Surface Area Effects
The high surface area afforded by the plate straabfi NCaSil makes it a potentially good candidate

for solar cell application from the perspectivensximum sensitiser surface. If only a monolayer of
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sensitiser were absorbed onto the surface of théceaducting material, the greater the semiconducto
surface area, the greater the dye surface andetieaily, light uptake. The larger pores of aro@d
nm in diameter also make NCaSil favourable forcigfit diffusion of hole conductofs™ (Note: The
pore size of NCaSil is by no means unifdth¥) However, the inherently disordered nature assedia
with its high surface area is a potential disadagetof calcium silicate, as higher ordered material
tend to transport electrons more efficiertfy.

4.5 Challenges Inherent to Nanostructured Calcilitage

4.5.1 Possible Stability Issues

A significant issue with nanostructured calciumicsite is that it tends to lose some of its network
structure when in liquid for extended periods ofdi Reinforcement of the calcium silicate overcomes
this to a large extent. Whether the calcium siéicedn be used in cells for longer time periods is

important for any practical application and as slaciy-term use is investigated in this project.
4.5.2 Alkalinity

Nanostructured calcium silicate creates a veryedkfit environment than TiOas it releases hydroxyl
ions in water, resulting in an alkaline solutionttwpH values of approximately 10.5 to 11.5. As a
consequence, cells made up with the calcium sdicady remove the coatings (carbon, platinum or
gold) off the back electrode, particularly in ceésted over long periods of time. Eventually,thé
coating may be removed.

4.5.3 Consistency of Nanostructured Calcium Siidatrmation

The task of generating different batches of nameosired calcium silicate showing consistent
properties is challenging. Its amorphous and randtmmcture means that slight differences in the
methodology taken, such as mixing order, time ofisgy and speed of addition and mixing, results in
differences in particle size and surface areasaiGrare has to be taken in keeping note of thetexac

methodology used to achieve repeatability to thelleequired for photovoltaic studies.

33



4.6 The Interaction of Nanostructured Calcium &tkcand lodine

It has been found that calcium silicate interacts vodine in two different manners depending oe th
temperaturé> At temperatures below 32.5 °C, the calcium siticatts as a container for iodine. The
iodine is not incorporated into the structure, imatrely enters its porés™ This physical adsorbance is

fully reversible, the rate of which is temperatdependent and is greater at 32 than 236C.

At temperatures above 32.5 °C, bonds are formedeeet the calcium silicate and iodine with the
extent of bonding being dependent on the silicatecsire!!™ There are a limited number of uniform
sites available for iodine interaction on the silec structure, and the larger the surface are&eof t
silicate, the more iodine can be taken™dp.Other sources of energy, such as friction andditep
have also been found to be effective in bondingnietio calcium silicaté™ Such bonding is not fully
reversible, even at temperatures above 600 °Ciobree is not fully removed until 720 °C, the poatt
which the calcium silicate structure collapses torchs wollastonite, its thermodynamically favoured
(but non-photoactive) forfi*®! X-ray Photoelectron Spectroscopy (XPS) indicateine interaction

with calcium, oxygen and silicon, but the exacunabf the interaction has yet to be resolV&d.

Such findings regarding the interaction of NCaSidaodine are particularly important for the
photovoltaic use of nanostructured calcium silicate most solar cells depend on the iodide/triiedid
couple as their hole conductor. Long periods ainilination are likely to raise the temperature @& th
cell above 32.5 °C or offer enough energy to ttetesy for the calcium silicate to react with ioditfe.

calcium silicate is acting as a semiconductor, sachinteraction may inhibit the photocurrent of
calcium silicate cells, as the close contact ofdleetron conductor and hole conductor would likely

result in recombination of an electron/hole palieuse of a sensitiser could inhibit this intei@cti

It is not clear how such an interaction would affegll performance, particularly if the calciumicite
is not acting as a semiconductor, but merely supglions and a network in which the photogalvanic
process of the triiodide ion could take placeslpossible that the interaction may not take pé&icall

in the electrolyte solution. There may be insuéfitti b around, as it may all react with thed form k.
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5 Measuring Cell Performance

5.1 Fill Factor

From the plots of current and voltage the fill tacfff) of a sample can be measured. This is a measure
of cell performance rather than cell efficiencyjtadoes not relate to the amount of energy engetiie

cell. It only looks at the cell output. Figure 1ios/s the general curves obtained in a Graetzel type
DSSCY compared to curves obtained from a photogalvasilt ¥,

Maximum

‘r Power Maximum
Setting for Power
Cell Setting
for Cell?
| I
— >

Figure 11. Current versus Voltage Plots for a (a) @&etzel Type DSSC and (b) Photogalvanic Cell.

The fill factor is the area within the point of mi@xim power ¥mp X Inp), and is defined as a fraction of
Voc X I« (see equation 5). Thus, an ideal cell would havectangular curve, and would have a fill
factor of 1. It can be seen in Figure 11 that thae@zel type cell usually has a very rectangulavesu
and cells often have fill factors over 0.85. It egually be observed that, though it is readilggkzble

for a Graetzel type cell, the linearity of the pbgalvanic cell curve means that there is no obvious
maximum power point and the fill factor is alwaysund 0.25%°!

Equation 5.
ff = (Virplmp)/ (Vocl )

Vi is defined as the voltage at the maximum power.

Imp is defined as the current at the maximum power.

(Viplmp) is the point of maximum power output.

Vo is the voltage when there is no load under opesuiticonditions.

I« is the maximum current through a load under shioctiit conditions.
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That the photogalvanic cells show ohmic resistacae be seen as a positive aspect, when one
considers that this affords great flexibility iretieonditions that the cell is able to have its mmn
power setting in. By comparison, DSSCs have a yeadtangular current over voltage culfe!*®
offering only a single point of operation. Thougissuming the sanig andV,, the rectangular curves

offer higher powers than the comparative lineavesifor most voltages.

5.2 Overall Power Conversion Efficiency

The overall power conversion efficiencytwa) measures how much energy is produced by thercell
comparison to the amount of light energy that reacthe sample. The values obtained for this
calculation are always lower than those obtaineditothe Incident Photon Current Efficiency (IPCE)

and are the values usually quoted in papers farathaell performance.

Equation 6.
Nglobal = (IscVoctf)/Acly

| is defined as the light intensity of the incidéght.

A.is defined as the surface area of the cell.

5.3 Incident Photon-to-Current Conversion Efficignc

The Incident Photon Current Efficiency (IPCH), differs from the calculations of the overall pawe
conversion efficiency, as it measures how muchhefincident light is converted into electron/hole
pairs, by measuring the number of electrons geegraind does so at each specific wavelefidth.
depends on light absorption, electron injection eimarge extraction under short circuit conditiofise
IPCE is a measure of how efficient the light absoris than of the whole cell as a unit. Values
obtained for the IPCE of DSSCs are often high (&e%60).

Equation 7.
_ Ne| _ hC x Ig‘;

Nph € Pliight A

Ng is the number of detected electrons. e is theahéany charge.
Npis the number of incident photons. 2 is the wavelength of the incident light.
h is Planck’s constant. I« is the measured short-circuit current optimised tmnstant area.

C is the speed of light. igae is the incident light power area optimised to astant area.
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I RESEARCH OBJECTIVES

This project involves two objectives. The first @stigates the intrinsic properties of nanostructure
calcium silicate (NCaSil) when used in conjunctwith the iodide/triiodide electrolyte. An assessinen
is made as to whether the NCasSil contributes topth&oactivity observed from such silicate-based
cells. Where possible, the dominant photoactivepmmnts are ascertained and, if the NCaSil does act
as the photoactive semiconducting material, itmgartant to discover whether it is doing so in the
capacity of a DSSC or semiconductor photogalvaeit These issues are to be determined by testing
NCasSil with the iodide/triiodide electrolyte withitifferent parameters (for example, the effectedf ¢
depth and width) and comparing results to the ditee for DSSCs and photogalvanic cells.
Additionally, results are compared to analogousstesthe electrolyte alone and attempts are made t

ascertain whether the silicate backbone plays t@gnal part of the cell process.

If most of the activity observed is attributed e iodide/triiodide electrolyte, an assessmentaders

to whether NCaSil used with the iodide/triiodiddsaas a soggy sand electrolyte. This is achieved
through comparing the NCaSil and iodide/triiodigdi<to TiQ, and SiQ cells, tested under the same
conditions, and comparing the results to the litema Furthermore, the interaction of the
iodide/triiodide electrolyte with NCaSil, particula with long-term testing, will also be important

towards this assessment.

Secondly, optimisation of the cell is undertakerorder to achieve as high a power output and light
conversion as possible. This is to be attainedetgcsively changing different components of thd cel
make-up. The components to be varied include (rdusively): the NCasSil itselfi ., modified and
doped NCasSils), solvent variation, NCaSil:solveatia, different electrolyte additive cations and

content amount, cell width and depth, and the eatfithe electrodes.

On many occasions both objectives are assessedtam@ously, as observing the effects of changing
certain variables also elucidates the inherentgnas of the nanostructured calcium silicate ded i
role when in a solar cell. Thus, a better undeditenof the nanostructured calcium silicate’s fumrct
when used in cells and the type of cells formed,wadl as a reasonably optimised cell, is

simultaneously sought throughout this project.
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I EXPERIMENTAL

1 Synthesis and Development of Nanostructured Calain Silicate
All forms of NCaSil were prepared according to kikerature!*** 13!
1.1 Batch Synthesis NCaSil

NCasSil was formed by reacting sodium silicate veiticium hydroxidé*'* 1*”'Ca(OH) (34.69 g) was
placed into a 1000 chplastic beaker (silicate reacts with glass) witktitled water (470 g). The
resulting slurry was mixed rigorously using an dwesd stirrer. Concentrated HCI (24%183 %) was
gradually added, yielding a pH of 11.3 to 11.5. Bhierer was positioned off-centre to achieve good
mixing. Into a 1000 crhplastic beaker, sodium silicate (NaSil) solutioaswveighed (87.8 g, Orica,
28.7 % SiQ) and water was added to make up 500.cPhe resulting solution was mixed well. The
solutions were combined under intensive mixing baftistirring rapidly for five minutes, before the
stirring speed was reduced and the solution lekingi The typical NCaSil structure develops over

several hours after the initial mixing. The NCashirry was used for later preparations.

Water-washed (untreated, {3@;,Si0033:4CaCQ-Na0O-4H0) calcium silicate was obtained by
filtering under vacuum and washing the filter caeensively with at least 2000 &rof water. The

washed filter cake was dried at 105 °C for 48 hours

On drying, untreated nanostructured calcium siigathibits a loss of surface area and pore volume
due to the collapse of the microstructure causestiong attractive forces between surface silandl a
calcium groups and surface tensitil. Pretreatment of the calcium silicate before drymg (1)
reinforcement; (2) the removal of some calcium aitdnol group$™®: or (3) addition of a spacer

compound and surface tension lowering agent, giyatkeviates this collapse of the microstructure.
1.2 Reinforcement of NCaSil

In the reinforcement steps, sodium silicate wasl @sea reinforcing agent. Addition of this preaped

silica onto the plates, encapsulating and prevgntite collapse of the structure and loss of the

accessible surface area, resulting in reinforcedhostauctured calcium silicate (RNCasSil,
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Cas06Si15030-2CaCQ@-Na0-2H0). NaSil (2.8 g) was added in distilled water {@®5 crri) to every
50 cn? of the slurry from 1.1. The resulting slurry wasred for 1 minute, before HCI (5 ¢in2
mol/dnt) was added drop-wise. The acid-treated mixture simeed for 30 minutes, filtered under

vacuum, washed extensively with water, and drietDat°C for 48 hours.

Five batches of RNCaSil were made for the purpaseshis project: JCL/1/53B, JCL/AITTA,
JCL/5/07A, JCL/5/11A and JCL/5/37A, hereinafterledlBatch #1, 2, 3, 4 and 5, respectively, when

differentiation is required.

1.3 Acid Washed NCaSil

Removal of calcium and silanol to form acid washmashostructured calcium silicate (AWNCaSil,
Ca0,Si1s030:Na0-2H,0) was achieved by washing with HCI. Removing sodiethe surface
functionality rendered the NCasSil plates less {ikial interact with each other, increasing the $itgbi
of the NCaSil structure. In the first step of muturing AWNCaSil, HCI (33 %) was dripped slowly
into the slurry of calcium silicate from 1, until@H of 7 was achieved. The final pH of 7 was
maintained for 5 minutes without further additidrHCI to ensure completion. Then the treated d#ica

was filtered under vacuum, washed extensively waler and dried at 105 °C for 48 hours.

1.4 Spacer-Compound Containing NCaSil

2-Ethoxyethanol acted as a spacer compound betweersilicate plates and lowered the surface
tension of water, preventing collapse on dryindic&tes treated this way are referred to as ethoxy-
ethanol treated NCaSil (EENCaSil, &21,Si0033-4CaCQ-NaO-4H0). To make EENCaSil, the
filter cake of the slurry from 1.1 was washed egiesly with water on a Buchner filter. When there
was only about 5 mm of water standing above therfdake, 2-ethoxyethanol was added, the volume

of which was approximately half the volume of tlaée. The sample was dried at 105 °C for 48 hours.

1.5 Continuous Method RNCaSil

Two main types of reinforced calcium silicate wéested. The first was batch-processed reinforced
calcium silicate, produced as outlined above (b&bICaSil, referred to hereafter as RNCaSil). The

second was a “continuous method” reinforced caldilivate, in which 20 drhbatches of the starting
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materials were prepared and reacted in a small lobgnusing a peristaltic pump to achieve a
continuous flow of starting materials (Figure 1Zhe size of the reaction vessel allowed for better
control over the stirring speed and consequently prarticle size of the resulting NCaBi!
Continuous method RNCaSil (CM-RNCaSil) was prepdmgdMr James Grinrod, of the School of
Chemical and Physical Sciences, Victoria UniversityVellington (JEG3-16B).

Vessel

Reaction / \
|
(=— Ly

S
Sodium Overhead  Calcium
Silicate Stirrer Hydroxide
Solution Inlet Slurry Inlet

Figure 12. Continuous Method Set Up.

The sodium silicate and calcium hydroxide solutisse pumped into the reaction vessel at the same
flow rate. The produced NCasSil continuously le tieaction vessel through an upper outlet. This CM-
NCaSil was reinforced by in a batch method to yieM-RNCasSil.

1.6 Other Treated NCaSils

The treated NCaSils were prepared by Dr. Thomagniom. V- and Ce-NCaSil (TB2004 and
TB2005 respectively) by the addition of cerium c¢hde or sodium vanadate to the calcium hydroxide
slurry prior to the reaction with sodium silicatimilarly, Ru-containing NCaSil was prepared by
addition of ruthenium trichloride (TBRu-EECaSil)-tteated EENCaSils (TB10/09/2007) was made by
by reacting EENCaSil with iodine at 120 °C for 48uts.
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2 Electrolytes Used

The main electrolyte used (0.588 mol/ftipotassium iodide (Pure Science, 99%), 0.096 mdliddne
(Unilab, 99.5%)) was prepared in de-ionised walr 1,0, purified by a Milli-Q Ultrapure Water
System) or a 70:30 in weight mixture of an alterreasolvent and DI bD.

2.1 Electrolyte Solvent

Many different solvents were used to solvate trdide/'triiodide couple and tested with and without
NCasSil. The iodine and iodide salt are insolublengny organic solvents. Consequently, water/organic
solvent mixtures were prepared in 30 to 70 wt¥osfirable 5).

Table 5. Formulation of lodide/Triiodide Electrolytes from Different Solvents.

m = [K]=0588 Mr(K)= [I,]=0.096 Mr(l,)=

1.435 g mol/dn? 166 g/mol mol/dn?  253.8 g/mol
Density Total V n (KI) n (I,

Solvent (g/en?)  V (cm?)  (cmd) (mmol) m (KI) (g) (mmol) m (b) (mg)

Acetone 0.785 1.83 2.44 1.44 0.239 0.235 59.5

Acetonitrile 0.780 1.84 2.45 1.44 0.240 0.236 59.8

Ethanol 0.785 1.83 2.44 1.44 0.239 0.235 59.5

ZEthoxy 4 195 199 1.91 1.12 0.186 0.183 46.5

ethanol

Ethylene 0.930  1.54 2.16 1.27 0.211 0.207 52.6

Glycol

Propan-1-ol 0.800 1.79 2.41 1.42 0.235 0.231 58.7

Propan-2-ol 0.781 1.84 2.45 1.44 0.239 0.235 59.8

THF 0.889 1.61 2.23 1.31 0.218 0.214 54.3

2.2  Electrolyte Additive
2.2.1 Calcium Chloride

Where stated, 0.527 mol/drf6 wt%) calcium chloride (anhydrous, Panreac, 95W4$ added to the
water-based electrolyte. The effect of changing wleéght percentage of the CaGlas tested, for
example: 0, 1, 1.5, 2, 5, 10, 15, 20 or 25 wt% waetded to the iodide/triiodide electrolyte andedst
with and without RNCasSil in normal gasket cells.
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2.2.2 Alternatives to Calcium

Different sources of the chloride were tested,risuee that it was the calcium that was affecting ce
performance and not the chloride. SF6H,O (Sigma Aldrich,> 99 %) and MgGt6HO (Sigma
Aldrich, > 99 %) were used in amounts equimolar in the n{&téf and Md") to the C&" used in the 5

wt% solution.
2.2.3 C& Content Equivalent to that from RNCasSil

Cells were tested with the electrolyte alone witi'@dded, the content of which was equivalent to the
Ccd* present in normal RNCaSil cells (0.10 g RNCaSl:¢nT electrolyte), assuming that all the
calcium from RNCaSil was available. RNCaSil can I#escribed by the formula
Cas06Si15030:2CaCQ-Na0O-2H0 (plus 30 % adsorbed water). In 3.0 g of RNCa&& @mount used

in beaker cells, in which these tests were rumyehvas only 2.1 g of dry RNCasSil, which meanseher

was 0.4389 g CApresent. 1.2158 g of CaQlelivered an equimolar amount ofGa

2.2.4 C&" Only Added to Electrolyte

An iodidef/triiodide electrolyte was prepared whemdy C&* was present and not CThe same ratios
of water, iodine and iodide normally used in thectblyte were maintained, but with the iodide
content from Cal rather than KI. The electrolyte solution was ndiynprepared using DI water
(4.10 g), 3 (0.10 g) and KI (0.40 g). Thus, there was 3.40960% mol of iodide present and the
amount of Calrequired was 1.205 x Fanol, or 0.354 g. The Gacontent in this electrolyte was 55.7
mol% of that in the 5 wt% Cagbdide/triiodide electrolyte.

2.2.5 Tetrabutylammonium Hexafluorophospha®d&y{ N(CsHg)4)
Tetrabutylammonium hexafluorophosphate (Sigma AlJri98 %) was added to the iodide/triiodide
electrolyte using the following ratio; (0.10 g), Kl (0.20 g), tetrabutylammonium hexafiojghosphate

(0.010 g), water (2 drops). This was then mixedRNCaSil (0.020 g), and tested with C-coated ITO-
glass electrodes, in normal gaskets.
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3 Synthesis of Tetraethoxyorthosilicate-Derived Gsl

The methods divulged in the literature for the camghtion of tetraethoxyorthosilicate (TEOS, also
called tetraethoxysiloxar&y®?? were adapted, as they tended to result in nopmelucts due to the
metal sources added. The gels were formed frontohelensation of TEOS (2.0 &10.00896 mol,
Sigma Aldrich, 98 %), solvated in drum ethanol (@f0cn?) and distilled water (1.0 of cfj) with
concentrated HCI (1.0 of ¢in0.01097 mol, Pure Science Ltd, 33.33 %). Thistunxwas left stirring
for 40 minutes. Drum ethanol (0.5 &mand distilled water (0.5 cthwere then added to the mixture,
prior to the metal additive (0.00896 mol in the ateiation). The resultant mixture was then stirficed

2 hours, after which it was left overnight to s&bia gel. The metal sources used were: CadO
(Riedel-de Haén, 98 %), SgabH,O (Sigma Aldrich, 99 %), FegbHO (Unilab, 96 %), FeGi4H,O
(Sigma Aldrich, 99 %), CoGI6H,O (BDH Chemicals, 97 %), MnS@H,O (BDH Chemicals, > 98
%), CuNQ-3H,O (Riedel-de Haén, 99 %) and ZnCl (BDH Chemical88%%).

Some samples had slight variations to their solveake-up, with respect to the ethanol content. For
example: isopropyl alcohol (iPrOH) was used inste&dcethanol; or a 50:50 ratio of ethanol and
ethylene glycol was used instead of ethanol. Isathples, 50 wt% of the solvent was water to ensure

solvation of the metal salts.

4 Sodium Silicate and Ethylene Glycol Gels

These were made from sodium silicate (2.6)cmater (2.0 cr) and ethylene glycol (3.0 ¢ stirred
for 2 minutes. HCI (0.5 cf 1 mol/dnf) was then added, before stirring for a further ifutes and
adding ethylene glycol (3.0 é&n The metal solution (Ca(8.55 mmol), the metal cation (0.95 mmol)
and water (1.0 cf)) was stirred rapidly into the mixture and the aibwed to develop overnight. The
source materials for the metals used were thosedlsbove (Part 11l 3). A blank gel (or control) sva

tested, which only consisted of the sodium silicaiater and ethylene glycol, and no metal solution.

5 Gasket Cell Fabrication

Some tests were carried out between two small pie€endium tin oxide coated glass (ITO glass,

Sigma Aldrich, 70-10@/sq, 0.107 cm thickness), as shown in Figure 18. dthface area and volume
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of samples was controlled by a Teflon gasket ofvkmalimensions. The Teflon gasket was held in

place with petroleum wax. Contacts were soldereditimindium.

Figure 13. “Gasket Cell”

5.1 Electrode Coating

The back electrode (usually either ITO glass or-ddated PET) was carbon, platinum or gold coated.
For most of the NCaSil cells, the back electrods warbon coated using a JEOL, JEC 560, Auto C
Coater, to give a coating of approximately 7 nnckhess. With the TEOS cells, the back electrode was
platinum coated in a JEOL JFC-1500 lon SputterimyiBe, also at 7 nm thickness. Platinum coating
was used instead of carbon coating where the s&agulity or longer-term testing caused any carbon
coating to be stripped off the electrode. Any godéiting was done with a Fisons Instruments Polaron
SC500 Sputter Coater, set to 7 nm. Gold coating avéyg used for comparative studies of different

coatings. In some experiments, the back electraeomnstructed using carbon tape on “normal” (non-

ITO-coated borosilicate) glass.

5.2 “Normal” Gasket Cells

Unless otherwise stated, the NCaSil was not sidtergo the photoelectrode, nor was any additional
light-absorbing dye used. For most investigatidRBlCaSil was chosen due to its higher stability
compared to NCaSil. Values reported herein aregenaaantly averages of two or, in most cases, three
repetitions. “Normal” gasket cells were fabricateith a 5.05 mm diameter and distance of 0.052 cm
between the electrodes.e(, sample areas of 0.200 trand volumes of 0.0104 &n A ratio of
RNCasSil:electrolyte solution of 0.10 g:1.0 tmas used, unless otherwise indicated.
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5.3 Cells From Slurry-Form NCaSil

In most cases, the dry powder form of NCaSil wasduand the ratio of NCaSil to electrolyte given as
a weight:volume ratio. However, when a slurry okedorm was used, the sample was made up
without any additional water and the solid contdfit,and b ratio kept consistent with comparable
experiments. For example: the most common powdea&lectrolyte ratio used was 0.10 g
NCaSil:1.0 cri electrolyte. The normal electrolyte solution, tetexd above, was prepared from 0.10 g
I, 0.40 g KI, 4.10 g DI water, 0.24 g CaQinaking a total weight of 4.84 g. 1.0 Tof this solution
weighed 1.1325 g.

Table 6. Formulation of the Normal lodide/Triiodide Electrolyte Used.

Electrolyte Solution Mass () Mass (Wt%) In 1.0%(m)
I 0.10 2.07 0.0234
Kl 0.40 8.26 0.0935
DI Water 4.10 84.71 0.9593
CaCh 0.24 4.96 0.05617

If a slurry was, for example, 7 wt% solids, theA2B6 g of the slurry was required for 0.10 g ofdsol
For a C&" free sample, 0.0234 g ofdnd 0.0935 g of KI was added to the NCaSil slufor. a sample
with added C%, 0.05617 g CaGlvas also mixed into the samples.

5.4 TEOS-Gel Gasket Cells

When TEOS-gel samples were tested with the 70 &nethodide/triiodide electrolyte, 0.4@ or 0.95
ug of the electrolyte was added to 0.0104° @hthe TEOS-gel sample. The samples were tested in
normal gasket cells, with Pt-coated dark electrpdegshe acidity of the samples would have removed

carbon coating easily.

5.5 SiQ and TiQ Testing

SiO, (precipitated, BDH Lab Reagent) and Fi(@natase, BDH Lab Reagents, 98 #4gting was
conducted in the same fashion as NCaSil in norragket cells. ITO-glass electrodes were used, with
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the dark electrodes carbon coated. Cells were mpateth 0.10 g of oxide and 1.0 érof either 0 or 5

wt% CaC} water-based iodide/triiodide electrolyte.

6 Beaker Cells

Other samples were tested in beakers, as showmgureF14. These cells were made up in Simax
(borosilicate glass) beakers. Electrodes were asetistances of approximately 0.5, 2.0 and 2.5 cm.
The electrodes were kept in place by a plasticdroldith slits separated by the given distancesesin

otherwise stated, the beaker cells predominantd usn electrode distance of 2.0 cm. All cells

contained 3.0 g of NCaSil and 30 tof electrolyte (the same ratio as in normal gaskés).

Figure 14. “Beaker Cell” and Research Arc Lamp

ITO glass is indium tin oxide coated onto normalsgl (not quartz glass). Because of this, the sample
in cells were cut off from all incoming light of walengths below approximately 295 nm. Preliminary
tests performed showed that, as a consequencaspfufing a quartz beaker did not improve cell

performance over using a normal glass beaker (SIVi#oXosilicate glass).

6.1 Electrode Position

The RNCasSil beaker cell was examined with the sdéets in three different positions relative to the
light; with the electrodes either parallel to tight beam (Figure 15(a)), or perpendicular to grap
with the C-coated ITO electrode towards the bacthefcell (as a normal dark electrode, Figure 15(b)
or closest to the light (where the uncoated phetdebde usually is, Figure 15(c)). This was dongawi
three samples, with electrode distances of apprateiy 0.5, 2.0 and 2.5 cm.
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EE C_Coated ITO Glass
Uncoated ITO Glass (b)
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Figure 15. Different Electrode Positions Tested (Bils-Eye View of Beaker Cell):
(a) Electrodes Parallel to the Light Source; Electndes Perpendicular to the Light Source,
(b) C-coated ITO to the Back, and (c) C-coated ITQo the Front.

7 Quartz Cuvette Cells

It was tested whether the back ITO-glass electnwde required (as is usually the case for Graetzel
type DSSC), or whether a thin Pt-wire was suffiti@s in a photogalvanic cell). Tests done in quart
cuvettes used a ratio of RNCaSil:electrolyte of g:D.0 cr, where the electrolyte used was 70 wt%
ethanol 30 wt% DI water solvated iodide/triiodidée cuvette had an (inside) depth of 0.994 cm. ITO-
glass electrodes used were 2.50 x 0.97 cm. TharPtused had a thickness of 0.30 mm. 8.0 cm of Pt-

wire was immersed in the samples.

Four different electrode variations were testedjfeés 16 and 17). First, two ITO-glass electrodes
were used, the back electrode being platinum codted was a blank sample to compare to the Pt-
wire samples. Secondly, an ITO-glass photoelectraa® Pt-wire back electrode combination was
tested. Thirdly, the Pt-wire was brought to thenfrof the cell and uncoated ITO glass used asdbk b

electrode. And, finally, to determine the effecttbé lower wavelengths of light let through by the

quartz cuvette and the Pt-wire, a sheet of ITOxylees placed in front of cell-type three.

47



Pi-Coated Back lectrode Pi-Wire Back Hectrode¢

Figure 16. Quartz Cuvette Testing: ITO Glass FrontElectrode and Either a Pt-Coated or Pt-Wire Back Eéctrode.

Light
Or

] Pt-Wire Fronted Electroc
Pt-Wire Front Hectrode ITO Glass In Front of Cell

Figure 17. Quartz Cuvette Testing: ITO Glass Back Ectrode and a Pt-Wire Front Electrode, with or without ITO
Glass in Front of the Cell.

8 Testing the Effect of Cell Width and Depth

8.1 Different Gasket Cells

Different cell widths and depths were tested byyway the Teflon gasket used in the gasket cells to

known dimensions. To test cell width, and thusdfiect of surface area, the same Teflon used teemak
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the “normal” gaskets was employed to make gaskietifierent surface areas, but consistent depth.
The diameters tested were: 2.53, 5.05 (“normal§0710.16 and 15.09 mm.

In order to test the effect of cell depth, Telfape& (Ceelon) of 0.08 mm thickness was used (cordpare
to a normal gasket of 0.52 mm thickness). Due tiechnical limitation, the sample surface area ef th
Teflon tape cells (6.00 mm diameter, 1.13°cmas not quite the same as that of the “normatkges
(5.05 mm diameter, 0.80 &n

8.2 Slotted Vessel Testing
To further investigate the effect of electrode alise on cell performance, a slotted vessel was
constructed from Teflon and quartz glass. This widdt vessel was cut with slits able to hold ITO-

coated glass slides, allowing for the measuremenelb performance of cells with different electeod

distances (Figure 18).

Grooves, 1.0 cm apart

______ 1 S QPR g W T 5 ) g

| Grooves, 0.5 cm apart

1

11

A

Figure 18. Side Panel of the Slotted Vessel usedTest the Effect of Electrode Distance.

The front panel (through which the light entered #essel) was constructed from quartz glass. Given
that the first slit had to hold the photoelectrattie, distances tested were 0.5, 1.0, 1.5, 2.543%855.5,

6.5, 7.5 and 8.5 cm (Figures 19 and 20). Tests wi¢her performed with the “gap” between the quartz
glass and the first slot (the photoelectrode)dilbe unfilled.
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Figure 20. Slotted Vessel.

9 Stirring and Non-Stirring

Some beaker tests (Simax, borosilicate glass) wanéed out using an overhead stirrer (Figure 21).
This experiment employed RNCaSil in a water-baseitlie/triiodide electrolyte (3.0 g: 30 dnITO-
glass electrodes were used at distances of appatedyr2.0 cm, kept in place by a plastic holdere Th

back electrode was C-coated.
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Figure 21. Overhead Stirring of a Beaker Cell.

10 Plastic Electrodes

10.1 Normal Plastic Electrode Cells

Cells were fabricated with ITO-coated polyethyleaephthalate (ITO PET, 35, 60 and X@0Sigma
Aldrich) electrodes rather than ITO glass. Thedks aeere fabricated in the same fashion as normal
gasket cells (normal Teflon gasket, Pt-coated etektrode, uncoated front electrode), except tinat t
ITO PET was used rather than ITO glass.

10.2 Laminated Plastic Electrode Cells

The construction of these cells was almost idehtwdahe normal ITO-PET cells, as outlined above,

with the following exceptions:

» The Teflon gasket was glued to the Pt-coated ITO @B0Q), rather than held in place with

petroleum wax, to avoid wax melting into the santhleng the lamination process.
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» The normal gasket cells with ITO glass and norm&-PET cells utilised plastic coated Cu-
wire connections. However, due to size constrahttie laminator, the laminated cells used
non-plastic coated Sn- or Cu-wire connections.

» All dark electrodes were Pt-coated.

The entire cell, including the connections in themtirety, was laminated at 72 °C (Figure 22). The

ends of the connecting wires were subsequentlylfiteenake measurements.

Sample

Closed End of
Lamination
Pouch

_________________________________

Indium-
Connected Sn-
or Cu-Wire

>
Y S

Figure 22. Representation of Laminated ITO-PET CeH.

11  Sintering NCaSils

11.1 Silver Paint

Silver paint was coated onto ITO glass, before RBiCa&as pressed into the paint. This was then

allowed to dry, before being tested with a wateide/triiodide electrolyte.
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11.2 Using Sodium Silicate as a Binder

Sodium silicate (6.5 g, Orica, 28.5 % Sj@vas mixed with RNCaSil (0.60 g). ITO glass wasted
with this mixture by leaving the glass in plastiet® dishes (5.3 cm diameter), immersed in the
mixture. Surfaces of the glass required for costaetre masked with Teflon tape. This was left fér 4
hours, before testing when used in conjunction vaitii0 wt% ethanol iodide/triiodide electrolyte

solution (Pt-coated ITO-glass dark electrode).

11.3 Hydrothermal Treatment

A slurry of NCaSil (20 g) was prepared, such theerall the slurry consisted of 5 wt% NCasSil.
Sodium silicate (Orica, 28 wt% SjDwas added to this, such that the amount was 20 @it the
previous mixturei(e., 2 g). Teflon tape was used to safeguard any arete ITO glass required for
connections. The glass was placed into the bom® ¢&d), the ITO-coated side facing upwards, and
the slurry was poured into the bomb over the glaks was then autoclaved for 3 hours at 210 °€ in
McGregor kiln, before being allowed to cool ovelttig This process was repeated for the same sheet

of glass, resulting in a double-coated slide andating of NCaSil of approximately 1én.

12  Dye Sensitiser

As the ruthenium dye sensitiser is the most expensbmponent of the cell, a sensitiser was not used
for every cell. Figure 23 shows the ruthenium cawrplised as a dye, tris(2,2'-bipyridyl)dichloro-
ruthenium (Il) hexahydrate (Sigma Aldrich, 99.95. %)

Figure 23. Tris(2,2'-bipyridyl)dichloro-ruthenium ( 1) hexahydrate (Sigma Aldrich).
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Using reported methods of dye-sensitising JT®&aetzel cells as a guidelif&,*® RNCaSil (0.10 g)
was sensitised by immersing it in an absolute ethswiution of the dye (10 cin250 x 16 mol/dn?).
This mixture was left in a Labnet Orbit 300 shakar,300 r.p.m for 20 hours, before filtering by
vacuum and washing with drum ethanol. The remaipiltpw-orange solid was placed in an oven at
105 °C for 72 hours.

The resulting dyed RNCaSil was tested with a 70 véfthanol 30 wt% water iodide/triiodide
electrolyte (0.10 g:1.0 cfj) in a normal gasket, ITO-glass cell, with a Pated back electrode.

13  Light Source Used

The incident light from the Newport Oriel, ozonedrxenon-arc discharge lamp used had an electrical
power output of 75 W (see Figure 37 below for tiradiance spectrum at 0.50 H"! The relevant
area of the irradiance spectrum (200 — 700 nmFggee 27, which showed that no light uptake occurs
above 700 nm) was approximately 3.85 \W/@amples were tested at 0.30 m and, as irradizaries
roughly in proportion to the distance squared,ittegliance was increased by a factor of (0.50/6.30)
2.79, giving 10.74 W/t This light was focused by 2.0 fold, resultingan optical power of 21.47
W/m?. No adjustments were made for energy loss throlughens, glass or size effects.

14  Cell Performance and Analysis

Cells were tested in a black box, free from extetiggt. Cell performance was evaluated with a
variable resistor to measure voltage and curremhamge in resistance (Figure 24).

hv

AE IO
_@

Figure 24. Circuit Diagram of Set Up Used to Measwe Cell Performance.
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Current and voltage were plotted to measure tfa paiwer output and overall efficiency. Overalllcel
power conversion efficiencies were determined usiggation 6 (see above), where the light intensity
of the incident light was defined as 21.47 Wicm

15  Optical Properties

Optical properties were measured with a HunterLatoi@uest on the CIE scale and values were

averaged over a minimum of 5 samples.

16  Optical Density Filters

Optical density filters (Edmund Industrial Optiaggre employed. These were based on a logarithmic
scale, such that optical density (OD) =it/l), where } is the initial intensity and | the resultant
intensity. In tests where these filters were udkd,voltage and current for cells with five diffete
filters, which were sequentially placed in the tiglath, were compared to an unfiltered cell. The

optical density of the filters and the correspogdight intensities are listed in Table 7.

Table 7. Optical Density Filters and their Correspading Light Intensities.

OD Filter Light Intensity (1)
0.00 1.0000
0.15 0.7079
0.30 0.5012
0.40 0.3981
0.90 0.1259
2.50 0.0032

17 Surface Area Measurements

Dry NCaSil surface areas were measured by nitroglesorption/desorption using the Brunauer,
Emmett and Teller (BET) Isotherm, with a MicromesriGemini V Surface Area and Pore Size

Analyzer.
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18 Particle Size Analysis

Particle size analysis was carried out an a Maltrgstruments Mastersizer 2000 for spherical pasicl
in water, at a particle refractive index of 1.6@&persant refractive index of 1.330, absorptiof.df
over the size range of 0.020 to 2008 and averaging over 20000 samples.

19  Viscosity Measurements

The viscosities of the different electrolyte sabuts were measured with a KSV Vibro Viscometer SV-

10, using a blade method.
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IV RESULTS AND DISCUSSION

1 Different Forms of Nanostructured Calcium Silicake

In this chapter, unreinforced, reinforced and mdtgled nanostructured calcium silicates (NCaSils)
tested with the iodide/triiodide electrolyte (withnd without 5 wt% CaG) in gasket cells

(Experimental, Part 1l 5) are investigated. Cdfioeencies are compared, the absorbance range of
NCasSil-containing cells assessed by UV-vis andrétationship between the electrolyte and NCaSil
studied by UV-vis and cyclic voltammetry. The claptoncludes with a short discussion on the

importance of mixing order when forming the NCa%itsl issues with consistency of CM-RNCasSil.

1.1 Unreinforced and Reinforced NCaSils

Untreated, unreinforced NCaSil proved to have ¢iveekt cell performance of all the different NCaSils
tested, when the electrolyte was free from any* @alditive (Figure 25). This was not due to its
exhibited Vo, Which, as is discussed in the following paragsaphid not vary greatly between the
different NCaSils. The poor performance was thelted a lowls, which was attributed to its lower
surface area and the instability of its microstuoetin the presence of the solvent. Tlag was
significantly improved upon the addition of 5 wt%aC), to the electrolyte solution. This increase was
attributed to the enhanced presence of the molafl&ién and was observed with all NCaSils tested.

NCaSil comprises of a silicate backbone with caitiand silanol groups on the surface. When dried,
the silanol groups experience a strong attractiveefto each other and to surface calcium. Combined
with forces effected by the high surface tensiomwafter, the silicate structure can collapse, atepla
are pulled towards each other. NCaSil can be nemtlifir reinforced to prevent loss of structure and
surface area upon drying, and increase stability eell performance. Consequently, reinforced
(RNCasSil), acid washed (AWNCaSil) and ethoxyethanehted NCaSil (EENCaSil) were tested and

compared to unreinforced NCasSil (dry and wet, ffiteke-form).

Voc Was not found to vary greatly between the diffeferms of NCaSils. Most variances observed fell
within the uncertainties of the experimelt. increased slightly on addition of 5 wt% Ca®@ the
electrolyte (Figure 25(a)). This could be attritite the addition of the Gachanging the inherent
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structure of the NCaSil and, hence, its band gapveév¥er, as there was little evidence that NCaSd wa
acting as a semiconducting material (discussethduiin the following section), it was more likely a
surface effect. The interaction of Cavith the NCaSil surface affected the iodide/tribelisurface
interaction, as will be discussed in greater délow (Part IV 4.3.1, 9.6 and 12), increasing e
This affect oV, was supported by cyclic voltammetry, discussedwédPart 1V 1.1.5).

70 - 00 wt% CacCl, Electrolyte

60 5 wt% CacCl, Electrolyte
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Figure 25. Different NCaSils with 0 or 5 wt% CaC}, in a water lodide/Triiodide Electrolyte; (a) Vocand (b) I «.

With respect to thés. (Figure 25(b)), when no Caghas added to the electrolyte solution, RNCasil

achieved a highdg. than the unreinforced NCaSil (powder and cake Jand AWNCaSil, but not the

EENCaSil. NCaSil in its cake form achieved a gre&fethan the powder NCaSil, which was likely
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due to NCaSil maintaining a larger surface areanwkept wet. Generally, a strong relationship
between the surface area andlth@ppeared to exist, suggesting that the NCaSilmaag been acting
as a surface polyelectrolyte. The EENCaSil form thedhighest surface area andGacess of all the
discussed NCasSils. Ethoxyethanol tends to be tost the NCaSil when in solution, thus it was able t
release previously encapsulated®Cahe high surface area and?Cavailability explain why, in a
CaCl free electrolyte solution, the EENCaSil had thenbijl ..

To alleviate the effect of the calcium release envestigate other features of the NCaSil cells,t%ow
CaCl was added to the electrolyte solution, resultm@n increase iy for all the different forms of
NCasSil cells. This was likely due to the#ons in the electrolyte increasing the overall inability.
With 5 wt% CaC} added to the electrolyte, the inherent'@antent of the different NCaSils was no
longer the determining factor. Once the cells @l tsufficient C& available, the stability of the
silicate appeared to determine cell performanceusTIRNCaSil became the dominant form, as
RNCaSil was the most stable form over extendedgdsr{days) of measurement. The EENCaSil cells
did not change significantly compared to the ofi€aSils due to their initially high aavailability.
The second most stable NCaSil form was the acithedhdollowed by the pure NCaSil and EENCaSil,

the latter two of which were both relatively unseab

Additionally, that the stability of the silicate t@emined cell performance, with 5 wt% Ca@Hded to
the electrolyte, supported the supposition thaggaand electrolytes had been made. The retention o
C&" on the silicate surface would have allowed forfarenation of soggy sand electrolytes and stable

NCaSils would be more readily able to form suclctetdytes (as discussed further below, Part IV 12).
1.1.1 Fill Factor and Overall Power Conversion &&ncy

NCasSil cell and iodide/triiodide photogalvanic celirves (Figure 26) gave linear relationships wtpl

of their respective fill factors, which meant thlaé maximum power point was relatively low. Thé fil
factors of a typical RNCaSil in a water iodidefidide electrolyte with 5 wt% Cagand the electrolyte
alone were 0.27 and 0.24 respectively. The perfoom@af the RNCaSil cell was superior to that of the
electrolyte on its own. The RNCaSil cell also dig@dd enhanced operation stability, which, as
discussed further below, was attributable to NCd&faNing a greater band gap than the relevant
triiodide band gap and the fact that iodine waslyeabotobleached, whereas NCasSil inhibited iodine

transitions.
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16 Electrolyte Alone
RNCasSil Cell
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Figure 26. Current versus Voltage of Reinforced NCSil in a Water lodide/Triiodide Electrolyte with 5 wt% CacCl,
(0.10 g : 1.0 cr) and of The Same Electrolyte Alone.

The overall power conversion efficiencies were 8.80° % for the typical RNCaSil (in a water
iodide/triiodide electrolyte with 5 wt% Cagland 4.3 x 18 % for the electrolyte alone (Figure 26).
That the increase in cell performance, upon ad®hgaSil to the iodide/triiodide electrolyte, was
relatively small implied that the RNCaSil was natiag as a semiconducting material, but as an
insulating material in a soggy sand electrolyte nvhused in conjunction with the iodide/triiodide
electrolyte. If the RNCaSil were acting as a semitwting material, one would have expected to see a

greater gain in cell performance.
1.1.2 Possible Surface Area Effects

Assuming that the NCaSils were acting as semicdimyanaterials, apart from the absence of
additional light-absorbants/dyes, the low powen@sion efficiencies observed were likely due 19: (
the disordered nature of amorphous NCaSil in génana (2) the NCasSil not being sintered onto the

photoelectrode.

As higher ordered materials tend to transport edestmore efficiently*>* the disordered nature of the
NCasSil structure could have been unfavourable éirperformance. In Ti@DSSCs, nanoparticles are
sintered together onto the photoelectrode to aehiestter connectivity between the particles and
between the particles and substrate, to allow fiicient electron transféf®’ The inability to readily
thermally sinter pure NCaSil particles, due to dheposition to the more thermally stable form
wollastonite at 720 °€2 resulted in poor inter-particle and particle-tdsiate connectivity and thus

inefficient electron transfer. The plate structafeNCaSil (Figure 9) may have acerbated this in itha
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could have required a large number of hops for gdmto get from their point of generation to the
electrode. Hops would not only have been made lmtWCaSil particles, but also between the grain

boundaries of the plates that made up the particles

The difficulties in thermally sintering pure NCa&lso meant that there would not have been a lafyer
NCasSil covering the photoelectrode. Consequentintact between the NCaSil and photoelectrode
was poor and recombination was not inhibited, ashible conductor and photoelectrode could easily
interact.

1.1.3 Effect of Wavelength Light Filters

Preliminary tests to observe the effects of ligherfs on the cell performance of a reinforced eaic
silicate in iodide/triiodide (not sensitised) indied that calcium silicate had a wide spectral dizswe
range, spreading into the visible region, meanivag, tif it were acting as a semiconducting mateital
could potentially be employed without the additmina sensitiser (Figure 27(a)). This wide spectral
range supported the absorbance spectra obtaingd\itet and dry calcium silicate, which showed

absorbance over the whole spectral range as afotemed (Part | 4.1).

Though the iodide/triiodide predominantly showsabances at around 350, 290 and 220%hand

no absorbance peaks above 450 nm (see below, Rglreesults of Stevensan al."*® showed that
the iodide/trriodide cell continues to function tg approximately 430 nm, before cell performance
starts to decline to approximately zero at 710 nfhe data obtained for the RNCaSil and
iodide/triiodide cell showed similar behaviour (kig 27(b)). However, the shape of the curve
observed with the RNCaSil and iodide/triiodide éetlicated that the cells did not simply exhibié th
photogalvanic process of the electrolyte, as Steweat al.’*® observed a concave curve relative to

the origin, whereas the curve obtained with the BSICcell was convex.

Therefore, the similarity between the curves oladirfor RNCaSil and iodide/triiodide cell and
electrolyte alone suggested that the iodide/trdedphotogalvanic process dominated even when
RNCasSil was present, rather than the RNCaSil adm@ semiconductor, whether in the DSSC or
photogalvanic capacity. If the RNCaSil were actasga semiconductor, one would have expected the
behaviour of the cells containing RNCaSil to be endistinct from those only consisting of the
iodide/triiodide couple. That performance increasacadding RNCaSil to the iodide/triiodide, but the
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cell exhibited a different

electrolyte.
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1.1.4 Spectra
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ght Filters on the Reinforcel Calcium Silicate Cell in Ethanol lodide/Triiodide:
(a) Voc and I &; (b) Power.
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1.1.4.1 Infrared Spectroscopy

IR investigation of RNC

aSil alone and with iodidedidide electrolytes showed that there was little

difference in the spectra whether the electrolyss wresent or not, whether Ca@las added to the
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electrolyte and what solvent was used for the elfde (see Appendix, Part VII 1, Figures 98 to 100
In all the spectra, large Si-O-H op® stretches (1430 ch), bicarbonate and carbonate stretches (1630
and 1450 cil, respectively}?® and Si-O stretches (1045 énwere found. The only differences in the
spectra obtained could be attributed to the sodvaséd (the effect on the cell performance of wisch
discussed below, Part IV 4.4). For example, in letiny glycol, the sample’s IR spectrum showed
stretches at 2496 chand 2880, representing the ¥ in the solvent, and a C-O stretch at 1086'cm
Similar differences were found in the IR spectruna sample solvated in 2-ethoxyethanol.

1.1.4.2 UV-visible Spectra

The UV-vis also showed little difference betweeffedent iodide/triiodide electrolyte formulations
alone or when with RNCaSil. A water-based iodidiedide electrolyte showed absorbances at 348,
288 and 221 nm (Figure 28). The two highest peaksesented triiodide and the peak at 221 nm
iodide® There was no peak (at 500 nm) for iodfifewhich was not surprising given that one
expected all (or most) of the iodine to be turnet ttriiodide. The highest peak was shifted slightl
higher with the addition of RNCaSil to 353 nm. A Z9ethanol iodide/triiodide electrolyte exhibited
higher triiodide absorbances, at 360 and 292 nnghwiemained unchanged when with RNCasSil.

4.0
70 wt % Ethanol : 30 wt % Water Solvent
3.5 [
i = = 100 % Water Solvent
i
3074 9 RNCasSil in 70 % Ethanol Solvent
v o
[ |
E 2.5 1
8 i
g ||
c 20 7
© [ |
o
S 1
g 1 5 1
<
1
1
1.0 1
|
1 AN
0.5 1 7
/ s e
|‘ ! % - N
0.0 T LI LI L LI L LI T T 7T T "T‘ ‘"‘-" “--‘ -------

e B B B B B

200 250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 28. UV-vis of the Water-Based and 70% EtharlB30 % Water lodide/Triiodide Electrolytes, and RNCaSil
with 100 % Water-Based lodide/Triiodide Electrolyte.
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1.1.5 Cyclic Voltammetry

Cyclic voltammograms of the water iodide/triiodidkectrolyte were collected, with and without the
addition of CaCJ, and for RNCaSil or NCaSil based systems (Fig@(@)3.

2.51 — lodide/Triiodide Electrolyte
— lodide/Triiodide Electrolyte + Calcium Chloride
20 lodide/Triiodide Electrolyte + Calcium Chloride R aSil
lodide/Triiodide Electrolyte + Calcium Chloride +J4Sil
15- — NCasil
€ 10l
f(; \=-'
= e —
8 0.04
-0.51 N
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-5 +-—+—r+1r—r—r--r-r——r-r- T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.7 0.8 0.9 1
(@) Potential (V)
501 — lodide/Triiodide Electrolyte
— lodide/Triiodide Electrolyte + Calcium Chloride
401 lodide/Triiodide Electrolyte + Calcium Chloride N\ aSil
lodide/Triiodide Electrolyte + Calcium Chloride +JdSil
307 — Ncasil
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Figure 29. Cyclic Voltammetry of: (a) Water lodide/Triiodide Electrolyte with Calcium Chloride
and NCasSils; and (b) b-EENCaSil.
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Little difference was observed with the electrolgtene, whether or not CgGlas present. This was
not surprising, given that &ais difficult to reduce £’ = -2.87 V§*?" and should not have contributed
to the processes observed in the potential rarsgedeThe reversible oxidation peaks observed aroun
0.52 V represented the iodide/triiodide transiti¢B— 15~ + 2e}**® and the peaks around 0.79 V the

triiodide/iodine transition (21« 3, + 2e)**®

The cyclic voltammogram of the electrolyte with R&Eil and NCasSil were particularly interesting
because they showed the effect that the NCaSilsohatthe electrolyte’s transitions. The presence of
RNCaSil shifted the 0.52 V transition to 0.54 Vwkred its intensity, and completely removed the
transition at 0.79 V. The shift of the iodide/tdide transition to a more positive potential expéai
why RNCaSil cells tended to have slightly highégg than the electrolyte alone. Furthermore, the
decrease in peak intensity rationalised why theeatrof cells often decreased on the addition of
RNCaSil to the iodide/triiodide electrolyte (seddve Part IV 4.1), in the absence of other factors

(such as ratio and CaQlontent).

On testing NCaSil with the electrolyte, both traiogsis were removed and the voltammogram was
more like that of NCaSil by itself than when withet iodide/triiodide electrolyte; the NCaSil

suppressed the iodide/triiodide/iodine transition@e than the RNCaSil. The additional suppressfon o
3I'— I3 + 2e was why NCaSil was less efficient than RNCa®ien used in conjunction with the

redox couple, as the latter allowed this processake place. The transition between iodide and
triiodide was required for the photoactive procesdake place. The formation of iodine was not
important for the cell process and, thus, its ifttah by RNCaSil or NCaSil should not have affected

cell efficiency.

It was suspected that the suppression of thessiticars was related to the interaction of iodinghwi
the NCasSils. If this was the case, then the NCeiBibiting the transitions was expected, as it has
previously been observed that iodine interacted emaadily with the surface of NCaSil than
RNCaSil*™®! The suppression of iodine transitions on theramion of iodine with NCaSil was
supported by the voltammogram eftteated EENCaSil (Figure 29(b)). This also showetbmplete
lack of the transitions observed with the iodideftiide electrolyte. The impediment of the
iodide/triiodide and iodine transitions, by diffateNCasSils, further explained why photobleachingwa

limited in NCaSil-containing cells.
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It was not clear what the irreversible transitiar0a/ represented. The*HH? transition occurs at this

potential, however it usually requires a catalgath as platinum, and is reversible.

1.2 Vanadium- and Cerium- Doped NCaSils

Of particular interest were the transition metaha@dium- and lanthanide cerium-treated NCaSils, as
these metals had been shown to improve NCaSiligctiv other application§! As with the other
NCasSils, there was no visible differenceMg between the two metal-modified samples compared to
the other NCasSils (Figure 30(a)). The fill factdos these modified NCaSils were similar to those of
the RNCaSil cell, between 0.24 and 0.27 (Part V1), with linear current over voltage relationship
However, the cell efficiencies for the V- and Cev@oning cells were greater, due to a marked

difference in the currents obtained for these semfffigure 30(b)).

The V-NCaSil cell’'s performance, even without angQL added to the electrolyte, showed a greater
I« than the RNCasSil cell with 5 wt% CaCidded, and the Ce-NCasSil cell yielded comparablaees

to the said RNCasSil cell. The overall power conwersfficiencies for the V- and Ce-treated NCaSil
cells were 7.6 x I®% and 6.2 x 18 %, respectively, without any CaClddition. As with the other
NCaSils, the cell efficiencies of the V- and Ceatesl NCaSil cells increased upon addition of 5 wt%
CaCl to the electrolyte, due to the enhanced curremé.|E for the V-NCasSil cells increased to over
twice that exhibited by comparative RNCaSil cedisd the Ce-NCaSil cell'ls; was nearly double that
of the RNCasSil cells. The improvements were simittaproportion to the increases observed for the
other NCasSils.

The overall power conversion efficiency for the Gantaining RNCaSil cell was 4.3 x 106, that

for the V-treated NCaSil cell was 15.2 x1%, and that for the Ce-treated NCaSil cell wa$43.0°

%. Energy dispersive spectrometry (EDS) undertakigm the two treated NCaSils indicated that that
vanadium-content of V-NCaSil was around 2 %. Howewe Ce-NCaSil, the cation additive was
below the detection limit for this element and neethof analysis and, therefore, no cerium was
detected. That cerium was present was not doubtedhe silicate samples were visibly intensively
yellowed by its presence. As the samples othershssv similar silicon, calcium and oxygen contents,
the higher vanadium levels could have been why \&SiCshowed greater cell performance than Ce-
NCasSil. Alternatively, it may have been due to thenadium source being an anion (vanadate),

whereas as cerium was as a cation’{Cés an anion, it would not have been well bouadtte
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anionic surface of NCasSil, thus allowing it to ledeased into the electrolyte more readily, incregsi

the ionic atmosphere of the sample.
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Figure 30. V- and Ce-Treated NCaSil; (aVo. and (b) .

- and Ru-treated EENCaSil were also tested, thddgie to material constraints) in a different
capacity in beaker cells (Experimental, Part Il &d thus were not directly comparable to these V-

NCaSil and Ce-NCaSil results. However, they aretrmorad here briefly for comparison. From the
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long-term testing, the,2AEENCaSil showed poor performance. Initially, ¥g andls observed were
higher than those of equivalent V-NCaSil and Ce-BiCeells. However, over time, both thg: and

I« dropped off to become similar to the initial daatained for RNCaSil. The Ru-EENCaSil also
exhibited high initial perfomance, with a voltaggeo 100 mV and current ten times higher than
equivalent V-NCaSil and Ce-NCasSil cells and overtsnes higher than that of RNCaSil. However,
this cell proved quite unstable, with thig. andls decaying over time. These findings are discussed i
more depth below (Part IV 8.5).

1.3 Notes on the Synthesis of NCaSils

1.3.1 Preparation of RNCasSil

After an initial batch of RNCaSil had been used aigecond batch was made and tested. This second
batch did not seem as efficient in cell, as itsentis were markedly lower (Figure 31). Interesgngl
only the current was affected, not the voltageicatthg that the band gaps of the batches werereith
not greatly changed or did not significantly impeell performance. Results already discussed (Fart
1.1) suggested the latter. A third and fourth batelne made with similar results. It was not untiiftn
RNCaSil batch was made that currents of comparabkes to the initial batch were achieved. The
main components of NCaSil were sodium silicate (Na®id Ca(OH). The only difference between
Batches #2, 3 and 4 and Batch #5 was that, inatter] the NaSil solution was added to a rapidly
stirring Ca(OH) solution, rather than the reverse. The order afitemh would have affected the
relative concentrations of the components duringgge formation. Adding NaSil to Ca(OHljesulted

in a mixture that was initially Ca(OHKJ}ich and NaSil poor. This must have, to some degaéfected

the exact structure formed and thus the cell peréorce of the samples.

Particle size did not appear to be affected bydifferences in mixing order of NaSil and Ca(QH)
solutions. In either case, the main particle sizs approximately iim (Figure 32). It was suspected
that the reason why the initial RNCaSil batch (Batl) exhibited a slightly different and wider
particle distribution was due to its relative agbew the analysis took place, because of structure
collapse over time. Additionally, surface area meaments of the different RNCaSils did not indicate

any particular variance dependant on the orderixihignthe different components.

However, energy dispersive spectrometry (EDS) skiotiat, relative to silicon, when the NaSil
solution was added to the Ca(QHjather than the other way around, the calciumtezanof the
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material obtained was almost three times as gbedtthe oxygen content was lower. Therefore, the
differences in cell performance of these RNCaSis wattributed to the variances in“Ceontent.
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Figure 31. Different RNCaSil Batches. Tested in a dimal Gasket with a C-coated Back Electrode; 0.10 g
RNCasSil:1.0 cn? Water lodide/Triiodide (5 wt% CaCl,) Electrolyte; a) Ve and (b) I «.

During the NaSil addition to Ca(OHK)the relative concentration of Ca(QHyould have been greater
than that of NaSil, resulting in more €an the surface of the silicate particles and mesiter C&
accessibility, both with regards to the EDS methedd (with a relatively low penetration depth) and

when used in cells with iodide/triiodide. Greatarrface-C&" content resulting in better cell
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performance was also supported by data alreadysiied (Part IV 1.1) and is discussed further below
(Part IV 4.3.1 and 9.6).
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Figure 32. Patrticle Size Distribution Analysis of iree RNCasSils (Filter Cakes): Sodium Silicate Solitin Added to
the Calcium Hydroxide Solution in Batches #1 and 5and Calcium Hydroxide Solution Added to the SodiunSilicate
Solution in Batch #4.

The different order of mixing the two componentsRNMCaSil also affected whether a gel could be
formed from the RNCaSil, which is discussed in dié&@ow (Part IV 8.2.1).

1.3.2 The Consistency of Continuous Method RNCasSil
Continuous method RNCaSil (CM-RNCasSil) is reinfatcHCasSil prepared in a continuous-flow-

stirred-tank reactor (CSTR), rather than in a batdctor. Batch reactors are used for small scale
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reactions, wherein the reactants can be added tsineausly or sequentially (the latter in the calse o

RNCaSil) and stay in the reactor for a fixed tinefdoe the product is removed. Continuous method
reactors differ in that reactants and productscarginuously added and removed (Experimental, Part
[ 1.5).

The results shown (Figure 33) were from the santehbaf CM-RNCaSil. The wide range of cell
efficiencies observed with CM-RNCaSil (comparedhe much more consistent RNCaSil) was related
to the method of manufacture. With batch RNCaSitividual batches were normally very self-
consistentj.e., there was uniformity within the batch. Howevegn batch to batch, differences were
observed, particularly in particle size and surfacea. A CM-RNCaSil sample could be viewed as
consisting of many batches within one mixture. Fre flow-stired method used, the
reactants/products had a mean residence time iretiwtor, determined by the flow rate and reactor
volume. This mean residence time meant that someamets/products could have entered the vessel
and left quickly, while others may have been in Wiessel for longer. Thus, there was potentially a

wide range of residence times and even some uteckasactants exiting the vessel.

If one sample of CM-RNCaSil is considered as caimgjsof many “mini-batches”, then there was
more consistency between the mini-batches in CM-&S8llCcompared to between batches of non-CM-
RNCasSil. However, because the mini-batches werecaotpletely uniform, within the one batch of
CM-RNCasSil, there were differences in particle sirel surface area. Consequently, there were great

variances in cell-performance from the same CM-R8iCzample.

Each of the results shown in Figure 33 is reprediet of three cells prepared from the same batch o
CM-RNCasSil,i.e, 0.01 g of CM-RNCasSil and 1.0 énof iodide/triiodide were mixed, and the three

repeated cells made up from this one sample. Tieetwere mini-batches within a single batch of
CM-RNCaSil was supported by these results, as,gimdhere were large differences between the

different samples, there was very little uncertaimithin each result peak.

Particle size distribution measurements were uaklert on three samples from different areas of the
same batch of CM-RNCasSil (Figure 34). This cleatipwed that the particle size distribution differed
between the mini-batches within one batch of CM-RBS{C The peak particle size of the first sample
was around Ium (typical of reinforced NCaSils), whereas the otheo samples exhibited peak

particle sizes around 3. The larger particles remained even after soimicat
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Electrolyte CaCl , Content (wt%)
72

Surface area measurements performed on differeats asf the same batch of CM-RNCaSil did not
60

show any variance outside of the expected expetahemcertainty. Hence, the differences in cell
performance of mini-batches within a single batEiCM-RNCasSil were credited to inconsistencies in

particle size rather than surface area. It thusaypga that particle size had more of a controléfigct

on cell performance than surface area for NCaSils.
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Figure 34. Particle Size Distribution Analysis of Tiree Different Areas of the Same Batch of CM-RNCa${Powder).

Also interesting, with regards to CM-RNCaSil, whattit was the only NCaSil that showed a loss of
current when 5 wt% Caglas added to the electrolyte solution. Why this wae case remained
unsolved. Speculatively, it could have been duthéinteraction of Caglwith un-reacted reactants,

which had a residence time of almost zero in thetor during sample preparation.
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2 Effect of Light Intensity Filters

Optical density filters (Experimental, Part 11l 1%gre used on a RNCaSil-containing cell to asdess t
quality of the cell setup in general and specifictéte light source used. Findings were hoped $o al
indicate whether the cell would function efficigndt lower light intensities. As can be observearfr
Figure 35, both the current and voltage decreasetha intensity of light was lowered. Thg
decreased in quite a linear fashion, wherea¥ghdid not; only the initial decline was linear. Atight
intensity factor of 0.4, the voltage started td faff more rapidly with decreasing light intensity.
Overall, for an intensity of 10 % compared to thiaan unfiltered cell the voltage decreased onlyp0y
% and the current by 75 %. This indicated thatdék performance of the NCaSil cells in the used

setup was underestimated by a factor of approxisnbie.

- 60 r7
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w
Isc (MA/CmM?)

1.00 0.80 0.60 0.40 0.20 0.00 1.00 0.80 0.60 0.40 0.20 0.00
@) Light Intensity (b) Light Intensity

Figure 35. Effect of Light Intensity of the Cell Peformance of RNCasSil in 70 % Ethanol lodide/Triiodide Electrolyte
(0.10 g : 1.0 cr), Pt-coated back electrode in normal gasket; (&)o. and (b) | .

However, the UV-vis spectrum of the optical dengiiters used (Figure 36) showed that, though the
optical density filters did not filter out any ligabove 400 nm, they blocked out almost all ligiouzad

the main spectral absorbance range of NCaSil (ar@n#® nm, Part | 4.1) and the iodide/triiodide
electrolyte (Part IV 1.1.3 and 1.1.4.2). Thus, a@lith NCaSil and the electrolyte showed absorbance
over the whole spectral range, these particulacalpftiiters prevented any light getting throughiah

the un-sensitised cells predominantly requireddaaétive. Thus, it was likely that the performaonte

NCasil cells, plotted in Figure 35, were undereated even further than surmised above.
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Figure 36. UV-vis of the Optical Density Filters.

The loss of functionality on decreasing the ligitensity raised the question whether these cellddvo
be viable under an ambient light source. Figursl®8iws the irradiance spectrum of the arc lamp used
in this project (set to an optical intensity of £L W/nf). If one compared this to the spectral irradiance
from the sun (Figure 38), it could be seen thatrdsearch lamp not only delivered light at a much
wider spectral range, it also did so at a muchdrghtensity. From this, it could have been conetiid
that NCaSil cells would not have a great cell panfance under relatively lower-intensity natural
daylight.

Testing under natural sunlight confirmed this. Al @mprised of RNCaSil and 70 wt% ethanol
iodide/triiodide achieved only ¥, of 31.6 + 1.6 mV andg of 1.5 + 0.1pA/cm? (1:00 pm, 24 June
2009), compared to 74.1 + 0.8 mV and 9.2 + @8cm?, respectively, for an equivalent cell tested
under the research lamp. However, some consideratiast be given to the fact that this was
performed in the middle of winter. Furthermore, lbes of only 43 % potential and 84 % current was
proportionately much smaller than the decreas@glt intensity going from the research arc lamp to
the ambient-winter light.
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3 The Importance of the Silicate Backbone

The assessment of whether or not the silicate lmeeklbook part in the photochemical process was
important for the determination of whether the NiCaBerely provided C#, as indicated in the
previous chapter, and the cell process taking plea® a thin-layer-electrolyte photogalvanic process
if the silicate was acting was the network materiat a soggy sand electrolyte, or as the
semiconducting material in a DSSC or photogalvaeit To ascertain whether the active component
of NCaSil with iodide/triiodide was Calor the presence of the silicate backbone was ritapbfor the

cell process, the photoactivity of Gallone was tested and is discussed in this chapter.

The requirement of the silicate backbone was adsessed by comparing the silicate-containing cells
to cells containing only iodide/triiodide electr@ywith the equivalent amount of €aadded,
observing whether the silicate needed to be ifigiwe path in a beaker cell experiment (Experimknta

Part Il 9) and assessing whether £ainthetic silicate gels could achieve comparatisilts.

3.1 Caj}Alone

Cal, was tested in a gasket cell by itself as a contuithh no added electrolyte, the solid quickly
becoming wet on absorbing moisture from the atmesphThe normal gasket cells had a volume of
0.0104 cm. This meant that there was approximately 1.415%rhol of C&* and 2.830 x 1 mol of
1715 (Cak: p = 4.0 glcni, Mr = 293.9 gmof)i*?”) present in the cell. Comparatively, the RNCaSlkce
(in a water iodide/triiodide electrolyte) containatbund 5.2 x 16 mol of C&* and 8.233 x 16 mol

of I7l;7 (RNCasSil: 20.9 % C4). Thus, the Calcells had more CGApresent than RNCaSil cells, but
less iodide/triiodide.

The Caj} cells functioned with an averayfg. of 57.6 + 0.9 mV andl. of 2.9 + 0.2uA/cm? (Figure 39).
Comparatively, a water iodide/triiodide electrolyteually had a lower voltage (varying between 25 to
45 mV), but a higher current. Even with no Ca&dded, the iodide/triiodide cells had a currenB.&f

+ 0.3 pAlcm?, which increased as more Ca®as added. This is discussed further below (Part |
4.3.1). Similarly, whether or not CagClas pre-added to the iodide/triiodide electroly®NCasSil-
containing cells exhibited slightly low#&ft,. than that of the Caby itself, but higher currents.
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Figure 39. Current versus Voltage of Cal in a Gasket Cell.

The relatively low current of the Gatell was attributable to the solid nature of tlaenple, as it
inhibited charge mobility. Presumably, triiodide shihave been present in order for there to be a
photoactive redox couple, even though no iodine adaied to the sample. This was confirmed by UV-
vis, which exhibited peaks at 351 and 288 nm (fegl), representing triiodid® The lower current

obtained for Calcould have been indicative of the silicate strreeglimportance.
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Figure 40. UV-vis of Cal in Water Compared to the lodide/Triiodide Electrolyte.
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Though not decisive (due to the different composii of C&" and 1/l in the cells), these results

indicated that the silicate structure in NCaSil wateed important to the cell process and, though C

could function in a cell alone, the silicate baak&ocontributed significantly to the cell process,
allowing for a higher current. The results did olatrify whether the presence of silicate resultethie

formation of a soggy sand electrolyte or whetherdificate was acting as a semiconductor.

3.2  Electrolyte with Equivalent GaAdditive

A control cell of just the iodide/triiodide eleclyte was tested, with Caghdded to be equivalent to
the C&" that would be present from the RNCaSil in an RNCa&ll, assuming full dissociation
(Experimental, Part Ill 2.2.3). These experimguitdising beaker cells) showed how integral a part
the silicate structure played in the cell procé¥bere the current and potentials obtained for eelat
RNCasSil cells were approximately Oi\/cm? and 40 mV respectively, those obtained for thé*Ca
equivalent electrolyte cell were only approximat€y9 pA/cm® and 13 mV. Therefore, it was

concluded that the RNCasSil was not merely acting ssurce of Ca.
3.3 Importance of Silicate in the Light Path

In order to further determine the importance of siicate backbone to the cell process, largerscell
were set up in beakers with an overhead stirremallls with the beaker cells, the NCaSil settledhe
bottom of the beaker and it was only with conststntring over time that the silicate eventually
dispersed more evenly throughout the electrolyteerf@ead stirring was used and staggered, so that th

sample was stirring for 10 minutes, followed bymihutes of non-stirring, and so forth.

The current did appear to be affected by whetherstlicate was in the light path (Figure 41(b))eTh
time periods between 20 to 30, 40 to 50 and 60 tesnonwards seemed to indicate that stirring
increased the current. Whereas, the unstirred gerimetween 30 to 40 and 50 to 60 minutes, showed a
plateau in the current. However, this data wasahsblutely determinative, as other beaker cells als
showed an increase in current over time, partibularthe first two hours of illumination (Part 18.1).

This could be observed in the period between 1Z0tminutes, where the current continued to climb,

free of stirring, and at a rate greater than wherirgy occurred.
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Figure 41. Stirring of RNCaSil with Water lodide/Triiodide Electrolyte in a Beaker Cell; (a)Vq and (b) lg.

It appeared that th¥,. was indifferent to whether or not the silicate whectly in the light path
(Figure 41(a)). Generally, it increased over timiether or not the magnetic stirrer was on. This
upward trend was observed with other beaker ceks the initial few hours of testing (for example,

Part IV 5.2.3). This indicated that the iodidedidide's photogalvanic process dominated the cell.
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Because the current and voltage were never stagnantonger periods of time in these beaker ctlls,
was impossible to determine if the observed effeere real, or just part of the general upwardsdre
and the increases and plateaus a coincidence.foherthis experiment only tentatively indicateéitth
the silicate structure did take part in the phollopeocess, though it was likely dominated by the

iodide/triiodide couple.

3.4 Synthetic CalSilicate Gels

Gels were prepared in order to determine whethathsyic silicates were able to exhibit similar
properties to a gel NCaSil (discussed in depthart B/ 8 and 9). Gels made from sodium silicatel,Ca
and, in some gels, other metal sources, provecetndm-photoactive. Some of the gels showed low
activity, but this was likely due to the small amobwf Ca} present, which was supported by the fact
that a blank gel, free of any Gashowed no activity. Synthetic €aTEOS gels also proved non-

photoactive.

The failure of these gels to show any significambtpactivity suggested that the specific backbdne o
NCaSil was indeed supportive of the photochemicatgss taking place. This further indicated that
the NCaSils were not simply a source of?C# aid in charge transport of the electrolyte’s

photochemical process.

3.5 Conclusions

The experiments discussed in this chapter indicttatithe silicate backbone of NCaSils played an
integral part in the increased cell performancenupee addition of NCaSil to an iodide/triiodide

electrolyte. The improvement was not solely du€#d release from NCaSil.
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4 The Electrolyte

4.1 Different NCaSils:lodide/Triiodide ElectrolyRatios

Different ratios of RNCasSil to the electrolyte weested. This was carried out in normal gaskdscel
with the iodide/triiodide electrolyte. It was exped that this would elucidate a peak-performantie,ra
which could then be used for later experimentsayeé variance in potential was not anticipated, due
to results discussed in chapter 1.1.1, which shawatithe addition of NCaSil to the iodide/triiodid
electrolyte only raised thé, slightly. Greater consequences on the cell cumemné expected, because
adding NCaSil affected the cell's €acontent, changed the viscosity of the electrolgied earlier

studies had shown that the silicate backbone dnréd to highels. values.

No significant change N, was observed until the proportion of RNCaSil tecélolyte solution was
greater than or equal to 0.05 gftifigure 42(a)). The iodide/triiodide photogalvarpeocesses
underlying the cell completely dominated its bebavibelow this value. The NCaSil had a larygy
than the iodide/triiodide electrolyte because NCa&s a larger band gap of 3.6 eV than that of the
major absorption peak of the photogalvanic lighteabing species of the electrol{t8, the
triiodide*°® at 3.44 eV. That the potential of the electrokytEs never greatly affected by the addition
of NCaSil indicated that the samples were actingoag)y sand electrolytes, where the photoactivity o

NCaSil never dominated.

The trend for thes. (Figure 42(b)) on increasing the proportion ohferced NCaSil was clearer than
that for theV,.. Thelgc of the electrolyte solution alone was alreadytireddy high, and addition of a
small amount of reinforced NCaSil seemed to distheb electrolyte’s photogalvanic process, likely
suppressing the iodide/triiodide transitions, imdiicg that the iodide/triiodide process dominatiéd.
was not until a loading of 0.10 g/&RNCaSil was reached that a positive effect ofsilieate material
was observed. At that concentration, the RNCa&8dted synergistically with the electrolyte, as in a

soggy sand electrolyte.

This hypothesis was substantiated by UV-vis. UVefithe water iodide/triiodide electrolyte alonedan
with RNCaSil showed that there was little changkght absorption (above, Figure 28). Thus, the UV-
vis absorption was dominated by the electrolytas Bapported the theory that when NCaSil was used

in conjunction with the iodide/triiodide electrodéytthe NCaSil’'s photoactivity was either not expeek
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or only present to a minor degree and, insteadmilveure acted as a soggy sand electrolyte. The UV
vis was not determinative, as there were two altiara explanations as to why the UV-vis showed the
electrolyte dominating absorbance: (1) the ratielettrolyte to RNCaSil strongly favoured the forme
and (2) the RNCaSil tended to settle to the botwinthe test cuvette. However, data on cell
performance upon the addition of RNCaSil to thedefiriiodide electrolyte (Part 1V 1.1.1), suppet
the indication from the UV-vis that light uptake svdominated by the electrolyte solution.
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Figure 42. Varying RNCaSil Load in Water lodide/Triiodide Electrolyte with 5 wt% CacCl,; (a) Vo and (b) I .
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As the loading of RNCaSil increased beyond 0.1éng/there was a drop in the. This was attributed
to RNCasSil blocking transport processes in the. @ik redox couple became sorbed in the RNCaSil
and ineffective. The maximunfis. was obtained with a loading of 0.10 gfkrmNCaSil; most

subsequent tests were performed at this loading.

4.3 Effect of Electrolyte Additives
4.3.1 CaCl Additive

Different amounts of Cagl(by wt%) were added to the electrolyte solutioml &asted in a cell by
themselves and with RNCaSil. This was to find tleal CaCjJ-additive content. As expected, the
potential was greater in the RNCasSil cells thatsa#l electrolyte solutions alone (Figure 43(a)héi
the electrolyte was tested alone, Mg generally increased relative to the?Caontent. This was
consistent with literature reports of DSSE5where the addition of G (a relatively large cation)
would shift the conduction band of the semiconawgrtinaterial slightly more negative, increasing the
Voe. This was not the case for the RNCaSil cells, gl was attributed to the fact that the RNCaSil
already had a sufficient supply of accessiblé*Cahe result obtained from the pure iodide/triialid

electrolyte was much lower than expected (comptréde literaturéj®® and was considered a spike.

The current rose as more Cavas added for both the electrolyte alone and tNE&Sil-containing
cells (Figure 43(b)). This was expected, given tifwet addition of C& should have increased the
number of charge carriers present. It was suspebtadif the load of CaGlwere increased much
further a decline in current would be observed, tlmecharge impediments caused by increased
viscosity obstructing the ions. However, this contd be tested as 25 wt% was the maximum amount
of CaCl} that could be made to dissolve in the electradgieition.

The only sample where the RNCaSil was clearly neffieient than the electrolyte alone was the 5
wt% CaC} electrolyte sample. Though these powder cells letdd greater potentials than the
electrolyte alone (due to the larger band gap o&8iCthan iodide/triiodide), currents of the RNdaSi
containing cells were generally lower. It was bede that the reason for this was due to the salubil
of C&*. At low levels of CaGl there was insufficient Gafor the RNCaSil to work synergistically
with the electrolyte and the addition of RNCaSilretg disturbed the photogalvanic process of
iodide/triiodide, by inhibiting the iodide/triiodedtransitions (Part IV 1.1.5). It was not until %

CaClhin water was reached that a positive combined eff@s observed.
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Figure 43. The Effect of CaC} content in the lodide/Triiodide Electrolyte (100 % Water); (a) Vo and (b) I .

As the concentration of Cadhcreased further, both the currents of the ebbde solution alone and
with RNCaSil continued to climb, but those of thH®&aSil containing cells were lower than tigeof
their related electrolyte cells. This was attriloute the precipitation of Ca(Okbn the addition of the
alkaline RNCaSil, when the concentration of Gak#came too high, which removed®C&om the
electrolyte. CaGlis very soluble in water alone {§& 1672 mol/dry calculated). However, Ca(OH)
is not (Ksp = 6.4 x 10 mol/dn?)*?" and will precipitate at high pH values. The caitetl solubility of
cd*, depending on the pH value (or [QHcan be seen in Figure 44.
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Figure 44. C&" Solubility at Different pHs.

At a pH of 11.5, the solubility of Ghis approximately 0.64 mol/dhgsee Appendix, Part VII 7, Table
9). At 5 and 10 wt%, the concentration of Ca®hs 0.527 mol/dfhand 1.14 mol/drh respectively.
Thus, with the CaGlcontents tested that were higher than 5 wt%, C3{@iduld have precipitated.

4.3.2 Alternative Additives to G&

In order to determine whether the results obtaibgdusing 5 wt% CaGlin the iodide/triiodide
electrolyte, both with and without RNCaSil, weresific to the C&', iodide/triiodide electrolytes were
prepared with SrGland MgCh, equimolar to the Cain 5 wt% CaCJ electrolyte solutions. These

were tested both alone and with RNCaSil.

The Sf* electrolyte was effective alone (Figure 45); ifisrent almost three times as great as that of the
equivalent C& cell. However, it did not perform well when useddonjunction with RNCasSil. This
was the same with the Mg The Sf* and Md" cells, with and without RNCaSil, were almost
identical; certainly, within experimental error. & degree of similarity, with regards to the atttésuof

the SF* and Md@" cells, was not expected. Given that®pas an ionic radius of 72 pfi” a closer
resemblance between the?Cand Sf' cells was expected. Due to the similarities bet@e* and

SP* (both are divalent and have similar ionic radii 180 and 118 pm, respectivély} it was
surprising that the &finfused electrolyte acted so differently, whetaleme or with RNCasSil.
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Why the St* and Md" electrolyte cells behaved so differently from tBe&* electrolyte was not
resolved. The addition of 5 wt% Ca@b the iodide/triiodide did not significantly affiethe current of
the electrolyte alone. However, wherf'Satnd Md* were used instead, the current was almost tripled.
Interestingly, the 5 wt% Caglsolution was the only electrolyte where the curreas altered
positively on the addition of RNCaSil. With the puiodide/triiodide, the current was adversely
affected; the RNCaSil appeared to inhibit the pbabeanic process of the electrolyte alone. The
current for the St and Md* cells were similarly suppressed on the additiorRbfCaSil. That the
RNCasSil interacted well with a &aelectrolyte (compared to the other two electrolyte®s not

surprising, given the obvious affinity of RNCaSik fcalcium.
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The results could not be explained by the effectaifons that has been observed for DSSCs (Part |
1.4.1.2), for which it has been found that larggoces decrease the current, but have a positivecteff
on the potential, and conversely for smaller catiorhe effect is caused by the cations’ interaction
with the TiQ surface, thus one would not expect to see thel waéth the electrolytes alone, but only
with the RNCasSil containing cells, if they have ganbehaviour to TiQ DSSCs. If the effect were the
same for the RNCasSil cells, one would expect thé*Mifused cells to have larger currents and
smaller potentials and, moving to C&hen St cells, the voltage would grow as thgdeclined. That
this was not seen was indicative of the fact tlmgt @ations present did not interact with the RNCaSi

and affect its interfacial energy, in the same wapbserved with the TiGurface.

Though different surface interactions with catiospecies between Tiand RNCaSil were expected,
given their different structures, one would havécgmated some interaction of RNCaSil (and indeed
all NCaSils) with different cations. This was besawf RNCaSil's large and predominantly anionic
surface, being covered with —OH groups. Thus, tieraction between cations and RNCaSil did not
have the same impact on the materials potentiadamohg force of injection efficiency (or currerds
has been shown with T¥OThis further indicated that the RNCaSil simplyl diot act in the same

manner as Tipand its cells not like DSSCs, but more like sogggd electrolytes.

It can be noted from the previous discussion (Ra#.1) that, whether the RNCasSil interacted whie t
cd" electrolyte in a cell enhancing fashion, was gyeaffected by the electrolyte to RNCasil ratio
used. It was possible (and indeed likely) that BCaSil Sf* and Md" electrolyte cells exhibited
poor currents relative to the electrolytes aloregaoise the optimum ratios were not utilised. It was
suspected that the ratio used for this experimeag such that the RNCaSil merely hindered the

iodide/triiodide’s photogalvanic process, ratharthvorking in conjunction with it.
4.3.3 C& Only Added

To determine the impact that the presence of thea@bn (from the CaGladditive) had on cell
performance, an electrolyte was prepared where Gl was present and not CThis was achieved
by maintaining the same ratios of water, iodine e normally used in the electrolyte, but witle
iodide content being supplied by Garhe C4" content in this electrolyte was 55.7 mol% of tinathe
5 wt% CaCljiodide/triiodide electrolyte.
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Interestingly, the currents obtained from the etdgte alone were higher than those obtained bybthe
Wt% CaC} electrolyte, even though the latter had almostéves much Ca (above, Figure 45). This
indicated that the Clon did not enhance the process, but in fact itgubit, by not partaking in any
photo-process, not carrying any charge and impetliegnovement of positive charges. Hence, the
Cc&* was clearly the active component of the GaSlich a finding supported a photogalvanic rather
than DSSC system, as in the former the electrdigesports electrons, whereas in the latter, the
electrolyte is the hole conductor. This did notcelate whether semiconductor, thin-layer-electelyt
or soggy sand electrolyte cells were made. In semdigctor photogalvanic cells, the electrolyte
transports electrons rather than holes and in thatopctive process of the iodide/triiodide only
negatively charged species are present, eithehafhwvould be enhanced by the presence of cations.
When used in conjunction with RNCasSil, the curreass relatively lower, which was attributed to a

mismatch of the ratio used.
4.3.4 Tetrabutylammonium Hexafluorophospha®&y{ N(CsHo).)

Having as non-liquid an electrolyte as possibldeemed to be desirable, due to the stability uguall
associated with more solid, non-evaporable eledgsl Hence, tetrabutylammonium
hexafluorophosphate was tested as an additive doidtlide/triiodide electrolyte in the hopes of
lowering the solvent requirement. The electrolytaswested with RNCaSil (Experimental, Part Il
2.2.5).
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Figure 46. RNCaSil with Tetrabutylammonium Hexafluaophosphate Compared to RNCasSil in Water Based
lodide/Triiodide Electrolyte (5 wt% CacCl,).
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An lg of 17.8 * 0.9;1A/cm2 and V. of 45.1 £ 2.3 mV was achieved (Figure 46). Therenir was
greater than that from RNCasSil used in conjunctiath the iodide/triiodide with 5 wt% Cagand the
potential was comparable. However, the samplersiijlired a small amount of water to solvate the
iodine and KI. Therefore, although the presenctefionic tetrabutylammonium hexafluorophosphate

increased cell current, the sample was not conlplstdid.

4.4 The Solvent Effect

4.4.1 Different Solvents — Gasket Tests

Different solvents were used to solvate the iodidedide. These were made up with 70 wt% of an
organic solvent and 30 wt% water, the latter beetired to get sufficient solvation. The iodidela
triiodide concentrations remained unchanged. lukhbde noted that the conentration of the organic
solvent differered, as weight percentages were.udedever, there was neglible ionic activity in the
organic solvent and the water concentration wag kepstant. The different solvents tested were:
ethanol, acetone, acetonitrile, 2-ethoxyethanohylehe glycol, propan-1-ol, propan-2-ol and
tetrahydrofuran (THF). The different electrolytelgmns were tested in normal gasket cells, both
alone and with RNCasSil. The data obtained has pested with respect to increasing viscosity of the
electrolyte solutions and increasing dielectric stants of the solvents in the organic electrolytes
(Table 8).

Table 8. Different Viscosities and Dielectric Consints of Electrolyte Solutions Tested.

Viscosity Dielectric Constant of
lodide/Triiodide Electrolyte Solutions (mPas) the Organic
(at 21.9 °C) Solventst?)
100 % Water (No Cag) 1.10 80.10
100 % Water (5 wt% Cag)l 1.48 80.10
70 wt% Ethanol 30 wt% Water 2.68 25.30
70 wt% Acetone 30 wt% Water 1.83 21.01
70 wt% Acetonitrile 30 wt% Water 2.04 36.64
70 Wt% 2-Ethoxyethanol 30 wt% Water 2.29 13.38
70 wt% Ethylene Glycol 30 wt% Water 2.93 41.40
70 wt% Propan-1-ol 30 wt% Water 2.92 20.80
70 wt% Propan-2-ol 30 wt% Water 2.61 20.18
70 wt% Tetrahydrofuran 30 wt% Water 2.84 7.52

At 20 °C, with the exception of)(2-ethoxyethanol at 25 °C.
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The dielectric constant (or permittivity) of thel\wents is the ratio of the electric displacemPrib the
electric field strengttE when an external field is appli€d®” The values used here are the relative
permittivities, which is the ratio of the actualrpdttivity to the permittivity of a vacuum. Theyear

dimensionles§”

There was no obvious trend in cell performancetixedao electrolyte viscosity or dielectric congtan
(Figures 47 and 48). This indicated that cell penfance was not dominated by physical properties of
the electrolyte solvent. The physical propertieshef electrolyte solvent would have had some affect
which resulted in micro-trends between a few daiatp. But, as there was no overall trend, cell
performance must also have been dependant on ¢éneicdl relationship between the RNCaSil and the
electrolytes,.e., van der Vaals interactions. That this was indéedcase was supported by the fact
that the current only increased upon the additibRECaSil to the electrolyte with some solvents,
namely ethanol, ethoxyethanol and THF. This inférrthat a dominating factor was the
RNCaSil/solvent interaction and the effect of tbvent on the RNCaSil-iodine interaction, suppaytin

the soggy sand electrolyte postulation.

It was expected that the current would decreasgsassity increased, as is usually the case. Barg,h
the electrolytes alone and RNCasSil cells seemedfénent to their viscosity. That the viscosity
appeared to have no pattern of effect indicated tthe cells were not diffusion controlled, the way
DSSCs are. A conclusion of non-diffusion controlsvgipported by investigations into the effect of
cell depth (discussed below, Part IV 5.2).

With respect to the electrolyte alone, cell perfante was, at least to some degree, dependent on the
donor number (DN) of the solvent, as observed bieddeet al.*® They reported a donor-acceptor
type of interaction, in which the solvent was thenlis base while iodine was the Lewis acid, in other
words, an iodinesolvent complex formed. The increase of Lewis bgsaf solvents i.e., the increase

in DN) strenghthened the interaction between satvand iodine. It was observed that this resulted i

a largerVy. and smalleds. This trend could be observed from some of thalt®obtained in this
experiment. For example: acetonitrile and ethameehDNs of 14.1 and 20, respectivefy*! Thus,

one would have expected the trend\igf to be acetonitrile < ethanol; and for thgeto have been

ethanol < acetonitrile, which was observed.
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From this point onwards, the focus of the experitalenvork shifted to the 70 wt% ethanol
iodide/triiodide electrolyte, due to the formatioha gel from such an electrolyte with RNCaSil, @i

showed superior performances. Hence, the effettteodlifferent solvents was not explored further.

4.4.2 The Special Case of Ethanol

Ethanol is a favourable solvent because — unlikeerotsolvents popular with DSSCs, such as
acetonitrile — ethanol is non-toxic and environraéiptbenign’® Ethanol interacted with RNCaSil in a
way which was conducive to cell performance andcihiad not been observed with other solvents.
Importantly, it was one of the few solvents whére addition of RNCasSil to its electrolyte (no CaCl
added) increased cell efficiency (above, Figure. AWjth RNCaSil, it showed both greater cell
potential and current. Additionally, as is discusfarther below (Part IV 8.1), it was the only seiw
tested which formed a gel with RNCaSil.

Kebedeet al.®” stated that the interaction between iodine anulv@st can be observed by a blue-shift
in the absorption spectra. This was observed ferah wt% ethanol iodide/triiodide electrolyte, as
compared to a water-based electrolyte (above, €i88), and explained why slightly higher potentials
were usually obtained in the ethanol-based eleg&olThey further stated that such an interaction

encouraged the formation of triiodide:

Equation 8. SolventfI” <«  SolventT + I

Equation 9. SolventfI"+1 < I3 + Solvent

As triiodide is the photoactive species, its inseghconcentration raises cell performance. Further,

rise in ions present causes the conductance t6%ise
4.4.2.1 Long-Term Sability

Difficulties in sealing off gasket cells for lon@pods of time resulted in evaporation of the sotyée
amount of which was large compared to the initaiple size, further making maintenance of
electrical contact problematic. Consequently, Itergq tests of RNCaSil and iodide/triiodide
electrolytes prepared in different solvents (70 wather and 30 wt% water), were undertaken in
beakers, in the hope that any loss of solvent wbeldninimal compared to the bulk sample. These

beakers tests showed a large solvent effect orpedibrmance over 72 hours (Figure 49). Theseainiti
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tests were not carried out under constant illunmatas they sought to determine whether the sanple
were capable of being used even if prepared same hiefore being tested. Testing beyond 72 hours,
under constant illumination, is discussed in ddyglow (Part IV 8.1).
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Both the current and potential of cells varied gigantly over time. The pattern of variation degded

on the solvent used in the electrolyte (Figure 8@tably unstable were the water and 70 wt% etlgylen
glycol-based RNCasSil cells. The ethylene glycol bately functioned initially, and it was not unal5
hours had passed that the current and potentigedtéo rise. Compared to the other samples, the
ethylene glycol cell showed the largest increasé.irandls over the 72 hours. This was attributed to
the high viscosity of ethylene glycol, which madect&on transport through the larger testing vessel
difficult and required a longer period of time tatiate. However, after 24 hours, the potentidl sti
rapidly rose, while the current started to deckharply. The water based cell was equally as ulestab
It was not known why the potential of the waterdzthsample was so low in this case. Other beaker
tests with RNCaSil and water-based electrolytengiiexhibit such low voltages. Potentials being low
(i.e., spikes far out from the average) have been nateother occasions (for example, Part IV 4.3.1).

In any case, the current of the sample proved mifggntly low and unstable.

The 70 wt% ethoxyethanol-containing cell also shdbv&rge variations between data points. The
sample additionally had a very low cell performangbich was also observed in gasket cells, asen th
above section (Part IV 4.4.1). The reason thatgihanol made a poor solvent for NCaSil cells was
that it was readily absorbed onto NCaSils, wheraupdlocked up its pores. Such a large affect was

not observed for EENCaSil, as the material onlyt@imed approximately 3 % ethoxyethanol.

It was only the 70 wt% ethanol based cell that stuwbstability and that did not degrade over timée T
good performance of the ethanol-based cells wasdtide of the fact that the solvent had favourable
interactions with RNCasSil, as compared to othevesatis. This was supported by the later finding,that
over time, such samples formed much more highlivadels, whereas samples made up from other
solvents did not (Part IV 8.1).

4.4.2.2 Addition of CaCl; to 70 wt% Ethanol lodide/Triiodide Electrolyte

Earlier testing had shown that the addition of GaGlthe water-based iodide/triiodide electrolyte
increased cell current both of the electrolyte aland when used with RNCasSil (Part IV 4.3.1). The
effect of adding CaGlto the 70 wt% ethanol-based (30 wt% water) iodietrolyte is discussed here.

The differences between the water-based and 70etit¥#nol-based iodide/triiodide electrolytes were
made more obvious when both electrolytes weredesith and without 1.5 or 2 wt% CaChnd with

and without the presence of RNCasSil, in normal gasklls.
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The ethanol electrolyte cells had consistently @igkioltages than their water-based counterparts
(Figure 50(a)). It was interesting to note thatalisuthe potential increased on the addition of Ga@

the pure water-based electrolyte. However, this maaghe case with the ethanol-based iodide/tridedi
cells; both with and without RNCasSil, the potendabpped on the addition of 2 wt% CaCl
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Also of note was that the ethanol-based cells advwslyowed enhanced cell current on the addition of
RNCaSil and this was further increased with the afs&.5 or 2 wt% CagGlin the electrolyte (Figure
50(b)). Comparatively, the water-based cells shoavéaoss of current when used in conjunction with
RNCasSil, both with and without 1.5 or 2 wt% CacCl

In actual fact, the 2 wt% Cagdlid not fully dissolve into the electrolyte, evafter stirring for several
hours. It was estimated that only around 1.5 wt¥aly dissolved. 1.5 wt% of Cagh the 30 wt%
water electrolyte is equivalent to 5 wt% in the @vgiortion. This was particularly interesting whaare
considered that 5 wt% seemed to be the “magicalClCaontent in the 100 % water based
iodide/triiodide electrolyte; where the addition RNCaSil increased current rather than inhibiting i
(Part IV 4.3.1). Therefore, there appeared to loehang force for having 5 wt% Caglin the water,
regardless of the fact that the water was only 8% wf the electrolyte solvent. This was supportged b
the results obtained when 1.5 wt% Ca®as used, the entirety of which dissolved intoaleztrolyte
solution. The greatest current achieved here wals b wt% CaGl added to the iodide/triiodide
electrolyte and used in conjunction with RNCaShat the 2 wt% sample did not work as well was

also not surprising given that, above 5 wt%, Ca(Qigcipitated (Part IV 4.3.1).

4.5 Dark Electrolyte Process

In some solvents, the iodide/triiodide electrolsitene and with RNCaSil some times exhibited a dark
process, which was either “forward” (in the sanredtion as the light induced process) or “backward”
(Figure 51). It was suspected that in all casesx thbserved process was due to the
iodine/iodide/triiodide species reaching equililbniuas the processes diminished over time (though th
solutions were made 24 hours prior to use in cellBe variance of iodide and triiodide content is
known to depend on cell characteristicsThere was no clear trend as to why certain soévatiowed

for such dark processes and why some were forwaddthers backward. As the processes faded over
time and these observations were not pertineritd@toject, it was not investigated any furthedidt,
however, highlight the importance of long-term itegt which would have allowed for the electrolytes

to come to equilibrium upon the addition of NCaSil.
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5 Effect of Cell Surface Area and Sample Depth

In this chapter, the effect on RNCasSil and iodidiedide electrolyte cells of changing the cellfsice

area and cell depth is examined. The effect ofsteflace area has important consequences on whether
a cell could be scaled up for commercial use. & @xpected that the cell performance would increase
on widening the cell, as the surface area was aseek Barring any electrode effects, the rise imect
should, ideally, have been linear relative to therease in surface area. With regards to electrode
distance, it has been observed with JIDSSCs that there is an optimal electrode distdReet |
1.3.1), whereas semiconducting photogalvanic aeilly decrease in performance on increasing cell
depth (Part 1 3.1), and thin-layer-electrolyte myatlvanic cells have shown very little dependente o
electrode distance (Part | 3.2). Therefore, theabiglur exhibited on changing electrode distance was

also expected to be indicative of cell type.

5.1 Cell Surface Area

The same Teflon used to construct the normal gaskat used to test the effect of cell width and
surface area. This meant that the cell depth rezdaconstant, but the surface area of the cell atthng
As the cell diameter increased, there appeared tdlight increase in voltage (Figure 52(a)). Was

not expected and was attributed to experimentatmainty.

As to the current, an unexpected pattern was obdeow changing the gasket width (Figure 52(b)).
One would have expected that the current, as platteA/cm?, would either have risen as the surface
area increased, or the current should have fadlemecombination may have been disproportionately
enhanced, due to electrode effects. Instead, acidrea maximum was observed. It was not thought
that the data obtained from the gaskets of 5.05dwameter were due to experimental error. Being the
gasket diameter used for most experiments, thédtsesun the 5.05 mm diameter gasket were within the
range expected. This range was quite wide duestaelatively small area, resulting in greater

experimental uncertainty.

This strange and non-DSSC behaviour was indicativa dominating photogalvanic process. The

results also suggested that scalability may besurel
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Figure 52. The Effect of Cell Diameter on Cell Pedrmance of RNCaSil in Water-Based lodide/Triiodide(5 wt%
CacCly) Electrolyte; (a) Voc and (b) I .

5.2 Cell Electrode Distance
5.2.1 Different Gasket Depths

Teflon tape (“Ceelon”) was used, with a thickne§9D®8 mm (herein called “0.08 mm gaskets”),
compared to the normal gaskets which had a thickoé$.52 mm. The volume ratio of the normal
gasket to Teflon tape gasket was 46:1. The sampface area of the Teflon tape cells (6.00 mm
diameter, 1.13 cfi was not quite the same as that of the “normatkgss (5.05 mm diameter, 0.80

cm?). However, it was expected that the much largéfierdince in cell depth would dominate the
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smaller variance in sample surface area and, tog,divergence observed would be due to the
changes in cell depth.

It is prudent to note at this point the (sometimag)e uncertainties that the NCaSil cells shoveer

to inconsistencies in the sample, for example, beeaf its amorphous nature and the method of
sample manufacture (as discussed earlier, Part3)/ This was more likely with the 0.08 mm gaskets,
due to their low volume. The small sample size madddifficult to control the exact ratio of
RNCaSil:electrolyte, as excess electrolyte couldpbshed out sometimes during cell construction,

increasing the proportion of excess RNCasSil.

The pattern exhibited in the normal gaskets on stiig the RNCaSil content has already been
discussed (Part IV 4.1). What was interesting leae that, when in thinner gaskets, the pattern was
not the sameJnlike the normal gaskets, there was a clear tadnidcreasing voltage as the ratio of
RNCasSil to electrolyte increased, with a spike btaal of 0.05 g RNCaSil (Figure 53(a)). The upwards
trend for the normal gaskets was subtle and wigRjmerimental uncertainty. The voltages were always
lower for the 0.08 mm gasket cells than the nomgaaket cells. This disagreed with results obtamed
Haraet al.*®!, who found that, using a mercurochrome sensitiséér a TiO; cell, as the cell thickness
increasedY,. decreased. This, again, indicated that NCaS# eedire not pure DSSCs.

Thelg exhibited a similar pattern in the 0.08 mm gagle#ls as in the normal cells, in that there was
also a maximumg (Figure 53(b)). It was interesting that there wasdifference between the two
gasket depths with the electrolyte solution aldneas expected that as, in either case, the ightce
was easily able to pass through the whole santptegasket with more sample would display a higher
current in a photogalvanic cell. The similar cutsewere attributed to the fact that, though themradr
gaskets had more sample to be activated, the itsws lead a greater distance to travel between
electrodes. The current of the 0.08 mm gaskes gelaked between 0.05 and 0.10 ¢/twadings of
RNCaSil, before declining. As discussed earliethwegards to the normal gasket cells (Part 1V,4.1)
this observed reduction in current was expected,tdihigher proportions of the ions (and solveifit) o

the electrolyte being sorbed onto the surface ®RNCaSil, rendering them immobile.

With respect to the current, from the literature@BSCs, one would have expected the current to be
either higher or lower for all the 0.08 mm gaskanples, compared to the thicker normal gasket.cells
lto et al.®® and Haraet al.*®! both found thats rose as a cell’s thickness increases up to aicerta

maximum (as there was more sample), before fatithgBeyond that maximum point, the fell off as
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the distance that the electrons and holes hadveltbecame too greét For the 0.01 and 0.05 g/ém
RNCasSil loads, the current was greater for the l@8gasket cells than the normal gasket cells, kvhic
was likely due to easier diffusion at lower cellpttes and the fact that the light was able to pass
through the entire sample. However, this was rexefer the greater three RNCasSil loads. This was
attributed to the fact that, at these higher logslithe thinness of the cells was no longer avaate

As the density increased, less light was likelyp&ss through the entire cell, and as much light was

likely caught by the sample closest to the lightrse in 0.08 mm gasket cells as in normal gasKit.ce
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Figure 53. Effect of Electrode Distance with Diffeent Loads of NCaSil to 1.0 cthWater-Based lodide/Triiodide
(5 wt% CacCl,) Electrolyte; (a) V,cand (b) I .
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Thus, the results here were inconclusive. Howeveppeared that the normal gaskets were closer to
the optimal operating depth than the 0.08 mm gasketvas arguable that the disagreeing results of
the 0.08 mm gasket samples in 0.01 and 0.05 ‘Jadlings were due to experimental errors. More
exact methods would need to be developed to fidbedain this. That some of the 0.08 mm gasket
cells had lower currents meant that the cell proeess not predominantly diffusion controlled, atse

not at these two depths, which suggested non-DS&®@uour. Furthermore, it was indicative that the
cell was not acting as a semiconducting photoga&vasalls. Tentatively, the lack of a clear trend

suggested thin-layer-electrolyte photogalvanicscell

More pertinent was the comparison of the two gaslegiths with respect thy relative to volume,
rather than surface area alone. Given the smalpkesnm the 0.08 mm gasket compared to the normal
gaskets, the cells functioned very well. (Figurg Shels in pAlcm®of the 0.08 mm gasket cells were,
at best, seventeen times greater than those afidhmal gasket cells. This showed how poorly the

RNCaSil particles were connected to each othettlamélectrode in the normal gasket cells.
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Figure 54. Effect of Electrode Distance with Diffeent Loads of NCaSil to 1.0 cthWater-Based lodide/Triiodide
(5 wt% CaCl,) Electrolyte, I (nAlcm®).

5.2.2 Electrode Distance in Beaker Cells

Results obtained from beaker cells were not diyembimparable to those obtained in gasket cells, as

the cells were affected by the curvature of thesgla larger electrode surface area, the presdnce o
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sample between the beaker wall and the photoetkctamd the generally bulk nature of the beaker
cells. In a beaker test with RNCaSil and waterdedriiodide (5 wt% CagG) electrolyte, the distance

between the electrodes was modified to approxim&é, 2.0 and 2.5 cm.

The results showed a pattern of increasing cuiasrthe electrode distance was widened (Figures 55
and 56). The same trend was shown for beaker edtisre the electrode position relative to the light
was modified — namely with the electrodes pardlethe light beam or with the coated electrode
closest to the light — though the values obtainedewower. It appeared that the potential was also
enhanced on widening the electrode distance, hawheeresults from the beaker cells with modified
electrode positions, relative to the light, showleat there was no such general trend. On the agntra
the change iV, was quite haphazard.

These results again indicated that the currenthegd cells was not diffusion controlled and not
behaving as DSSCs or semiconducting photogalvarits, cbut rather as thin-layer-electrolyte

photogalvanic cells.

The effect of the different electrode positiongliscussed in depth below (Part IV 7.3).

el ~ 2 0 cm Distance
~ 2.5 cm Distance

0.25 l -—® = ~(0.5cm Distance

V (mV)

Figure 55. Effect of Electrode Distance on a RNCalsaind Water-Based lodide/Triiodide (5 % CaCl) Electrolyte
Beaker Test (Ratio of 1.0 g : 10 cf). Normal Set Up; the Electrodes were Perpendiculato the Light Beam with the
C-coated ITO as the Dark Electrode.
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Figure 56. Effect of Electrode Distance on a RNCalsind Water-Based lodide/Triiodide (5 % CaCl) Electrolyte
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the Light Beam with the C-coated ITO as the Photoelktrode.

5.2.3 Slotted-Vessel Tests

RNCasSil with iodide/triiodide was tested in a stottvessel to assess the effect of electrode destanc
Because there was a tendency for the RNCaSil teliscrease in current and voltage over time,
particularly in the first hour of illumination, teke samples were left under the lamp for an hour to
stabalise. C- and Pt-coated ITO glass, and Pt-hack electrodes were tested. Also investigated was
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the effect of the sample between the quartz glaskeoslotted-vessel and the photoelectrode (Figure
57), which was not expected to have been partakiagy photocell process. The sample was removed

from this space resulting in a “gap” and the cedted.

Figure 57. Slotted Vessel — The Gap Between the QtmGlass and Photoelectrode can be Unfilled or H&d with
Sample.

Some of the distances tested in the slotted-vegsed much larger than those in any of the previous
tests mentioned. Consequently, it was expectedataéar trend would be observed. However, this
was not the case (Figure 58). Both g andls appeared indifferent to the distance between the
electrodes, which suggested the dominance of ddler-electrolyte photogalvanic process. However,
even in an iodide/triiodide dominated photogalvaretf, some variance was expected with changes in

electrode distancdé® Thus, the process was not purely photogalvanic.

Regardless of the back-electrode coating usede thhas no observable trend in potential on changing
electrode distance. It could be argued that thezeewsglight increases in voltage as the electroge ga
widened. However, this was minimal and likely witl@xperimental uncertainty, particularly given the
propensity for the cells to drift over time. Theltages exhibited by the C-coated ITO glass back
electrode sample were higher than those normalybéred by other such composed cells previously
investigated. It was suspected that this was duihéoC-coating being removed from the ITO and
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entering into the sample, as was visibly observidds was not observed with the Pt-coated back
electrode sample and was attributed to the gregaeéility of platinum over carbon.
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As with the potential, with any of the samples e¢dstthere was no general trend with respect to the
current, as the electrode distance was modifiedy Wis was the case was not resolved. There was a
small downward pattern observable with the Pt-abdfeO back electrode sample, with no sample
between the quartz glass on the vessel and thelfrGnelectrode. However, as the other three sasnple
showed no such a trend, this was attributed tagémeral drift in current that was often observethwi
bulk cells (for example, see Part IV 3.2). That Btecoated ITO back electrode sample did not aehiev
as great a current as the C-coated back electadple was also thought to be due to the removal of

carbon from the coating into the sample.

That the Pt-coated ITO back electrode sample, thighgap between the quartz glass on the vessel and
the front ITO electrode, showed such an improvedeci over the other tests with samples fillingttha
gap, was interesting for unrelated reasons. Icatdid that having sample between the light sourde a
front electrode inhibited the light path. This wamnfirmed by tests which removed the surrounding

sample of beaker cells from gel samples betweeel#wrodes, as discussed below (see Part IV 9.3).

5.2.4 Conclusions on Electrode Distance

It appeared that, at shorter distances, there wasffact on cell current. That tHg increased with
widening of the cell was observed in both gaskel lagaker cells. There was no apparent trend for the
Voe. However, testing in the slotted-vessel exhibieither a trend in the current or potential, as the
electrode distance was changed, and there appé&arbd no difference ing or Voc whether the
electrodes were 0.5 or 8.5 cm apart. Why this Wwascase was not known, but clearly indicated that
cells composed of RNCaSil and iodide/triiodide weegther purely DSSC or photogalvanic in nature.
They were undoubtedly not diffusion controlled. M$SCs, one would have expected an electrode
distance where thie; andV, peaked; the current and potential both being tdteby cell depth. Both
semiconducting and thin-layer-electrolyte photogale cells should also have been affected by
electrode distance, though the latter to a lessgreg, as this determined the sample volume. Tieat t
RNCasSil-containing cells did not fall exactly inamy of these categories suggested that soggy sand
electrolytes had been made.
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6 Back-Reflection

While doing tests to ascertain the effect of celptth, the white Teflon tape used as a thin gaskst w
wound around the entire dark electrode of somes.cillother words, these cells had a white backing,
which reflected light back into the cell. With “lacked” cells, any light that passed through the

sample and (coated) back electrode would havepditsd in the black box the cells were tested in.

As cell potential is determined by the differenergy levels of the species involved in the photeact
process, there should have been no trend exhibytede cell potential dependant on whether thescell
were backed or not. This did not appear to be #se tiere (Figure 60(a)). It was not known why the
voltage increased with cell backing of the 0.08 thiok cells, however it was suspected that much of
this was due to experimental uncertainty. Magof the RNCaSil cells tended to fluctuate, somewhat
inconsistently, between 35 and 55 mV. For exammieincrease was observed on backing a normal
0.52 mm thick gasket cell (of 0.10 loading of RN@a®ith Teflon tape and & of 50.7 £ 4.8 mV
was observed, which was comparable to that of abaaked cell (50.8 £ 2.7 mV). This variation was
likely due to the amorphous and changeable natuk&aSil. Alternatively, it could be speculatedttha
the increases were due to secondary absorbaneesvefengths, not absorbed during the first pass of
the light, placing the excited electron in a banthwa more negativev§. NHE) potential, thus
increasingVoc (Figure 59).
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Figure 59. Speculated Reason Why the Open-Circuitd®ential Appears to Increase Upon Back Reflection.
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The Teflon tape backing clearly increased the calient, well beyond any experimental uncertainty
(Figure 60(b)). This was confirmed by backing amak gasket cell (of 0.10 g/cirioading of
RNCasSil), which gave ahy of 18.3 + 2.2uA/cm? (352.4 + 44.21A/cm°), a 45 % increase over the

equivalent un-backed cell.
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(@) Voc and (b) I  in pA/cm?,
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Figure 61. Effect of Cell Backing with RNCaSil in awater lodide/Triiodide Electrolyte (5 wt% CacCl.,);
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The increase ims. caused by the reflection could also explain theeoled rise iV If there were a
general rise in current, this could also increagevbltage (Figure 62).

Figure 62. The Increase in Current Could Increase Grresponding Voltages.

Therefore, having light reflected back into thel é&im behind the dark electrode increased, attleas
the cell current. An enhancement of cell perforneamitie to back-scattered light has also been
observed with DSSCAY? 3 Horeet al.!**¥ used a light scattering layer comprising of refltj large
particles of TiQ (rutile) or ZrQ, of 500 to 1000 nm in size, compared to the acli¥®@, particles,
which were 25 to 40 nm. This scattering layer esaln “trapped” the light, which had been lost

through the transparent cell. They found that the af such a layer could increase current dengity b
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up to 80 %. Further, the use of the scatteringrlayeant that less active Ti®ad to be used to achieve
the equivalent current. A similar effect was obsértaere. Where the current of the normal RNCasSil to
electrolyte ratio used (0.10 g to 1.0 ¥rwas lower for the 0.08 mm gasket than the nomgasket
(Figure 60(b)), this was reversed when the 0.08 gasket cell was backed with Teflon tape. The

effect could be enhanced by using multiple reflecto
Generally, as the load of RNCasSil in the cells @ased, the gain observed by backing the 0.08 mm

gasket cells was diminished. The denser the celtecws was the less likely any light was going to

reach the back of the cell and be reflected back in
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7 The Electrodes

The electrodes used can greatly affect the oveedllperformance and eventual marketability of kaso

cell. The dark electrode is usually coated withdggllatinum or carbon (Part | 1.1.3) and previous
experiments had shown the importance of the coatimghe dark electrode. For example, long-term
testing resulted in carbon being removed from thekbelectrode (Part IV 9.3), as did testing of
electrode distance in the slotted-vessel (Part .R/3). Because of this, platinum was often used for
coating the back electrode for experiments reqgintore stability and for testing more acidic saraple

such as the synthetic gels (Part IV 9.5.1). Thist fsection of this chapter compares the use of
platinum, carbon or gold for coating the back el to assess whether results from cells utilising

different back-electrode coatings could be comp&vezhch other.

As ITO glass is relatively expensive, the aim af #xperiment discussed in section 2 of this chapter
was to determine whether conductive carbon tapénormmal” (non-ITO-coated borosilicate) glass
could act as the catalyst required for the iodidedtide process and be conductive enough to aftow

a reasonable cell current. Following this, secti8rend 4 discuss the potential use of a Pt-wird bac
electrode. Finally, section 5 examines the use NC&SIil and iodide/triiodide in plastic electrodes
(ITO-coated polyethylene terephthalate, ITO PE®),Which there is much commercial value, due to

the flexibility and potential ease of manufacturattplastic offers.

7.1 Different ITO-glass Electrode Coatings

RNCaSil was tested with (water-based) iodide/tidedin normal gaskets with either Au-, Pt- or C-
coated back electrodes. The results obtained shdh&tdthe carbon and platinum coating were
similarly effective, while the values achieved wigold were lower (Figure 63). It was visually
observed that the gold coating was readily remdrv@u the ITO glass, after only short-term, one-off
tests. This was likely why the Au-coated electrodese not as efficient and a large uncertainty with
such cells was observed. Due to size restraintiseoplatinum coater, experiments were predominantly
carried out with C-coated back electrodes, but eh#atinum was used rather than carbon, the data

indicated that the results for cells composed ebPC-coated back electrodes were inter-comparable
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Figure 63. RNCaSil with Water-Based lodide/Triiodice in Gasket Tests with
Different Back-Electrode Coatings; (a)Vq and (b) .

7.2 Carbon-Tape Coated “Normal” Glass

Carbon tape on normal glass was used as the bakragle and ITO-coated glass as the
photoelectrode. This was tested with RNCaSil andvid® ethanol-based iodide/triiodide electrolyte.
The experiment proved unsuccessful. Though ablactieve a reasonable potential, the tape was

clearly not conductive enough, as very little cotre@as observed (Figure 64).

12 == C-Coated ITO Glass

10 i C-Tape Coated Glass

V (mV)

Figure 64. Current versus Voltage of RNCaSil in 706 Ethanol 30 % Water lodide/Triiodide: C-Tape Coated
Normal Glass Compared to C-coated ITO Glass, Backlgctrode.
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7.3 Position of Electrodes

The position and angle of the electrodes relatoveéhe light was examined. This was achieved by
studying a RNCasSil to iodide/triiodide (5 wt% Cadbeaker cell, with the electrodes either parabel
the light source, or perpendicular to the lamhegitwith the C-coated ITO electrode towards thekbac
of the cell (as a normal dark electrode) or closesthe light (where the photoelectrode usually is)
(above, Figure 15). This was repeated for threeptzsneach with a different distance between the
electrodes (0.5, 2.0 and 2.5 cm).

The results for all three electrode distances werssistent and showed (as expected) that the dptima
position of the electrodes was perpendicular tolitgie source with the C-coated ITO electrode being
the back electrode (Figure 65). This data was ésterg for two reasons. Firstly, because of how
similar the results were for the parallel electradg@ngement and the electrodes with the C-codiéd |
closest to the light. Secondly, there was an olad@evtrend that, as the electrode distance widehed,
gap between the performances of the different ddetpositions increased. At an electrode distaihce
0.5 cm, there was no difference in cell potentsaid thels from the cell with the ideal electrode
positions was only approximately one-and-a-halfeBnas great as those of the other two positions.
However, as the electrode distance was increasedidsthe divergence of cell performance observed

as a consequence of the different electrode pasitio

At 2.0 and 2.5 cm, there was a marked differenceenied between the potentials of the cells,
depending on electrode position. This was alsa#se for thés.. Where, at 0.5 cm, the difference in
current was only around a factor of one-and-a-talglectrode distances of 2.0 and then 2.5 cm, thi
increased to a factor of three and then four. Tifflesion of light was considered to be a possible
reason for this observation. The shorter the digtdetween the electrodes, the more light that @voul
have diffused through and reached the electrodadst from the light source. Thus, with the 0.5 cm
samples, it was arguable that one could have exgédess of a variance between the two perpendicular
samples. As one widened the gap between the twair@des, the distance the light had to travel
through the sample increased, and less light rebitieeback electrode. Hence, a greater differerae w
observed between when the light hit the uncoat€d-¢lectrode first and when it had to travel through
the sample to reach the uncoated electrode. Itswsigected that the parallel samples exhibited aimil
cell performance to the non-ideal perpendiculargampurely due to coincidence. In other wordst tha
the decrease in cell performance caused by nasthetrode facing the light was similar to the efffetc

the light having to travel through the sample tbtgehe uncoated-ITO electrode, was unrelated.
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Figure 65. RNCasSil in Water lodide/Triiodide Electrolyte (5 wt% CaCl,). Beaker cells with Electrode Distances of:
(@) 0.5 cm; (b) 2.0 cm; and (c) 2.5 cm.
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7.4 Testing in a Quartz Cuvette with a Pt-wire Elste

7.4.1 b-EENCaSIl Thin-Filmed Cell

A thin film of 1,-EENCasSil in 70 wt% ethanol iodide/triiodid was dsjted onto the photoelectrode. A
thin connection to the dark electrode was formedi tae film allowed to dry overnight. The electrodes
were arranged so that light shone onto the cethfletween the two electrodes, in a beaker cell,
without any filtration from the beaker. The perf@mnce of the cell was comparable to the gel cells
(Figure 66, see Part IV 8). The higher cell perfance was attributed to there being no filter betwee
the light source and the active sides of the eddess,i.e., the light below 295 nm was not filtered out

by the beaker or the ITO glass.

0.90 1 —e— Thin Film of 1,-EECaSil
1,-EENCaSil Cell
—+— RNCaSil Cell

0 100 200 300 400 500
V (mV)

Figure 66. Current versus Voltage of }-RNCaSil Beaker Sample, Compared to the Equivalertiormal | ,-RNCaSil
and RNCasSil Cells. All After 24 Hours Stirring in the Dark.

From this result, it was also thought that it wasgible that the cells did not require a C-coaled |
glass back electrode and a Pt-wire electrode csuffice. The use of sheets or grids of platinunthas

dark electrode is common with photovoltaics.

7.4.2 Pt-wire Electrodes

To determine whether one of the ITO-glass elecsandamally used could be replaced by Pt-wire,
tests with RNCaSil and 70 wt% ethanol 30 % watelide/triiodide were performed in a quartz
cuvette. The Pt-wire was tested both as the dadtrelde, with an ITO-glass photoelectrode, andhas t

photoelectrode, with a Pt-coated ITO-glass darktedde. For the latter sample, a sheet of ITO glass
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was also placed in front of the cell to filter digiht that would not have passed through in thenfar

cell (Experimental, Part Il 7). As a comparisdme use of two ITO-glass electrodes (as were noymall

used) was also tested in the quartz cuvette.

Given that, even with DSSCs, the back electrodssisally either coated glass or a platinum sheet, it

was expected that, of the Pt-wire cells, the mdistient would be that with the wire as the dark

electrode (Figure 67). It was of interest that bibiV,. andlg: of the said cell were greater than the

quartz cell with two ITO-glass electrodes. This wa#sibuted to the higher conductance of Pt-wianth

ITO glass. When Pt-wire was used as the photoelgetdowerV,. andly were achieved, which was

not surprising. The cell performance of this celswenhanced slightly when an ITO glass sheet was

placed in front of the cell. However, this was onlynor and attributable to experimental uncertainty
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Figure 67. RNCaSil with 70 % Ethanol 30 % Water lodde/Triiodide Electrolyte in a Quartz Cuvette, with Different

Electrode Combinations; (a)V.. and (b) | 4.
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What was particularly interesting was that all thertz cuvette cells, whether using the standaal tw
ITO-glass electrodes or Pt-wire, showed higherents and potentials than achieved in any other cell
including equivalent gasket cells. The best perfoghuartz cell was that with the Pt-wire as thekda
electrode and the electrolyte alone, which gavewep conversion efficiency of 2.6 %. This was far
greater than an equivalent gasket cell (5.6 ® ). Furthermore, the. andV,. were over sixty and
eight fold, respectively, that of the same sampla gasket cell. Compared to the best g-RNCaSil cel
gasket cell (dried and tested with the water iotitedide, discussed below, Part IV 9.1), the Ritew
back-electrode cell with RNCaSil had a power cosier efficiency over forty four times greater (0.6
% compared to 13.3 x M) and thd andV,. were thirteen and ten times higher, respectively.

Even the less efficient RNCaSil-containing quarétl,cwith two ITO-glass electrodes, exhibited a
power conversion efficiency of 49.2 x 106, which was over five times larger than the corapae
gasket cell (8.5 x 1%, thely. andV,. were twenty seven and five times higher, respekjv

These differences were not due to the cuvettesgbeiade of quartz glass, as with ITO glass (as
purchased from Sigma Aldrich) the ITO is coatedoonbrmal glass, not quartz glass. This was
confirmed by UV-vis (Figure 68). Consequently, ldiht of wavelengths lower than 295 nm were

blocked by the use of ITO glass as a photoelectrédethermore, the only cell without ITO glass

filtering the light source achieved the lowest Hssu
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Figure 68. UV-vis of Quartz Glass, ITO Glass and ID PET (35, 60 and 70-10Q).
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The iodide/triiodide couple has been known to beasive towards platinum electrod®sThus, it was
arguable that the obtained values were due to tvarP interacting with the iodide/triiodide, beybn

the expected catalysis. This could explain why itheéide/triiodide electrolyte alone acted more
favourably with the Pt-wire than when with RNCaSihich could have hindered the process. It also
explained why it was only when there were two ITi@sg electrodes that the RNCasSil cells worked
better than the electrolyte alone. However, thi bt explain why the cells with the two ITO-glass
electrodes work so well compared to gasket celtlitonally, if the iodide/triiodide couple were so
prone to interacting with platinum, one would hawpected to see such interaction, at least to some
minor degree, when Pt-coated ITO glass was utilgsethe dark electrode in gasket cells. However, Pt

coated ITO glass exhibited similar cell performanas C-coated ITO glass and greater stability.

As already stated, the conductivity of the Pt-wadigher than that of ITO glass, however this miod

explain why the cells with the two ITO-glass eled&s worked so well, compared to gasket cells.

NCaSils have been observed to be deactivated whedtirectly with intense light, such as by the
research lamp through quartz glass. This accoulsiedvhy the RNCaSil-containing cell showed a
lower current and potential than the electrolytenal when Pt-wire was used as the photoelectrode.
However, it did not rationalise why the problem wem rectified by placing a sheet of ITO glass in
front of the cell. Furthermore, it did not elucidavhy the electrolyte also performed better when th
Pt-wire was the back electrode.

None of these contemplations remotely clarified vthg quartz cells generally performed so much
more efficiently than gasket cells. It was not e#id that it was related to cell depth. Testinghia
slotted vessel (Part IV 5.2.3) showed that theres wathing particular about a cell depth of

approximately 1 cm. Thus, it remained a mystery.

7.5 ITO-coated Plastic Electrodes

There is a lot of value in having plastic elect®d@art | 1.1.4). The main problem with plastic
electrodes in Graetzel type DSSCs is that theyaanithstand the temperatures required to sinter th
TiO,. However, as there were issues with sintering NI€aBb was predicted that, if the cells were

behaving as DSSCs, the cell performance would eatdgraded in plastic electrodes, as compared to
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when in ITO-glass electrodes. Consequently, testsewcarried out in ITO-coated polyethylene
terephthalate (ITO PET). Other cell parameters mneatbunchanged from those of normal gasket cells,

except that Pt-coating was used rather than Crapé&tr the back electrodes.

It was clear that the RNCaSil and iodide/triiodslemple did not function as well in ITO PET as in
ITO glass (Figure 69). Currents in the ITO-PET #&letes were less than one third of those from
equivalent ITO-glass cells. That the currents fribra ITO-PET cells were similar, regardless of the
different resistances of the plastics, indicateat the limiting factor was not the conductancehd t
sheets, but was related to the RNCaSil sampletamdability to function in combination with the OF

PET electrodes.
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Figure 69. RNCasSil in Water lodide/Triiodide Electrolyte (5 wt% CacCl,) in Different Electrodes; (a)ls and (b) Vqc.
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This was attributed to poorer connectivity of tledl sample with the ITO-PET electrodes than ITO-
glass electrodes. When ITO-PET cells were congdidhe samples were not compressed into the
gasket sample area the way that they were with dle&Ss cells. This was due to the flexibility of the
PET. When the cells were constructed, they coutdorqressed together over the sample area, which
allowed the PET over the sample area to flex oudsaather than push down on the sample, resulting
in poor sample-to-electrode connectivity (Figurg. 7this problem did not arise with non-flexible ITO

glass. Therefore, the use of ITO glass throughaatgroject was valid and sufficient.

______________

—————————————— B Toprer
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Figure 70. Side-On Representation of (a) ITO PET;d (b) ITO-Glass Cells.

The V, did not appear to be suppressed in the ITO PETchmvas attributed to the fact that a cell
with poor connectivity could still achieve the sapwential difference with whatever connectivitysva
achieved. Why the potential obtained with the @O PET was so much higher than the other three
samples was not known. It was suspected that itavagike in the data, which often occured with
NCaSil cells.

It is prudent to note that, though lower efficieagiwere obtained in ITO PET, some loss in cell
performance could be considered acceptable, gikkerbenefits gained by using plastic rather than
glass. Glass is heavy and lacks flexibillty.Conversely, plastic is light, able to be rolled apt to any
desired shape and could be manufactured by a continroll-proces8® However, the loss of 69 %
current here seemed quite a large sacrifice.

7.5.1 Lamination
Because of the thinness and flexibility of plagtiectrodes, it was thought that it would be posstbl

laminate cells comprised of ITO-PET electrodesfaksas known, lamination of plastic electrode cells
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had not been reported, though the possibility heehtrealise” The cells were constructed in the
same fashion as normal gasket cells, except tH@Q1rO PET was used instead of ITO glass, and

non-plastic-coated Sn- or Cu-wires were used asdhtacts.

A cell comprising of tetrabutylammonium hexafluohggphate with RNCaSil, Kl, iodine and water,
which had proven to work reasonably well in ITOggi@lectrodes (Part IV 4.3.4), exhibited almost no
activity when placed in a laminated cell with tiontacts. This was unexpected, as though samples had
shown lowered performances in ITO PET than ITO glasch a large loss of performances was
surprising.

Such an unanticipated decreased performance wasealsbited by a gel NCaSil cell (g-NCaSil,
Figure 71). This gel was formed by leaving 1.0 gRifiCaSil and 10 cfof 70 wt% ethanol,
iodide/triiodide electrolyte to develop for 5 da(gel formation is discussed in the following chajpte
The inactivity of these cells aroused suspiciora:t(iL) the tin contacts were not conductive engpugh
(2) the lamination process dried out the cells,hstitat they were no longer functional; (3) the
laminated plastic filtered out much more light;(4) the laminated cells did not put enough pressuare

the sample area, meaning that the contact betvineegléctrodes and the samples was not sufficient.
7.5.1.1 Tinor Copper Contacts

That the use of tin contacts was insufficient was/pn by putting the same aforementioned gel (S day
later) into identical ITO-PET cells, except thaedmad tin contacts while the other had copper ctsita

It was expected that the cell performances woulddmeased somewhat, as, unless under illumination,
gel performance decreased over time. Un-laminatexicell with tin-contact’s cell performance was
virtually non-existent (Figure 71). Conversely, tbal with copper contacts exhibited an efficiency

greater than the original laminated g-NCasSil cethvin contacts.

The lowered cell performance was not attributaloledifferent conductivities. Copper has a high
conductivity of 58.4 MS/m (25° ¢)*"! which was limited by the lower conductivity of thelium used

to connect the contact wires to the electrodeschvisi only 12 MS/n25° C)*?”! The tin contacts used
had an even lower conductivity of 8.7 MS(85° C)*?”) However, the truly limiting conductivity was
that of the ITO Glass at 0.25 to 0.43 MSH#A Therefore, the poor performances were attributed t

poor contact between the tin and ITO, likely causgdn oxide layer on the tin.
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Figure 71. Current over Voltage Plots of g-NCasSiln ITO-PET cells; with Tin or Copper Contacts,
after 5 or 10 Days of Gel Formation, Laminated or Mgt.

Furthermore, the results also implied that the tation process somehow limited cell performance. To
assess the implications of laminating ITO-PET c¢cele same g-NCaSil cell with copper contacts was
laminated and tested under the research lamp.cHuised the cell performance to become negligible
(Figure 71). This showed that the lamination preatis decrease cell performance and also indicated
that, had the original cell with tin contacts netehb laminated, its efficiency would have been much
greater, and even more so had copper contacts umeh instead of tin. Thus, the decreased cell

performance was also related to the laminationge®c
7.5.1.2 Solvent Evaporation Caused by Lamination

There must have been evaporation of a small amotuusample during the lamination process, at
approximately 75 °C. However, the speed and metifothe procedure would have limited this.
Furthermore, the cells did not look dry, but regairtheir gel-like appearance. The small amount of

solvent loss did not explain the disproportion&@uction in cell efficiency.
7.5.1.3 The Laminated Plastic

UV-vis absorption was performned on the laminatidtr used to laminate the cells. This showed

that, though this plastic filtered out lights ofweéengths lower than 300 nm to a greater extemt tha
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ITO PET used, it did not inhibit any wavelengthg fibered out by the PET (Figure 72, see also the
transmission spectra, Appendix, Part VII 2, Figlipd). Hence, it was not thought that the plastedus

to laminate the cells was insufficiently transpardime ITO PET was the limiting factor in this resp
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Figure 72. UV-vis of the Laminated Plastic Used tbhaminate the Cell Compared to the ITO PET Used.

It was unlikely that the ITO PET infused into thel samples during lamination, as the process took
place at approximately 75 °C, a temperature toottodegrade the PEF®

7.6.1.4 Sample and ITO PET Contact

As the above two rationales hypothesised, for desing cell performances on lamination, were
dismissed, the effect was credited to inadequatéacbbetween the sample and the plastic electrodes
Indeed, this was visually observable. Unlike IT@sg, the ITO PET was flexible and bulged slightly
outwards (as discussed above, Part IV 7.5), ratian lying perfectly flat and pushing against the
sample. There were parts of the cell area wheredah@ot observe the the sample flush against the
ITO PET. One way to overcome this, in future, isuse a greater amount of a semi-solid or solid

sample than the sample volume of the gasket. Thiddrforce the sample to sit against the electrodes

The flexibility of the PET also made it was difficto laminate NCaSil powder/liquid electrolyte leel

Due to the liquid nature of the sample, it ofted dot stay in the sample area during lamination.
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8 Long-Term Testing and Gel Formation

For a solar cell to have any real application, itsinbe stable over long periods of time. This obapt
discusses the longer-term testing of NCaSils, ®ereral days, in the iodide/triiodide electrolyte,
prepared in different solvents. Furthermore, itdsses the formation of gel cells from such longite
testing. These investigations were carried outdaker cells, as gasket cells were difficult to s#él
and tended to dry out over time. Currents obtaindte beaker tests were much lower than those from
gasket tests of the same samples. This was beoétise curvature of the beaker, a larger surfaea ar
(see above, Part IV 5.1) and there being sampledagt the light source and photoanode (see below,

Part IV 9.3). Thus, results from beaker cells cauity be compared to those of other beaker cells.

8.1 Solvent Effect

Samples of RNCasSil in differently solvated iodid&dtdide electrolytes were left stirring in the &dor

72 hours, except during testing after certain pkyiof time, after which they were illuminated
continuously for a further 72 hours. The phase rpt@ continuous illumination has already been
discussed in some depth earlier (Part IV 4.4.2ntl) as such, this section focuses on cells illutetha

after the 72 hour dark period.

It could be seen (Figure 73) that most samplesangt in cell performance over time, both when left
in the dark stirring and particularly when illumted. This effect was observed in both the potential
and the current, but particularly the latter, wiltle exception of the sample in 70 wt% ethylene @lyc
iodide/triiodide, which exhibited an improvement\g.. The ethylene glycol sample was by far the
most unstable and was the only sample wherdhéecreased on constant illumination. This was
attributed to the higher viscosity of ethylene gllyavhich made the system require a longer period o
time to reach equilibrium. Furthermore, by the efhdhe 72 hour illumination period, the sample was
stark white (Figure 74). It was thought that thasen why the/,. of this sample continued to climb,
yet thelg; remained low, was related to this complete phe@atiiing. The near complete formation of
iodide over triiodide created a large potentialfedtgnce, but removed the photoactive species,

eliminating most of the current.
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Figure 73. Long-Term Testing of RNCaSil in 30 wt% Water 70 wt% Other Solvent lodide/Triiodide Electrolyte; (a)

Vo and (b) I .

Why ethoxyethanol made a poor solvent to RNCa%itsdiready been discussed (Part IV 4.4.2.1), and

was attributed to the fact that it was readily abed onto NCasSils blocking its pores. Thus, it was

128



surprising that it showed little improvement on stamt illumination. The cell performance of the
water-solvated electrolyte also improved on cortstiurmination, but this was incomparable to that
observed with the 70 wt% ethanol sample.

All the samples showed instability; the currentd &nltages were inconsistent between each reading,
with the exception of the 70 wt% ethanol sampleictvtwas comparatively stable. This changed after
the sample was illuminated continuously for 72 Isoukfterwhich, theV,. increased and thé.
multiplied by over twenty one fold. The reasontiuis rapid rise in current was the fact that thagia
had turned into a single-phased gel, g-NCaSil (edgi#). The 70 wt% ethanol-based sample was the

only one that did so. Each of the other samplesitamied clearly separated solid and liquid phases.

Ol 3

A( r\\\\i.}\ J
Gl B

Figure 74. 72 Hours lllumination of RNCasSil in 70 vi% Ethoxy Ethanol (Left), Ethylene Glycol (Centre) and
Ethanol (Right) lodide/Triiodide Electrolytes.

8.2 Repeatability of Forming g-NCaSil

8.2.1 The RNCaSiIl

An initial attempt to repeat the formation of g-N&lawas successful, but subsequent attempts were
not. Initially, it was believed that this was dwea new batch of RNCasSil being used (Batch #4); the
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previous batch used (Batch #1) having been used@agis performed in gasket cells seemed to support
this (Part IV 1.3.1). When differences in batchesrevresolved, and testing in gaskets indicated a
RNCaSil (Batch #5) consistent with the original RMI used, this was utilised in a beaker test with
70 wt% ethanol iodide/triiodide. However, thouglsuks were initially promising, there was no gel
formation and the current peaked at a point lowantthat achieved by the g-NCaSils. Thus, the
inconsistency of the RNCasSil was not the only is@\sis discussed in the following paragraphs, nor
was the level of impurities in the ethanol deterative. Rather, gel formation depended upon solvent

evaporation, the rate of which appeared important.
8.2.2 Purity of the Ethanol

As the ethanol used in the electrolyte of the tivad g-NCaSils had come from the ends of a drum, it
was thought that the gels may have arisen as aqaoaace of an impurity contained in the drum. The
failure to form a gel and achieve greater curréms the absolute ethanol sample initially suppabrte
this hypothesis. Common impurities in drum ethaam small amounts of acetic acid and other
alcohols®! Samples were prepared with absolute ethanol witho® 1.0 mol% acetic acid or 1.0
mol% butanol. Each of these proved unsuccessfiihgao form gels or achieve significant increases

in currents. Thus, the purity of the ethanol wasdeterminative of gel formation.
8.2.3 Evaporation

It was also suspected that perhaps the samplesedavaporation of some solvent. Beaker cells were
sealed off with parafilm. It was thought that pgrhahe g-NCaSil samples had not been fully sealed.
Thus, a sample was prepared with the consistentd®N®atch #5, absolute ethanol (without any
additives) and the beaker's parafilm cover was peittially unsealed. A gel was created, which
achieved a good current, overu®/cm?, comparable to that achieved by cells made fronCESII
Batch #1. Therefore, for the formation of g-NCa8ikere needed to be some solvent evaporation. It
was possible that gel formation occurred becausendhflux of oxygen into the sample from the air,
however this did not seem likely as the presenceoxygen would not have assisted the
iodide/triiodide’'s photogalvanic process nor theeraction between the silicate and iodine.
Furthermore, X-ray photoelectron spectroscopy peréal on the sample showed no such relationship
(discussed below, Part IV 9.6).
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The same gel formation or cell efficiencies coulnt be achieved merely by changing the initial
RNCaSil and electrolyte solution ratio%., by using less electrolyte solution to begin withough a
less-liquid sample was obtained, no gel-formatioouored. It appeared that time was required for g-
NCasSil to form. In other words, the rate of evapiorawas important. This was supported by later
analysis performed on the gel, which showed thatRNCaSil structure had been modified completely
during gel formation (below, Part IV 9.4 and 9.6).

Though the initial three gel samples were all fadnuader constant illumination of the research arc
lamp, later gels were made merely by leaving tlepdas on a bench, with access to air and ambient
light. The g-V-NCasSil and g-Ce-NCasSil (discussetby Part IV 9.2) were made as such. Though the
time required was greater (168 to 240 hours, coetpty 24 to 48 hours under the resarch arc lamp),
such formation was arguably more convenient, asréisearch arc lamp could be used for other

experiments, larger samples could be prepared merd) e was not expended from the xenon arc lamp.

8.3 Long-Term Testing of the Electrolyte Alone

Importantly, the 70 wt% ethanol iodide/triiodideeetrolyte alone (without any form of NCaSil added)
did not exhibit such great increases in currentd (@bviously did not form a gel) on constant
illumination (Figure 75). Though thig. did rise, as was common on constant illuminattbme, values

achieved were minimal compared to those of the @8IIS after the same period of illumination.
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Figure 75. Constant lllumination of the 70 wt% Ethanol lodide/Triiodide Electrolyte; (a) Vo and (b) | .
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8.4 Requirement of 72 Hour Settling Time

All the aforementioned samples in this chapter wlefe stirring in the dark for 72 hours before
constant illumination began. A sample was madeougstertain whether the full 72 hours was required
to achieve the same results on constant illuminafidhe sample was stirred in the dark for only 24
hours, before being continuously illuminated.

Though the RNCaSil used (Batch #4) was not one docapable of forming a gel, these results
indicated that whether the sample was stirred endark for 24 or 72 hours did not affect its cell
performance on constant illumination (Figure 76hisTconclusion was supported by the fact the g-
NCasSils formed from samples sitting on the bence bf any stirring or intense illumination.
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Figure 76. Constant lllumination of RNCaSil (Batch#4) in 70 wt% Ethanol lodide/Triiodide Electrolyte, After 24 or
72 Hours Settling Time; (a)Vo. and (b) I «.

Results from the illumination op-EENCaSil after either 24 or 72 hours of stirringthe dark differed
because the, lcould be lost from the silicate structure overdjrparticularly with stirring, which was
likely why 72 hours of stirring gave an initiallygh current, which dropped off over time (Figure.77
However, the sample seemed particularly prone totgitheaching, which likely assisted the rapid
decline in current after 24 hours of illuminati@s, discussed below (Part IV 8.5).

It is important to note that, though the time regdifor gel formation varied depending on the faimn

NCasSil, whether a sample was stirred in the darRfbor 72 hours affected how long a sample had to
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be illuminated before it formed a gel. For examplbereas the,IEENCaSil sample given a 72 hour
settling time resulted in gel formation after 72ul illumination, the sample given only 24 hours

settling time had not. The latter sample took sohex& between 96 and 120 hours of illumination to

form a gel.
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Figure 77. Constant lllumination of l,-EENCaSil in 70 wt% Ethanol lodide/Triiodide.
After 24 and 72 Hours Settling; (a)Vo. and (b) I «.

8.5 Different Forms of NCaSils in 70 wt% Ethandllilde/Triiodide

Many different NCaSil forms were tested in 70 wttamol iodide/triiodide electrolyte to determine
which of the NCaSils were capable of forming gél.samples were left for 72 hours stirring in the
dark before being illuminated constantly. Unreickd NCaSil, EENCaSil and AWNCaSil were all
unable to form gels the way that RNCaSil did. Tlaekibone structures of these other NCaSils were
unable to be maintained long-term in solution, wketin water or ethanol, and simply broke apart.
Comparatively, the RNCaSil was able to form gelse tb its greater stability, which allowed for the
silicate backbone to be modified (see below, R&A.4) rather than be completely lost.

Although the initial results for Ru-EENCaSil seenpedmising, the sample did not become a gel until
after 96 hours illumination, by which time both thetential and current had decreased significantly.
Thus, Ru-EENCaSil showed no long-term stabilitye Trecline in th&/,c andlg was attributed to the

loss of Ru from the silicate structure over time.
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I,-EENCaSil became a gel after approximately 72 hddosvever, after 96 hours, it was relatively dry,
and almost completely photobleached. This dryind) @motobleaching also eventually occurred for the
sample stirred in the dark for only 24 hours. Whilee sample between electrodes remained
unbleached, but the surrounding sample was alnmspletely white. It was thought that the reasons
why the performance declined after around 24 hwene the loss of iodinieom the silicate structure
over time, quick-drying of the sample and photobtihéag.

The loss of ruthenium and iodine from the NCaSild aubsequent loss of cell performance was not
indicative of the cell type produced. Whether thed$il were acting as semiconducting materials or as
insulating materials for soggy sand electrolyte®e would have expected cell performance to decrease

upon the disconnection of the additives from theaS{Cbackbones.

The V- and Ce-NCaSil samples were illuminated férhdurs, afterwhich they were left sitting on a

bench, whereupon gel formation occurred (after 28&s). As is discussed below (Part IV 9.2), these
gels proved quite active. Hence, V- and Ce-NCaBiiausly required more time than RNCaSil to

become gels and reach their peak activity. This wassibly due to them being derived from

unreinforced NCaSil.

134



9 Performance and Analysis of NCaSil Gels

As discussed in the preceding chapter, over theseoaf 24 to 48 hours of illumination, RNCaSil
formed a gel when used in conjunction with a 70 vetihanol 30 wt% water based iodide/triiodide
electrolyte. In this chapter, the performance effilrmed gels in normal gasket cells is discusaed,
the gels analysed by NMR, x-ray photoelectron spsecbpy (XPS) and UV-vis. Attempts at
synthetically forming the gels are also presented.

9.1 Cell Performance of g-NCaSil

g-NCasSil proved to be more efficient in a photosmtsetup than RNCasSil powder/electrolyte cells.
The gel could be used both in its original semitligstate alone and when dried into a powder form
(suspected to be an aerogel), used in conjunctitmam electrolyte. In both forms, even 14 daysraft
its formation, the current observed for a cell esgpig g-NCaSil was double that of the equivalent
RNCaSil powder/electrolyte cells for the semi-lidjstate (Figure 78(a)) and for the aerogel state
(Figure 79(a)), while the potentials were compagdbi the semi-liquid state (Figure 78(b)) andtfor
aerogel state (Figure 79(b)). The overall celloiéiices were 11.6 x 0% for the semi-liquid state
and 13.3 x 18 % for the dried aerogel.
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Figure 78. g-NCaSil 14, 21 and 28 Days After Formain, Compared to a 70 wt% Ethanol 30 wt% Water
lodide/Triiodide Electrolyte and an Equivalent RNCaSil-Based Cell; (a)l - and (b) Voc.
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Figure 79. g-NCasSil (dried at 55 °C) and RNCasSil whh Water-Based lodide/Triiodide (5 wt% of CaCl,),
and the Electrolyte Alone; (a)l ¢ and (b) V.

That the powder/electrolyte cells utilising driedNgaSil (Figure 79(a)) achieved greater curreras th
the more solid-state g-NCaSil tested by itself @Feg78(a)) was not unexpected. It is well docunmente
that solid-state cells have issues with conductarzk with higher proportions of recombination of
electron/hole pairs, due to greater difficultieddfusion of the oxidised triiodid€® However, due to
advantages in having solid or semi-solid cells lisas reduced sealant issues), the loss of somenturr

could be considered acceptable.

9.2 Gels Derived from V- and Ce-Doped NCaSils

As mentioned above (Part IV 8.5) both V- and Ceated NCaSil formed gels, after 24 hours of
illumination and 288 hours in ambient conditiorgsV-NCaSil and g-Ce-NCasSil. These were tested in

gasket cells in their gel states.

g-V-NCaSil exhibited greats values, higher than those achieved by g-NCaSgufe 80). The
potentials obtained were not as high, but were iwithe range of potentials normally exhibited by
NCasSils. Furthermore, the sample proved very stabtegave a consistent performance. Conversely,
the g-Ce-NCaSil did not perform so well. Though\ts was sufficient, itds was lower than that of
the g-NCaSil and about equivalent to that of theJRNil powder/electrolyte cell. It was suspected tha
the reason for the poor performance was that thevge too dry. It visibly appeared drier than g-V-
NCasSil and g-NCasSil. It was believed that, hadgéeple been left on the bench for a lesser amdunt o

time, the current may have been higher.
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Figure 80. Cells from Gel-State V-NCaSil and Ce-NCail; (a) Vo and (b) I . Note that the g-NCaSil sample was
made after 72 hours illumination and tested 14 dayafter its formation, whereas the g-V-NCaSil and g=e-NCasSil
were only illuminated for 24 hours and formed gel®n the bench over 12 days.

Of course, due to the differences in forming thésee gels and the point at which they were each
tested, their performances were only illustrativéhe potential of such gels. Ideally, one wouldntva
to compare gels made under identical conditionsttis was near impossible with the samples left to
form gels under ambient conditions, due to the gkahility of such conditions. Furthermore, thisalde

situation may not be conducive to obtaining the imaxn point of operation. The gels may have
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performed more effectively at an earlier or latiige than tested.e., when wetter or drier, depending
on the form of NCaSil. More work needs to be caroet in this area, under tighter control of opegat
conditions, testing the samples periodically oweet in order to find the optimal settings for fonm

gels from different samples and the point of tihestximum cell performances.

9.3 Effect of the Surrounding Sample

Because of the way in which beaker cells were coatgd, there was sample located between the light
source and the photoanode, thought to possiblynbibiting the amount of light that reached the
sample between the electrodes (Part IV 5.2.3) eSbwhether this was the case, once a g-NCa&jl (
semi-solid) sample had been made after 144 hournfluafination, the electrodes and the sample
between them was removed and placed into an iggr{bat empty) beaker, so that the effect of the

curvature of the beaker was not removed, but théteosurrounding sample was.

There was little change in potential, as expechked,the current increased by a factor of over two
(Figure 81). Thus, it could be concluded that tfiece of the surrounding sample was to block tigétli
path. This conclusion was supported by findingemef to earlier (Part IV 5.2.3), where the removal
of the sample between the light source and theogainotde in a slotted-vessel resulted in a curreet ov
three times as great as that obtained by an egutveéll that did have sample between the quaazsg|

window of the vessel and photoanode.

The results also showed that, in terms of measwifigency, only the surface area of the electeode
immersed in the sample needed to be consideredyatritiat of the beaker. In other words, the s@rfac
area of the beaker that was illuminated was ondyréatly relevant, in that the curvature affectbd t

reflectance of the glass.

When a similar experiment was carried out with haotgel (illuminated for 192 hours), but without
the use of a new beaker, on removing the surrogngimple, th&/,. changed from approximately 68
to 45 mV and theg increased from approximately 2.3 to 3u.8/cm?. However, the intensity of the
light on the unprotected sample resulted in vericlqualrying of the sample. When the light was
initially turned on, th&/,. was approximately 70 mV, but this value declinggidly. The fast drying of
the cell was also likely why the increase in curnas not as great as one would have expectedy give

that the sample was free from any surroundingidighdering sample and glass.
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Figure 81. g-NCasSil after 144 hours lllumination; @) Vo, and (b) I .

With the sample placed in the empty beaker, thk dictrode (C-coated ITO glass) was subsequently
replaced by a sheet of un-coated ITO glass. Theelilperformance was dramatically reduced, both in
terms of the current and potential, the cell did cmmpletely stop working. It was noted that the C-
coating on the original ITO glass had been visgihpped off. That this had no apparent effectlon t
cell performance indicated that there must have lee@ugh carbon left on the electrode for theteell
function. The cell continuing to work with an unated electrode, inferred that there must have been
some carbon floating around in the cell and thet fitee carbon was somehow enough for some cell
function. This made sense, seeing that loss obcaftom the original electrode had been noted.as w
also possible that the driving force of the photwacprocess of these gel samples was great enough,

such that some process was still observed everfie catalyst on the dark electrode.

9.4 NMR Analysis of the Gel

Attempts were made to ascertain the differencelerchemical structures of g-NCaSil, RNCaSil and
NCaSil. **C NMR and*H NMR analyses showed only the presence of ethamdlwater, indicating
that ethanol had not been oxidised to acetic ead Appendix, Part VIl 3, Figures 102 and 103). IR
spectra confirmed that no C=0 moieties were preiseahy of the samples (see Appendix, Part VIl 4,
Figure 104). In the NMR spectra, peaks associaittsg-hybridised -CH-O (**C NMR § 57.3 ppm,

'H NMR 5 3.5 ppm) and -Ckimoieties *C NMR & 16.7 ppm*H NMR & 1.03 ppm) did not exclude
the possibility that the ethanol was perhaps icterg with the silicate structures through the hloac
oxygen. Solid stat&’Si NMR studies of dried out samples proved morghttul (Figure 82).
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Figure 82.2°Si Solid State NMR Spectra of g-NCaSil, RNCaSil antntreated NCasSil.

The silicon in the three materials compared wersigmificantly different environments from each
other (Figure 82). Untreated NCaSil had almostitallsilicon in Q2 environments (meaning it was
comprised of chains of corner-bonded silicate ketdaa, such as found in the mineral wollastortté).

1371 Q4 environments (typical four corner-bonded St€trahedra such as found in cristobalite, ;SiO
where all SiQ tetrahedra are bound to four other $St€trahedrd}®® **”and Q3 environments (SiO
tetrahedra are surrounded by three other, $3&ahedrons and one organic or hydroxyl group, as
present in silicon oil§7® were only observed at a level of approximately%0 RNCaSil had
predominantly Q4 silicon, with lesser amounts of @#lowed by Q2 environments (as the
reinforcement of NCaSil deposited a Q4 Si@yer on the surface of the original material) e Tdr
NCaSil formed was largely composed of Q3 centies spectrum showed a Q4 environment shoulder
off the Q3 peak. This could have been indicativehef formation of a silicon oil related gel, where
there was some network in place, but one of lovdity Therefore, thé°Si spectrum obtained showed
that the silicate structure was different in thé than in the RNCaSil or NCaSil powders. The close
relation to silicon oils raised the question if@aresponding gel could be produced using typideiosi

oil forming reactions. This is discussed in thédaing section.
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9.5 Synthetic Silicate Gels

This section discusses attempts to syntheticalhth®sise the silicate structure of gels derivednfro
RNCaSil and 70 wt% ethanol (30 wt% water) iodideftide. NMR studies of the RNCaSil-based
gels had suggested a possible correlation of tleetgesilicon oils (Part IV 9.4). Therefore, in thiest
part of this section, the preparation of gels frim condensation of tetraethoxysilane (TEOS) is
examined, TEOS being a common precursor to silmits This is followed by a discussion on gels
derived from sodium silicate. Both of these gelgewvalso prepared with various metal sources to
assess the effect of the presence of differentxredaples in the samples, the possible electroatemi
interaction of the metals with iodide.d., C** + 2I — Cub, the product of which immediately
decomposes, 2CiH-> 2Cul + b),[** and the effect of the sample’s colour, which cafféct the light

absorption range.
9.5.1 TEOS-Derived Silicate Gels
9.5.1.1 Initial Results

TEOS was condensed by acid catalysis, the procesghich has been well documented in the
literature™*81??! |nitial results, using calcium iodide, calcium atitle or calcium hydroxide with
TEOS, appeared promising, with the syntheticallymied gels displaying currents and voltages even
without any electrolyte (iodide/triiodide in 70 wtg&thanol 30 wt% water) added. In many cases, the
open-circuit voltage\{,.) decreased as electrolyte was added to the sgifiglere 83(a)), becoming
closer to that of the electrolyte alone (approxghat0 mV), whereas the short-circuit curreht)(
increased (Figure 83(b)). This indicated that tleds ghemselves had inherently higher potential
differences than the electrolyte, but an inhibiédity to move charge. However, the current imgev
with the addition of moveable charge carriers. héitigh the electrolyte was required to allow the
current to flow, it was a limiting factor for theelt voltage. Therefore, several cation sources were
tested to provide potential electrolyte systems, Sr*, Mn**, Co*, Cu#*, Zr**, F€* and Fé".
However, a similar behaviour to the pure calciufisc&as observed for several of the other metal
sources as well. For example, the voltage of thé"M&EOS gel decreased on the addition of

electrolyte solution, but the current increased.
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With some samples, the current peaked when only (34f electrolyte was used and decreased when
this amount was increased to 0,85 This was the case with €a SF*- and CG-TEOS gels. This
finding could be explained by thedoncentration rising beyond a maximum point, whtelused the
viscosity of the sample to increase such that iaility was inhibited?” The Zif*-TEOS gel was
particularly unusual. It displayed\&. of almost 740 mV anél. of over 90;1A/cm2 with no electrolyte
present. However, the voltage and current bothedsed as 0.40g of electrolyte was added to the gel,
but this trend was reversed slightly when moretedgte was added. This sample is discussed further

below.
9.5.1.2 Long-Term Testing and the Formation of Batteries

Despite these initial results, when long-term testivas attempted, products formed after about & wee
that were not photoactive. Furthermore, it wasasatithat the initial currents and voltages of thks g
were observable even in the absence of a lightceodihus, it became apparent that the synthetically
produced gels were undergoing non-photoactivatectreichemical processes. This was only expected
for some of the cells investigated, such as thepeopontaining cel:* but not for cells involving
species such as Mhand the pure G&based cell. The behaviour of the TEOS cells wamirtrast to

that of g-NCasSil cells, which were more stable.

The aforementioned Zhtreated TEOS gel showed the best cell performamdbe absence of any
electrolyte, but both the current and voltage bexaimost non-existent on the addition of OigQof

the iodide/triiodide electrolyte, but increased ingahen 0.95ug of iodide/triiodide electrolyte was
added. ZA" was able to be reduced by®i(calculatedEqy = 0.024 V). On the addition of only 0.4@

of electrolyte, the electrochemical process waspmegsed or cancelled out by the photochemical
process of the iodide/triiodide couple. When mavdide/triiodide electrolyte was added, it was
suspected that the current and voltages observeel predominantly due to this electrolyte, as the

values obtained were closer to those observedhéoptre electrolyte.

Fe&* was able to oxidise 40 (calculatedE.y = 0.305 V) and F& should have oxidised 4@
(calculatedEey = 1.515 V) and 4 (calculatedEcy = 0.265 V). This explained why the F#¢e*
containing gels showed some current and voltageshwhcreased with the addition of iodide/triiodide
Given that the F8/Fe*/Ca* (5:5:90) gel had so little B&#Fe®, it was not surprising that a much
lower current was observed for the gel alone thenRé*/Fe’* (50:50) gel. What was interesting was

how much higher thé, values were for the E&Fe**/Ca* gel than the F&/Fe’* gel when electrolyte
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was added, given that the ahould not have been able to affect any specisept in the gel. It was
possible that the Gawas merely acting as a charge carrier and itstiomavas enhanced on the

addition of the liquid electrolyte.

Three of the synthetically formed gels — namelysthdased on €3 SF* and M — were not
expected to exhibit any electrochemical procesdlalUpon closer inspection, IR analysis of theegas
released from the TEOS based gels indicated theaftton of acetic acid (see Appendix, Part VII 5,
Figure 105). Some of the solvent ethanol had beetised.

Once the battery processes had faded, all cellainea inactive to light. The addition of the

iodide/triiodide electrolyte only showed activitythe level expected for the electrolyte alone.
9.5.2 Sodium Silicate Derived Gels

To avoid the side reactions with ethanol, atterm@se made to produce gels based on ethylene glycol
using sodium silicate. All of these gels also ekbibh a release of a carboxylic acid. Different nweta
were added to the gels, but a blank (or controB alao tested, where no metal had been added. There
was no observed current from the gels alone, whetteelight was on or not. The gels did exhibit
varying potentials, which faded over time. When 00.4g of electrolyte (70 wt% ethanol
iodide/triiodide) was added, the gels exhibitedhbatirrent and potential, free from any light source
which deteriorated. The time required for detetioradiffered; most samples took around 20 minutes,
however some took markedly longer (Mmn hour, F& 2.5 hours and CGb 24 hours). The pre-light
processes were allowed to fall to near zero vahefere the samples were tested under the lamp and
the values below measured (Figure 84). Unlike tB©3 gels, these samples were active after the

initial electrochemical processes had passed.

The currents and potentials observed for the glyesled cells were found to be significantly lower
than those for the g-NCasSil cells, which was exgeatue to the higher viscosity of ethylene glycol
(Table 8). The values were so low, that it wasdweld that most of the activity observed was dueeo
small amount of electrolyte present in the samather than any activity of the gels themselves Th
cations from the gels assisted in charge transpottit was not thought that the gels’ silicateistures

contributed in anyway.
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9.5.3 Conclusions

Overall, the findings regarding synthetically prodd gel cells allowed the conclusion to be made tha
the specific silicate structures of the NCaSils avenportant to the cell process and that a closer

investigation as to the structure of g-NCaSil bya¥-photoelectron spectroscopy (XPS) was required.
9.6 X-ray Photoelectron Spectroscopy

XPS carried out on dried g-NCasil samples (fronwkeen the electrodes of a beaker cell) confirmed
that the NCasSil structure had changed significaobiypared to RNCasSil. The Si 2p peaks of the dried
gel were more akin to those oftteated EENCaSil than RNCaSil (Figure 85). NorRBICaSil Si 2p
had a large silicate peak around 103 eV (SiOH) arsthaller silica peak around 104 eV (i
Silanol was the dominant form observed becaus&sgiresence on the surface of the material and the
low penetration depth of the spectroscopic methogdleyed. This was in contrast to untreated NCaSil
where a large silicate peak at 102 eV (SiOX) waseoled, associated with silicon bound over oxygen
to electron-withdrawing G4 l,-EENCaSil exhibited a larger peak at 104 eV thad 40, which was
possibly due to G binding to the iodine and the loss of SiOX enviremts. Usually, the contrast
between the silica and silicate peaks was quitequmced. However, with regard to g-NCaSil, the
silica peak was not much larger than the silicaakp indicating that the gel structure resembleith bo
that of RNCaSil and,dEENCaSil.

The O 1s spectrum (Figure 86) also indicated that d-NCaSil was related te-EENCaSiIl. In
untreated NCasSil, the main peak was Si-O-Si (ar@8fleV), which was flanked by a smaller Si-O-X
peak (around 530 eV, where the X was presumabfy) @ad an even smaller OH peak (close to 534
eV). When treated with iodine, the Si-O-X peak skraelative to both other peaks, becoming the
smallest peak. This was also likely due to an atgon between the €aand iodine. The spectrum for
RNCaSil showed similarly large peaks associatet %itO-Si and OH but little Si-O-X. The spectrum
for g-NCaSil plotted in Figure 86 clearly showed %irO-X peak, although it was the smallest of the
three present. This supported the earlier assumptet the gel was related to a silicon oil, wher©-

organic rest peaks were present.
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Figure 85. Si 2p XPS of Dried g-NCasil.
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Figure 86. O 1s XPS of Dried g-NCasSil.
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The C&* 2p spectrum (Figure 87) showed a 2p 1/2 and 3ibldoat 351.5 and 348 eV, respectively.
These peaks in untreated NCaSil and RNCaSil shaywdzklow 351 and 347.5 eV and were shifted up
by around 0.5 eV upon treatment of NCaSil with medilnterestingly, the peaks for the dried g-NCaSil
were shifted to those of the EENCaSil with 351.5 and 347.7 eV respectively.sT$uiggested that, as
with I,-EENCasSil, while there was still some coordinatarthe iodine to the Gaand Si, the iodine
was even more closely associated witfi*@aan in the +EENCaSil samples. The shift was not as high
as in calcium iodide as a comparison to the X-fagtpelectron spectrum quoted in the literdfdte
showed, where the binding energies for calcium vier@ range of 355.9 to 358.6 and 352.1 to 356.1

eV respectively.
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Figure 87. C&" 2p XPS of Dried g-NCasSil.

The | 3d spectrum of the g-NCaSil was similar tattfor L-EENCaSil, both in peak shape and
proportion (Figure 88). However, at 619.6 and 63\2 the peaks exhibited by g-NCaSil were both
higher than those observed fromBHENCaSIl, by around 0.5 eV (as those moieties védi@2 and
630.6 eV, respectively). The peaks additionallyfedéfd from those in the literatdt® for | in Cal
(624.0 to 624.6 eV and 635.0 to 635.8 eV). Thicated that the iodine in the g-NCaSil was in
environments different from the iodine iREENCaSil and Cal. It was arguable that the calcand

iodine interaction in the g-NCasSil has more Calrahter to it than the interaction in the EENCaSil.

148



This was likely because, with regards t&EENCaSil, the iodine was introduced in the mantufidcg
process. Comparatively, the g-NCaSil's formationgess likely involved some break down of the

NCasSil structure, allowing for a different calciland iodine interaction.
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Figure 88. | 3d XPS of Dried g-NCasSil.

In conclusion, XPS showed that, though the gel mase similar to J-EENCaSil than RNCasSil, it
differed from both, its structure possibly lyingtlveen the two extremes. That the iodine interaction
differed from that in FEENCaSil was supported by cyclic voltammetry perfed earlier (Part IV
1.1.5). The XPS evidenced that, in g-NCaSil, théine added interacted with the Si and Ca, but
predominantly the latter (Figure 89(b)). Howevdre tcalcium ions remained bound to the silicate
structure. It can be surmised that the retentiobimdling modes between the calcium ions present and
the silicate (as indicated by XPS) in g-NCaSil cobk the reason for the activity and stability ef g
NCasSil, and why the electrochemical decompositibetbanol was not observed. This was supported
by the earlier finding that only the more“aich RNCasSil was able to form g-NCaSil (Part \31).
Thus, the silicate backbone of NCaSil was importantihe cell process and stability and the NCaSil
was not merely acting as a source of ‘CRurthermore, that the synthetic gels could notlate the
cell performance of the g-NCasSil further illustihitthe importance of the iodine-NCaSil interaction
and allowed the conclusion to be made that suathitgncould not occur on just any silicate.
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Figure 89. (a) Structure of NCaSil; and (b) Proposg Structure of g-NCaSil.

Interestingly, with DSSCs, triiodide interacting lminding to the semiconductor material would result
in recombination of the hole the triiodide carrimsd the electron in the semicondudt®r.water
present in DSSCs usually binds to the Ji®locking sites from triiodide interaction, dec@ay
recombination. That the interaction that the sibchad with iodine increased cell performance was,
thus, interesting. The likely reason for this wiaat it was iodine that was interacting with the RISG
surface, not triiodide. The generally anionic scefaof NCaSils supported this, as the Skhirface
groups would repel triiodide and iodide, leavingrthfree to carry charge. The same reasoning applied
if the cells made were soggy sand electrolyteghasbinding of iodine would leave the iodide and
triiodide free to undergo their photogalvanic psseThe binding of iodine to the silicate was also
thought to be the reason why NCaSils inhibitedetleetronic transitions of iodine (Part IV 1.1.5hda
reduced photobleaching. Furthermore, it inferregt fhrocess taking place in the RNCasSil cells was
quite different to that of a typical TKIDSSC, and more closely related to a soggy samtrelge.

9.7 Energy Dispersive Spectrometry

Energy Dispersive Spectrometry (EDS) was perforneda dried sample of g-NCaSil ang |
EENCaSiIl. Relative to silicon, oxygen contents weoenparable, howevep-EENCaSil showed the
presence of twice as much calcium as the g-NCa®iéreas the g-NCasSil exhibited twice as much
iodine as the lEENCaSil. That the g-NCaSil had a greater cellfqgrarance indicated that the
association of iodine with NCaSil was beneficialcel performance, and possibly more so than the

calcium content of the silicate.
150



9.8 UV-vis

With the long-term testing of g-NCaSil (168 houss);olour differential in the beaker developed. The
sample was a darker red-brown towards the lightcgoand a paler yellow colour towards the back of
the cell (Figure 90). In other words, triiodide maited towards the light, whereas the dark sidénef t
cell contained only iodide. This was confirmed byw-Us analysis, which showed that the
concentration of iodide (220 nfffj and triiodide (290 and 360 nfffj differed throughout the beaker
cell overtime (Figure 91). When RNCaSil was addedthe electrolyte, the proportion of iodide
decreased relative to the triiodide. However, #fipeared to be reversed after constant illumindtion

4 days. After 7 days illumination, the colour diffatial became apparent. UV-vis spectroscopic
analysis of samples from three areas of the beaksrcarried out with samples from in front of the
photoanode, between the electrodes and behindatikestectrode. It could be seen that, as one moved
from the end of the beaker closest to the lighthte dark end of the beaker, the triiodide content
decreased. There was only a small decrease idittéayoing from the front of the beaker to the area
between the electrodes. However, the sample behendlectrodes, towards the dark end of the beaker
cell, was almost devoid of any triiodide at all.

Light Source

o,
....

Il“‘--'

Triiodide ™ ™ lodide

Figure 90. RNCasSil in 70 wt% Ethanol (30 wt% Water)lodide/Triiodide Electrolyte After 168 Hours lllum ination.

That triiodide tended toward the light, inferredtlit was the photoactive speci&¥! If the cell were a

DSSC or a semiconductor photogalvanic cell, theoald be no reason why the triiodide would
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concentrate near the light source. Triiodide ifatpproduct in DSSCs (when iodide reduces the-light
absorbing material) and partakes in the semicondydttotogalvanic process, however this would only
explain the presence of triiodide between the mddes, not in front of the transparent electrode.
Therefore, the spectra indicated that the cell plastogalvanic in nature, and the iodide/triiodide
couple dominated. In the photogalvanic processtriivelide should be regenerated by the combination
of iodine and iodide between the electrodes, whigblains why it was still present there. However, a
there was no regeneration of it behind the darktedde, overtime it departed this region of thd.cel
Importantly, this did not appear to affect cell fpemance. Therefore, the behaviour showed the
dependence of the cell on the iodide and triioduecesses, further supporting the soggy sand

electrolyte postulation.
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Figure 91. UV-vis of Different Regions of the Beakeof Long-Term Tested g-NCasSil.

9.9 X-ray Diffraction

X-ray diffraction was also performed on a dried p&of g-NCasSil, however this did not prove overly
insightful. It indicated the presence of ethanalicite (CaCQ, the presence of which is common in
NCasSils) and cristobalite or Q4 SiGsee Appendix, Part VII 6, Figures 106 and 107).
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10  Sintering

If the NCaSils were behaving as semiconducting riads¢ein the cells discussed thus far, a potential
drawback of the cells was that they were not stuteto the substrate. Hence, there was a low
connectivity between particles and between the cmmducting material and the electrode.
Electron/hole pairs generated on a particle withcoonectivity to either the electrode or a particle
connected to the electrode were not utlised, whedulted in low power conversion efficiencies.
Sintering NCaSil to the photoelectrode would haxaeased cell performance if the NCaSil-containing

cells were behaving as DSSCs.

On the other hand, if the NCaSils were not actisg@mniconducting materials, but as insulating or
network materials in soggy sand electrolytes, theegng of the NCaSils to the substrate was exquect
to decrease cell performance, as the NCaSils woaltbnger be available to interact as greatly with

the iodide/triiodide electrolyte.

Here, attempts to increase the connectivity betvé@aSil and the electrodes are discussed.

10.1 Silver Paint

Using silver paint as a conductive adhesive betw¢€aSils and the electrode did not work, as the
affinity of the silicates surface for silver wa®tgreat. Silver blocked the pores of NCaSils, rende

them inactive.

10.2 Sodium Silicate

Sodium silicate was tested as a binder of NCa8ilg§© glass. This gave negligible results, both in
potential or current. The coating appeared neitleey conductive nor photoactive. Sodium silicate is
known to dissolve gladt'™ due to its alkalinity**¥ It was suspected that the sodium silicate dissblve
ITO off the glass and even dissolved some glassth&more, this methodology gave a rough surface,

which made it difficult to achieve good contactiwihe opposite electrode.
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10.3 Hydrothermal Conversion

Hydrothermal treatment of NCaSil was performed H) 2C to coat ITO glass (Experimental, Part Il

11.3) and desposit a silicate coating of approxaéyat5pm thickness. This was tested with 70 wt%

ethanol (30 wt% water) iodide/triiodide in a 0.08nnthick gasket. Both the potentials and currents
exhibited by the cell were poor and lower than #adues one would have expected had the cell
consisted of NCaSil powder used in conjunction with same electrolyte or even of the electrolyte
alone (Figure 92).
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Figure 92. Current versus Voltage of NCaSil Sintera onto ITO Glass with 70 wt% Ethanol (30 wt%Water)
lodide/Triiodide (0.08 mm Gasket, Pt-Coated ITO Glas Back Electrode).

The poor performance of the cells suggested treat\iGaSil was not acting as a semiconductor. The
cell was dominated by the photogalvanic procesthefiodide/triiodide, which was inhibited by the
layer of NCaSil on the electrode, due to its lomahactivity. Furthermore, the sintered NCaSil was n

available to act as the network material in a sogggd electrolyte arrangement.
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11 Dye Sensitisation

RNCaSil was dye sensitised with tris(2,2'-bipyrjdi¢hloro-ruthenium (1) hexahydrate. As previous
experiments had shown that sintering RNCaSil wasbeaeficial for cell performance, the RNCaSil
was not sintered onto ITO glass before immersing isolution of the dye, as is usually done with
DSSCs? % The RNCaSil alone was left in the dye solutiohe Fesulting yellow-orange powder was
tested with 70 wt% ethanol 30 wt% water iodidedttide (Experimental, Part Il 12).

The resultant cells (Figure 93) exhibited lowerrents (5.8 + 0.21A/cm?) and voltages (59.5 + 1.0
mV) than those obtained with un-sensitised RNCa8lls under the same conditions (9.2 + 0.4
pA/cm? and 74.1 + 0.8 mV, respectively, Part IV 4.4.1).
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Figure 93. Current versus Voltage of Dye-SensitisedNCasSil with 70 wt% Ethanol 30 wt% Water lodide/Triiodide
(Tested in a Normal Gasket with Pt-Coated Back Eldmode).

Given that the evidence, thus far, indicated tihat RNCaSil was not acting as a semiconducting
material, it was not surprising that dye sensiigatdid not increase cell performance. If any
electron/hole pairs were generated on the dye gfirdight uptake, the holes may have oxidised the
iodide, but the electrons would not have been phsemugh onto the semiconducting material
efficiently or in any way conducive to cell perfaance (Figure 94). Though the dye complex was

positively charged (Rif), the ligands surrounding the ruthenium were budkyg electron rich, and
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would have been repelled by the anionic surfadeMCaSil. Furthermore, the dye used had no ligands
able to bind to the RNCasSil surface. Thus, the ayges likely only loosely bound to the RNCaSil
surface, electron transfer from the dye to RNCa&iuld have been poor, and recombination rates
potentially high. Modification of the dye was likalequired.

Additionally, as the RNCaSil was not sintered otiie electrode, the connectivity between the
RNCasSil and substrate was poor. Consequently, &uirens that were transferred to the RNCaSil
were unlikely to have reached an electrode. Fumtbeg, the method of dye sensitisation meant tteat th
entirety of the RNCaSil particles were coated wdife, resulting in any generated electrons being
somewhat trapped within the RNCaSil particles (Fege4).

Electrode

Figure 94. Representation of What May Occur With Dy Sensitised RNCasSil Cells in lodide/Triiodide.

Therefore, even with dye sensitisation of the RNCa8e iodide/triiodide photogalvanic process
continued to dominate. Dye sensitisation appeayddwter the efficiency of the iodide/triiodide. Bhi
was attributed to light being wasted when adsotbethe dye rather than triiodide. Furthermore, the
decrease in cell performance on dye sensitisatippated the assertion that RNCaSil and the
iodide/triiodide formed a soggy sand electrolyte, snsitising the RNCaSil particles removed its
ability to act synergistically with the electrolyteesulting in data similar to that obtained foe thsed
electrolyte alone (6.9 + 0.8A/cm? and 69.8 + 3.5 mV, Part IV 4.4.1). It was alsogiole that dye
sensitisation prevented the RNCaSil particles fiamting as a scattering material and increasing the
light path in the iodide/triiodide cell. This issdussed further below (Part IV 12.3).
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12  Conclusions on “Soggy Sand” Electrolytes

As discussed in the Introduction (Part 1 4.3), soggnd electrolytes using Si@r TiO, show much
promise as electrolytes for use in DSSCs. Thisuestd their stability, increased conductivities dinel
enhanced cell performances they induce. Althoughesof the results achieved with RNCaSils and
treated NCaSils showed great improvement over tieellme of the electrolytes used alone, none
reached the power conversion efficiencies that ddwé required for commercial viability. It was
possible that the reason for this was the limitabbthe iodide/triiodide couple. More specificalthat

it was potentially the triiodide that was the pretloant light absorbing species in these cells aotd n
the NCasSils. In this chapter, evidence discussedasamf the RNCaSil and iodide/triiodide cells
functioning as soggy sand electrolytes is summariBellowing this, the RNCaSil cells are compared
to TiO, and SiQ tested in equivalent cells and the possibilityhef NCaSils also acting as a scattering

materials briefly expounded.

12.1 Prior Evidence of Soggy Sand Electrolytes

Much evidence arose from the experiments alreadgudsed that the use of NCaSils with the
iodide/triiodide electrolyte likely formed soggynghelectrolytes, rather than DSSCs or semiconductor
photogalvanic cell. This was because two factonewsatisfied: (1) the iodide/triiodide redox couple
photogalvanic process dominated the cells’s phditogc and the NCaSils were not acting as
semiconducting materials; and (2) the cells were pely photogalvanic, but exhibited synergy
between NCaSil and iodide/triiodide, such that soggnd electrolytes had been made.

12.1.1 Dominance of the Photogalvanic Processefdtiide/Triiodide

That the iodide/triiodide couple’s photogalvanicogess dominated cells even in the presence of
NCasSils was evidenced by the limited performantesve by the NCasSil-containing cells. All of the
potentials obtained from NCaSil-containing celld diot vary greatly from the baseline potentials of
the electrolytes alone (Part IV 1.1 and 4.3.1). udiothe potentials were sometimes higher, given the
wider band gap of NCaSil, a larger difference wagseeted. The currents of NCaSil-containing cells
were also not as high as one would have expectech to be had the NCaSils been acting as
semiconducting materials. The curves obtained fotspof | x V were linear, whether RNCaSil was
present in the cell or not (Part IV 1.1.1). Thisvot behaviour is not normally observed in DSSCs,

157



which exhibit more rectangular curves. Furthermddd/-vis performed on the electrolyte with
RNCaSil showed no great variance from the UV-viscgum of the redox couple alone (Part 1.1.4.2),
and the addition of different cations to the elelgte showed non-DSSC behaviour (Part IV 4.3.2).

When testing the RNCaSil-containing cell with waaredth cut-off filters, the decrease in power output
occurred at similar wavelengths as reported inlitbeature for the iodide/triiodide photogalvanielic

(Part IV 1.1.3). Additionally, the colour differeat and iodide/triiodide gradient that arose in the
beaker cell from the long-term testing with g-NGaStrongly supported the dependence on the
iodide/triiodide couple, as it could not have beexplained if the NCaSil were acting as a

semiconducing material either in a DSSC or photagat cell.

Finally, the decrease in cell performance on simgeor using a dye sensitiser further indicated tha

NCasSils were not acting as semiconducting materials

12.1.2 A Soggy Sand Electrolyte

The NCaSil-containing cells did not merely exhithie cell performance of the iodide/triiodide redox
couple, but showed evidence of being synergistinature and soggy sand electrolytes. Particularly
indicative was the fact that current decreased wgmbsing only a small amount of NCaSil to the
electrolyte, but increased once a certain NCaSgléztrolyte ratio had been reached (Part IV 4.1).
When only a small quantity of NCaSil was used, NiCafpeded the photogalvanic process of the
iodide/triiodide couple, but at a certain ratioyamergistic effect was attained and a cell perforoean
greater than that of the electrolyte alone was rvlesk

Performances of the NCaSil cells were typicallyanded over the electrolyte solutions alone because
of favourable interactions of the electrolyte witte NCaSils, such that conductivity was increased.
Potentials could have been enhanced slightly dusotoe photoactivity of the NCaSils, which had
wider band gaps than the triiodide/iodide. Howeteg, differences in potentials fell into experinant
error and, overall, the cell behaviour was domiddig the iodide/triiodide couple. The NCaSils had
alkaline surfaces, such that they were unlikelgpttoact iodide or triiodide to their surfaces, bather
potassium (KI was used as the iodide source). fithitber explained why XPS showed that it was
iodine that interacted with NCaSils, not iodidediide and why the iodine and NCaSil interactiorswa

so important in g-NCaSil (Part IV 9.6). The separatof the potassium from iodide and triiodide
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allowed the latter two species to move more freélelpughout the cell, increasing conductivity. Thus,
the combination of iodide/triiodide and NCaSil attike a soggy sand electrolyte.

Furthermore, the cells displayed behaviour diffefeom what one would have expected of a pure-
photogalvanic process. For example, on testing thighwavelength cut-off filters, the decline in paw
output exhibited was convex to the origin, whenlitegature had reported a concave curve for thre pu
electrolyte (Part IV 1.1.3). Additionally, the NG&8ells showed non-DSSC and non-photogalvanic

behaviour on changing the cell surface area aradretie distance (Part IV 5).

12.2 Comparison to TiCand SiQ

As a rough test for the feasibility of the assertibat NCaSil and iodide/triiodide cells were behgv
as soggy sand electrolytes, equivalent cells toNB&aSil cells in 0 or 5 wt% Caglwater-based
iodide/triiodide were fabricated and tested wittOSi(precipitated) and Ti® (anatase). Though
potentials were comparable (Figure 95(a)), the mywdiCaSil cells did not exhibit greater currents
than the equivalent SgOand TiQ cells (Figure 95(b)). It was only the metal-trehtdCaSils that
exhibited greater cell performances. The potentlsined were quite comparable, indicating that it
was predominantly the iodide/triiodide electrolyt@at determined the potential. Furthermore, both th
SiO, and TiQ cells showed linear current over potential platsmparable to the iodide/triiodide
electrolyte alone or when with an NCaSil, indicgtthat it was also the iodide/triiodide processtha
governed all of these cells.

Battacharyya et éf®! found that electrolyte containing Si@chieved a greater conductivity than 7,iO
due its more acidic surface (~ pH 3) having a gmeateraction with anions. This meant that itsaret
were free to move charge. However, our results sldoa greater current from the BiContaining
electrolyte, when free from the Ca@dditive. Differences could be attributed to th€lD, electrolyte
used by Battacharyye al. and probable differences between thela@d SiQ samples tested in this
study and those used by Battachargyal. In the work presented here, surface area andcleadize
analysis of the SiPand TiQ used showed that, though the latter had a lowdasel area (BET
isotherm of 11 compared to 8%/q), it consisted of much smaller particles.(0.1um compared to 3-
4 um, Figure 96). That the Tixontaining electrolyte exhibited a greater currgnplied that the
dominating feature of the cell performance wasigarsize rather than surface area. This postulatio
was supported by the earlier findings of varianoesell performance in CM-RNCaSil, when samples
had similar surface areas but varying particles{&art IV 1.3.2).
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Figure 95. Comparison of SiQ and TiO, in 5 wt% lodide/Triiodide Electrolyte; (a) Vo and (b) I .

On the addition of 5 wt% Cagllarge increases in current were observed foiSile, but decreases
obtained from the Ti@containing electrolyte. This was attributed to tmere favourable surface

interactions of Si@Qwith CI rather than Ti@ TiO, is only mildly acidic (~ pH 5). Hence its

160



interactions with anions were only very weak, addiag 5 wt% CaGl arguably only increased the

viscosity of the sample without increasing the nemdf available charge carriers.
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Figure 96. Particle Size Distribution Analysis of TO,and SiO..

Interfacial conductivity enhancement rationaliseaywhe NCaSils always showed an improvement in
current on the addition of 5 wt% CaQb the water-based electrolyte and also the obsens that,
free of CaCJ, the best cell performance was achieved by theSi®ath the highest surface area, but,
with 5 wt% CaClj, the determining feature of cell performance wesihherent stability of the NCaSil
(Part IV 1.1). The importance of the retention @'Cto the NCasSil structure for long-term stability
and activity, due to the interaction between iodime surface-bound €awas supported by XPS of
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the g-NCasSil (Part IV 9.6). Furthermore, NCaSilsséna very alkaline surface, thereby attracting
cations. When no Ca@lvas added to the electrolyte, the driving foraetfie removal of C& from the
surface of NCaSils was greater. Thus, cell curreas determined by the €aaccessibility (and
surface area) of the NCasSil, due to the increasmimluctance caused by the presence 6f i@ahe
electrolyte. This further explained why the cursenbtained were so low, as there was likely not as
great a synergistic effect between the NCaSil apdide/triiodide electrolyte, free from CaCl
However, when CaGlwas pre-added to the water-based electrolyteN@&Sils that were stable when
in liquids were able to retain more Can their surfaces, thus allowing for the formatadrsoggy sand
electrolytes and higher currents.

That the V- and Ce-treated NCasSils did exhibit@ases in current on their addition to the electegly
when free of CaG) was attributed to the ability to lose V and Canirtheir structures, thus retaining

some of the silicate-bound €a

g-NCaSils were formed in 70 wt% ethanol (30 wt% expisolvated iodide/triiodide, free from any
CaCb. The ability to retain G in the electrolyte solution, even though free ct&* additive was
attributed to the lower dissolution of €an ethanol than water and also the evaporatiosoofie
solvent, which was required for gel formation. Timéerfacial conductivity enhancement between
NCasSils and the iodide/triiodide also assisted larifying why both the water-based and 70 wt%
ethanol iodide/triiodide showed peak performancéew5 wt% of CaGlwas added to the water
content of the electrolytes. As well as Ca(@phecipitating out at concentrations much gredtant5
wt% in C&*, the 5 wt% was likely around the equilibrium ambwh C&* required to allow for
RNCasSil to retain C4 on its surface to form soggy and electrolytes.

SiO, has tended to be the oxide of choice for soggylsaemi-solid electrolytds” 8% RNCaSil
competed quite nicely with it in an equivalent sgt However, metal treated V- and Ce-NCaSil
currents far surpassed that of the Sg0Ontaining cell. This was particularly the cas¢hw-NCasSil,
which exhibited currents twice as great as thosthefSiQ-containing cells, with or without 5 wt%
CaCl. For stability reasons, both the g-V- and g-Ce-Bizgaare likely of more interest for such
application. Also of interest is the use of the @a$il derived from RNCasSil, which gave a cell catre
of over 25pA/cm?. Furthermore, g-NCaSil was made from an ethanbilesd (70 wt%), which has
been shown to form stable soggy sand electrolyitfs indide/triiodide and SigF°*® Therefore, using
NCasSil with iodidef/triiodide or a gel form NCaS8 ¢he electrolyte of a DSSC could be investigated i

the future.
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12.3 NCaSils Acting as Scattering Materials?

It was also possible that the NCaSils were actggaattering materials in the soggy sand eleceslyt
Particles that scatter and lengthen the path d&ft l@an increase the spectral absorbance range of
cells™? For example, in DSSCs, Kaegal.™*? used relatively large particles of TiGapproximately

70 to 100 nm in size, as light-scattering partieléts smaller, high surface area Ti@articles (30 nm).
This was to increase absorption between 600 ton8@0They managed to achieve a 28 % increase in

cell performance as compared to a nanocyrstaliimecell.

Changes in power output on using wavelength fil{art IV 1.1.3) and UV-vis of RNCaSil cells
(Part IV 1.1.4.2) indicated that the NCaSils didt maden the spectral absorbance range of the
electrolyte, as the results obtained (with resptxt wavelengths) were consistent with the
iodide/triiodide alone. However, it was possibleatt the NCaSils increased the normal light
absorbance of the redox couple. The UV-vis reflemaspectrum of RNCaSil (Figure 97) showed that
it reflected over 90 % of light of wavelengths beem 200 to 800 nm. The reflectance spectrum
obtained of RNCaSil was not what was expected githenabsorbance spectrum (Part | 4.1). The
spectra exhibited high reflectance and absorbacmssthe entire spectrum, with values adding up to
over 100 %. Why the spectra were not mirror imagfesach other was not known. The lowest region
of reflection, at approximately 255 nm, was compeaeato the highest absorbance peak observed, at
approximately 272 nm. However, at 310 nm, the otflece and absorbance spectra both exhibited
peaks.
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Figure 97. UV-vis Reflectance of Dry RNCaSil (Notéhe Y-Axis Scale Starts at 70 %).
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It was concluded that the NCaSils were predomigaatting as scattering agents. This was for three
reasons. Firstly, the reflectances observed weaeehithan the absorbances across the entire spectru
Secondly, experimental work with NCaSil cells hdwbwn that the NCaSils were not acting as
semiconducting materials, inferring that their gaativity was not contributing to cell performance.

Thirdly, prior evidence had shown that particleesizas more determinative of cell performance than

surface area (Part IV 1.3.2 and Part IV 12.2), sstigg that scattering occurred and not absorbance.

Furthermore, the reflectance spectrum of RNCaS#ed) with data obtained earlier as to the optical
properties the material (Part 1 4.1, Table 4), whitdicated a reflectance of around 90 % in théolgs
region (measured via Tappi and ISO brightness) awerall luminescent brightness of 95.7 %.
Therefore, no more than 5 % of incidence light whsorbed by RNCaSil. That some absorbance by
the NCaSils occurred was supported by the slighitfer potentials observed for NCaSil-containing
cells. However, in most cases, the light absorbdrycBlCaSil and increase in potential was minimal

and within the experimental error of the experinsent
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V  FUTURE WORK

In light of the conclusion that the use of NCaSigh the iodide/triiodide forms soggy sand
electrolytes, any future work should explore thigher. There is much potential in looking at tise u
of these soggy sand electrolytes in DSSCs, for gi@mvith TiO,-based cells. As it is desirable for
DSSCs to be as solid-like as possible, as welleasng with the powder/liquid samples, the cells
should be tested with the gel forms of NCaSil, ipatarly the treated NCaSils (cerium and vanadium),
which proved very promising. As the gels are ndiyfsolid, they should be able to interpenetrate th
semiconductor’s structure, to obtain good connégtivith the surface, whether dyed or not. The gel-
like state should offer more stability than theuld)state of the iodide/triiodide redox couple, naty
because of the more solid nature of the electrplyti® also because the stability that comes wigh th

presence of NCasSils in the electrolyte, such astippression of photobleaching (Part IV 1.1.5).

In investigating the use of gel NCaSils, more wookild be done with regards to the formation of the
gels themselves. For example, one could look at kloyv each gel should be to achieve peak
performance, which is expected to be different ddp® on the starting NCaSil. Whether gel

formation could be made faster by bubbling airxygen through the sample could also be assessed.

As there have been promising reports of the usero€ liquids with SiQ, electrolytes comprised of
NCasSils with an iodide-based ionic liquid (suchaak,3-dialkyimidazolium iodide) could be explored.
The iodide/triiodide may be able to pass throughléinger pores of NCaSils, which are usually around
200 nm in diametél*® The resulting cells could prove very stable, usirgplid electrolyte. However,

achieving good connectivity with the semiconductingterial’s surface could prove problematic.

Finally, cell testing should be examined in ITO RETe to the flexibility that such electrodes offiér
the soggy sand electrolytes utilised are compridettie NCaSil gels or ionic liquid/NCaSil mixtures,

lamination of the cells should be investigated.

If the DSSCs constructed from NCaSil-containingggogand electrolytes prove to be less efficient
than cells constructed from comparative materiglshould be borne in mind NCaSil has a low
production cost (of about a US$1 per kg) and facilnufacture. This could mean that, if its derived
cells were found to have comparably lower conversticiencies, this could be outweighed if one
considered efficiency to be a balance between lginversion and cost per percentage of that

conversion. NCasSil-containing cells are likely tvh a very high per dollar conversion efficiency.
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VI CONCLUSIONS

The results obtained throughout this project undedlly indicated that NCaSil-containing cells were
dominated by the iodide/triiodide electrolyte’s pdgalvanic process. This was supported by the
similarity between the electrolyte alone and NGaSBittaining cells with regards to the linear cutren
over-voltage curves, UV-vis analysis, cell perfonoa at different wavelengths and the fact thatether
were only small increases in performance obseryezhtadding the NCaSils to the electrolyte. As
such, the NCaSils were not acting as semiconductiatgrials, either in the capacity of DSSCs or
semiconducting photogalvanic cells. However, th8scerere not behaving as simple thin-layer-
electrolyte photogalvanic cells either, as indidalbyy the complete indifference shown to change in
electrode distance (where some decrease in pen@enaas expected on increasing the distance), the
different power output curve shape upon filtering ocertain wavelengths of light and the increase in
cell performance on using the iodide/triiodide @iglgte in conjunction with NCaSil. This suggested
that the NCaSils were acting as insulating/netwardterials, when used with the iodide/triiodide

electrolyte, to form soggy sand electrolytes.

That the NCaSils were acting synergistically witle electrolyte was supported by indications of the
importance of the silicate backbone to cell perfamoe. Tests where Galas investigated showed
lower performances, as did samples of iodide/tiiiedwith the equivalent amount of €aadded as
would be present in an RNCaSil-containing cell.tkRemmore, testing with synthetic silicon oil gels
was unsuccessful. XPS performed on the more higfilgient g-NCaSil, formed from RNCaSil and
iodide/triiodide (70 wt% ethanol 30 wt% water) shemirthe importance of the binding of iodine t6Ca

and silicon.

The NCasSil cells were compared to two materialaclvhad been documented as insulating materials,
TiO, and SiQ. RNCaSil was the only non-metal-treated NCaSilt teghibited comparative cell
performances. However, Ce- and V-NCaSil exhibited/\ypromising results, with currents over double
that of the equivalent Tiand SiQ cells.

Free from any C& additive, the determining feature of cell perforoa was the G4 accessibility of
the NCaSils and, thus, surface area. This wadattdl to the increase in conductivity within the
iodide/triiodide electrolyte from the influx of &afrom the NCaSils, rather than any synergisticaffe
However, when 5 wt% Cagwas added to the electrolyte (water-based), thendrforce for the
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removal of C& from the NCasSil surface was lowered and cell perémce became dependent on the
NCasSil’s stability. This was because the more stAliCaSils were able to maintain more of theif'Ca
which allowed them to form soggy sand electrolyte®ugh the interaction of iodine with surface-
bound C4&". Thus, an increase in cell performance on thetiatiddf the NCaSils to the electrolyte was
observed. Above 5 wit% Callor 1.5 wt% in the 70 wt% ethanol-based electe)lytCa(OH)
precipitated, due to the alkalinity of the NCaSilich resulted in a decrease in cell current caegha

to the electrolyte tested alone.

The performance of NCaSil was dependent on thermgixirder when forming the material; NaSil
should be added to Ca(OH)rhis was not due to the resultant particle sizdsch were the same
regardless of mixing order, but the higheTzontent. NCaSils made as such were more readiéy ab
to form gels. That the higher Eacontent allowed for gel formation was not surprisidue to the
dominant binding of iodine to aas shown by XPS and cyclic voltammetry. The NGagils
exhibited enhanced cell performances over their-geincounterparts, particularly the Ce- and V-
treated g-NCasSils. Furthermore, the gels showernhig®as soggy sand electrolytes in DSSCs, because

of the greater stability offered by the semi-salidte over all other NCaSils investigated.

Therefore, any future work should look at using @& with iodide/triiodide as soggy sand
electrolytes in DSSCs. This should include bothgherder/liquid samples as well as the gel forms of
NCasSils, particularly the Ce- and V-g-NCaSil. THect&rolytes should be solvated in 70 wt% ethanol
30 wt% water, with 1.5 wt% Caghdded to the solution. Furthermore, the dark eddet should be
backed with a highly reflective surface (such as Teflon tape tested here), to act as a scattering

surface to maximise the light path.
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VIl APPENDIX

1 IR Spectra of RNCaSil and Differently Solvated Idide/Triiodide
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Figure 98. IR Spectrum of RNCaSil Alone and With Waer-Based lodide/Triiodide (0 and 5 wt% CacC}).
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Figure 99. IR Spectrum of RNCaSil With 70 wt% 2-Ettoxyethanol lodide/Triiodide.
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Figure 100. IR Spectrum of RNCasSil With 70 wt% Ethytlene Glycol lodide/Triiodide.
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Figure 101. UV-vis Transmission Spectrum of the Lainated Plastic Used and ITO PET.
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'H and **C NMR Spectra of g-NCaSil
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Figure 102.7°C NMR Spectrum of g-NCasSil after 72 hours llluminaton.
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Figure 103.'H NMR Spectrum of g-NCasil after 72 hours lllumination.
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4 IR Spectrum of g-NCasSil
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Figure 104. IR Spectra of g-NCasSil after 7 Days llimination: The Sample in Front of the Photo electrde, Between

the Electrodes and Behind the Back Electrode.

5 Gas IR Spectrum of Gas from TEOS Gel Formation
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Figure 105. Gas IR Spectrum of Gas Produced from thFormation of TEOS Gels.

171



XRD of g-NCasSill
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Figure 106. XRD Spectrum of Dried g-NCaSil.
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v

Solubility of Ca®* at Different pHs

Ca(OH) g« C&" + 20H
Ksp= [C&*][OH]* = 6.4 x 10 mol/dn?

[OH] =

10(14—pOH)

Table 9. Solubility of C&* Dependent on the Concentration of OH

pH [OH] [OH] 2 [Ca®™]

0.0 1.00E-14] 1.00E-28 6.40E+22
0.1 1.26E-14] 1.58E-28 4.04E+22
0.2 1.58E-14| 2.51E-28 2.55E+22
0.3 2.00E-14| 3.98E-28 1.61E+22
0.4 2.51E-14] 6.31E-28 1.01E+22
0.5 3.16E-14] 1.00E-27 6.40E+21
0.6 3.98E-14| 1.58E-27 4.04E+21
0.7 5.01E-14| 2.51E-27 2.55E+21
0.8 6.31E-14| 3.98E-27 1.61E+21
0.9 7.94E-14| 6.31E-27 1.01E+21
1.0 1.00E-13] 1.00E-26 6.40E+20
1.1 1.26E-13] 1.58E-26 4.04E+20
1.2 1.58E-13] 2.51E-26 2.55E+20
1.3 2.00E-13] 3.98E-26 1.61E+20
1.4 2.51E-13] 6.31E-26 1.01E+20
1.5 3.16E-13] 1.00E-25 6.40E+]19
1.6 3.98E-13] 1.58E-25 4.04E+19
1.7 5.01E-13] 2.51E-25 2.55E+19
1.8 6.31E-13] 3.98E-25 1.61E+]9
1.9 7.94E-13] 6.31E-25 1.01E+]19
2.0 1.00E-12| 1.00E-24 6.40E+18
2.1 1.26E-12| 1.58E-24 4.04E+]8
2.2 1.58E-12| 2.51E-24 2.55E+]8
2.3 2.00E-12| 3.98E-24 1.61E+]8
2.4 2.51E-12| 6.31E-24 1.01E+]8
2.5 3.16E-12] 1.00E-28 6.40E+17
2.6 3.98E-12| 1.58E-283 4.04E+17
2.7 5.01E-12| 2.51E-28 2.55E+17
2.8 6.31E-12] 3.98E-28 1.61E+]17
2.9 7.94E-12] 6.31E-28 1.01E+]17
3.0 1.00E-11] 1.00E-22 6.40E+16
3.1 1.26E-11] 1.58E-22 4.04E+16
3.2 1.58E-11] 2.51E-22 2.55E+16
3.3 2.00E-11| 3.98E-22 1.61E+16
3.4 2.51E-11] 6.31E-22 1.01E+]6
3.5 3.16E-11] 1.00E-21 6.40E+]15
3.6 3.98E-11] 1.58E-21 4.04E+]5
3.7 5.01E-11] 2.51E-21 2.55E+]5
3.8 6.31E-11] 3.98E-21 1.61E+]5
3.9 7.94E-11] 6.31E-21 1.01E+]5
4.0 1.00E-10] 1.00E-20 6.40E+]4
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pH [OH] [OH] 2 [Ca*]

4.1 1.26E-10] 1.58E-20 4.04E+]4
4.2 1.58E-10] 2.51E-20 2.55E+14
4.3 2.00E-10] 3.98E-20 1.61E+]4
4.4 2.51E-10] 6.31E-20 1.01E+]4
45 3.16E-10] 1.00E-19 6.40E+13
4.6 3.98E-10] 1.58E-19 4.04E+13
4.7 5.01E-10] 2.51E-19 2.55E+]3
4.8 6.31E-10] 3.98E-19 1.61E+]3
4.9 7.94E-10] 6.31E-19 1.01E+13
5.0 1.00E-09| 1.00E-18 6.40E+12
5.1 1.26E-09] 1.58E-18 4.04E+]2
5.2 1.58E-09| 2.51E-18 2.55E+12
5.3 2.00E-09] 3.98E-18 1.61E+]2
5.4 2.51E-09] 6.31E-18 1.01E+]2
5.5 3.16E-09] 1.00E-17 6.40E+]1
5.6 3.98E-09] 1.58E-17 4.04E+]1
5.7 5.01E-09] 2.51E-17 2.55E+]1
5.8 6.31E-09] 3.98E-17 1.61E+]11
5.9 7.94E-09] 6.31E-17 1.01E+]1
6.0 1.00E-08] 1.00E-16 6.40E+10
6.1 1.26E-08] 1.58E-16 4.04E+10
6.2 1.58E-08) 2.51E-16 2.55E+]10
6.3 2.00E-08] 3.98E-16 1.61E+]0
6.4 2.51E-08] 6.31E-16 1.01E+]10
6.5 3.16E-08) 1.00E-15 6.40E+(09
6.6 3.98E-08] 1.58E-15 4.04E+(9
6.7 5.01E-08) 2.51E-15 2.55E+(9
6.8 6.31E-08] 3.98E-15 1.61E+(9
6.9 7.94E-08] 6.31E-15 1.01E+09
7.0 1.00E-07| 1.00E-14 6.40E+(8
7.1 1.26E-07| 1.58E-14 4.04E+(8
7.2 1.58E-07| 2.51E-14 2.55E+(8
7.3 2.00E-07| 3.98E-14 1.61E+(8
7.4 2.51E-07| 6.31E-14 1.01E+(8
7.5 3.16E-07] 1.00E-13 6.40E+(7
7.6 3.98E-07| 1.58E-183 4.04E+(7
7.7 5.01E-07| 2.51E-183 2.55E+(7
7.8 6.31E-07] 3.98E-183 1.61E+(7
7.9 7.94E-07| 6.31E-13 1.01E+(7
8.0 1.00E-06] 1.00E-12 6.40E+(6
8.1 1.26E-06| 1.58E-12 4.04E+(6




pH [OH] [OH] 2 [Ca™]

8.2 1.58E-06] 2.51E-12 2.55E+()6
8.3 2.00E-06] 3.98E-12 1.61E+(6
8.4 2.51E-06] 6.31E-12 1.01E+(6
8.5 3.16E-06] 1.00E-11 6.40E+(5
8.6 3.98E-06] 1.58E-11 4.04E+(5
8.7 5.01E-06] 2.51E-11 2.55E+(5
8.8 6.31E-06] 3.98E-11 1.61E+(5
8.9 7.94E-06] 6.31E-11 1.01E+(5
9.0 1.00E-05] 1.00E-10 6.40E+(4
9.1 1.26E-05] 1.58E-10 4.04E+(4
9.2 1.58E-05| 2.51E-10 2.55E+04
9.3 2.00E-05] 3.98E-10 1.61E+(4
9.4 2.51E-05 6.31E-10 1.01E+(4
9.5 3.16E-05] 1.00E-09 6.40E+(3
9.6 3.98E-05] 1.58E-09 4.04E+(3
9.7 5.01E-05 2.51E-09 2.55E+(3
0.8 6.31E-05] 3.98E-09 1.61E+(3
9.9 7.94E-05] 6.31E-09 1.01E+(3
10.0 | 1.00E-04 1.00E-08 6.40E+(2
10.1 | 1.26E-04] 1.58E-08 4.04E+(2
10.2 | 1.58E-04] 2.51E-08 2.55E+(2
10.3 | 2.00E-04 3.98E-08 1.61E+(2
10.4 | 2.51E-04 6.31E-08 1.01E+(2
10.5 | 3.16E-04 1.00E-0f 6.40E+01
10.6 | 3.98E-04 1.58E-07 4.04E+01
10.7 | 5.01E-04 2.51E-0f 2.55E+01
10.8 | 6.31E-04 3.98E-07 1.61E+(1
10.9 | 7.94E-04 6.31E-07 1.01E+01
11.0 | 1.00E-03 1.00E-06 6.40E+00
11.1 | 1.26E-03 1.58E-06 4.04E+00

174

pH [OH] [OH] 2 [Ca*]
11.2 | 1.58E-03 2.51E-06 2.55E+00
11.3 | 2.00E-03 3.98E-06 1.61E+(00
11.4 | 2.51E-03 6.31E-06 1.01E+00
11.5 | 3.16E-03 1.00E-05 6.40E-01
11.6 | 3.98E-03 1.58E-05 4.04E-01
11.7 | 5.01E-03 2.51E-05 2.55E-01
11.8 | 6.31E-03 3.98E-05 1.61E-01
11.9 | 7.94E-03 6.31E-05 1.01E-01
12.0 | 1.00E-02] 1.00E-04 6.40E-02
12.1 | 1.26E-02] 1.58E-04 4.04E-02
12.2 | 1.58E-02 2.51E-04 2.55E-02
12.3 | 2.00E-02] 3.98E-04 1.61E-02
12.4 | 2.51E-02] 6.31E-04 1.01E-02
125 | 3.16E-02 1.00E-0B 6.40E-03
12.6 | 3.98E-02 1.58E-08 4.04E-03
12.7 | 5.01E-02f 2.51E-08 2.55E-03
12.8 | 6.31E-02] 3.98E-08 1.61E-03
12.9 | 7.94E-02 6.31E-08 1.01E-03
13.0 | 1.00E-01] 1.00E-02 6.40E-04
13.1 | 1.26E-01] 1.58E-02 4.04E-04
13.2 | 1.58E-01] 2.51E-02 2.55E-04
13.3 | 2.00E-01] 3.98E-02 1.61E-04
13.4 | 2.51E-01] 6.31E-02 1.01E-04
13.5 | 3.16E-01] 1.00E-01 6.40E-05
13.6 | 3.98E-01] 1.58E-01 4.04E-05
13.7 | 5.01E-01] 2.51E-01 2.55E-05
13.8 | 6.31E-01] 3.98E-01 1.61E-05
13.9 | 7.94E-01 6.31E-01 1.01E-05
14.0 | 1.00E+0Q 1.00E+00| 6.40E-06
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