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ABSTRACT

Herein, the colloidal synthesis of &InSnS (CZTS),CwZnSnSe (CZTSe) and the first time
colloidal synthesis of LZnSnS (LZTS) and NaZnSn$ (NZTS) nanoparticles respectively
were investigatedAll the nanoparticles werappliedas counter electrodes in dgensitized

solar cellsiDSSCs) For the CZTS and CZTSe nanopatrticlegparticular, the effect of three
substrates, namely, vitreous carbon (M@9ljum tin oxide (ITO) and fluorine doped tin oxide
(FTO) on the electrocatalytic propertiggluding the overall performance of the solar cells
were investigated’he CZTS and CZTSe were successfully synthesized and characterized with
X-ray diffraction KRD), Raman spectroscopy,-tdy photoelectron spectroscopy (XPS),
Fouriertransform infrared (FAIR), nuclear magnetic resonance (NMR), and ulitdet

visible (UV-vis) spectroscopy and transmission electron microscope (TEM) for the
morphologies. CZTSe oglassy carbon (VC) had better electrocatalytic activity as compared
to CZTS however,the DSSCs from VC were poor due to the reduced transmittance of the
substrate. On ITO and FTO, CZTS performed the best. Electrochemically, CZTS had the
lowest series réstance and charge transfer resistance however had the largest exchange current
density and limiting diffusion current thereby making it the best electrocatalyst. The DSSC
using CZTS3ITO gave the best performance with the power conversion efficiency (BfCE)
3.62%.

Conversely, for the LZTS and NZTS nanoparticles the effect of the lithium and sodium
precursors and the ratio of the constituents e.g. Li:Zn:Sn:S and Na:Zn:Sn:S on the properties
of the LZTS and NZTS nanoparticles, respectivedye investigatedn addition, the effect of

the substrates, that is, ITO vs FTO on the electrocatalytic properties as well as overall
performance of the DSS@gere studiedUsing the LiS precursor,ie XPS,’Li MAS NMR

and Raman spectroscopy confirmed the presencthnifri and the formation of LZTSince

the LiS source and the 2:1:0.25:2 ratio, resulted in the purest partlubssweretherefore

used as CEs in DSSCs for the first time. LZTS nanoparticles on ITO gave the best performance
with 2.26% PCE

Similarly, the study of NZTS indicated that the NaCl regardless of the ratios used resulted in
the formation of impurities as observed from XRD pattefite presence of sodium and the
complete formation of NZTS nanoparticles throutfNa MAS NMR, XPS andRaman

\Y;
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spectroscopyvere investigatedThe results indicated that the dSebased nanoparticles in the
2:1:0.5:4 ratio, yielded the purest NZTS nanoparticles. As such, these results indicated a PCE
of 3.93%.

The study illustrates that alkali metals {ahd N&) can be used as the monovalent cation in
guaternarynanoparticlesinstead of the commonly used CQransition metal with promising
results as counter electrode materials in DSSCs. Notably, the NZTS nanopatrticles illustrated a
higher PCE to CZTS whe LZTS had the lowest PCE. It must be however noted, that these
resultsrequirefurther optimization to explore the full potential of these alkali rietsled

guaternary nanopatrticles.

Keywords: ClZnSnS; CeZnSnSe; LioZnSnS; NaeZnSnS; substrates;aunter electrodg
dye-sensitized solar call
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SYNOPSIS

Quaternary semiconducting nanomatesia part of théhird generatiorof photovoltaic cells,

which have receivedhuch attention because of their use of eattundant element3his

study was motivated by the promisielgctrocatalytic results observed from the popular CZTS
and CZTSSe nanoparticles and their use in-sbyesitized solar cellsThe alkali metal
doping/alloying of the Cidpased chalcogenides have also shown promising rdsaitever,

the replacement of Cu witalkali metalshas been unexplored for solutibased synthesis
methods. This thesis reports on the synthesis of CZTS, CZTSe and novel synthesis of LZTS
and NZTS nanoparticles using the colloidal method. The electrotatplpperties of the
quaternary @emiconducting nanoparticles were explored using cyclic voltammetry,
electrochemical impedance spectroscopy and through the fabrication-sémisiéized solar

cells with the aims of replacing platinum as the counter elgetiThe order of this thesis is
detailed below:

Chapter 1: The general background, motivation, rational, aims and objectives of the research

project.

Chapter 2: Thebackbone of this study will be detailed in the literature reviesual it will
cover he introduction of Ctbased quaternary nanoparticles and its properties, doping/alloying

of Cuchalcogens and the replacement of the monovalent Clalkdh metals

Chapter 3: Will report the findings of the fabricated CZTS and CZTSe counter electoodes

different substrates.

Chapter 4. Will report on the novel synthesis of LZTS using varyprgcursorsyary the
precursor additions and ratios. This part of the study aims to determine the best parameters for

the synthesis and electrocatalytic perforneaatthe new LZT $ianoparticles

Chapter 5: Similarly, this chapter will report on the novel synthesis of NZTS using varying
precursors, vary the precursor additions and ratios. This part of the study aims to determine the
best parameters for the syntlsesand electrocatalytic performance of the new NZTS

nanoparticles
Chapter 6: Conclusions and recommendations (future work)

Appendix Will have all the additional figures and tables from Chapter 3 to 5.
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CHAPTER 1

General Background

1.1 Introduction

The global increase in population has a direct impadi@supply and demand of energy. The
seventeen global sustainable developnge@isshown in Fig. 1.Jhave been developed as a
guideline to help transform our world towards sustainable lijifgHigh on the list of the
sustainable development goals is the need for affordable and clean €ehleegy.is a
continuous bale for Africa to meet itseverincreasingenergy demands. The increase in
population puts more strain on the continent and alternative methods have bepenative
The continued use of traditional sources of endrgy oil, coal and natural gagnd the
increaseddemandbuilds theargument towards moving fromepletingtraditional energy

sources to morabundannontraditional renewable energy sour¢2s3].
y SUSTAINABLE S
@ ” DEVELOPMENT “an” ALS

CONSUMPTION
AND PRODUCTION
16 PEACE, JUSTICE PARIN[RSHIPS

IANSI'IIISTWIU[']‘GS FUH THE GOALS @)
s SUSTAINABLE

z @ DEVELOPMENT

GOALS
Fig. 1.1: The seventeen sustainable development godlaccess: 16 Feb. 2021]

DECENT WORK AND
ECONOMIC GROWTH

13 S

South Africa haprojected energy mithat can help the country meet its energy demand. This
can be achieved using wind, water and solar po¥erong the various energy solutions

possible, solar energy is the framiner for provithg alternative energyMoreover, as
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observed in Fig. 1.2, solar energy has the potential to contribute about 60% towards the

projected energy mix by the year 2050 [4].

100% SOUTH AFRICA

Transition to 100% wind, water, and solar (WWS) for all purposes
(electricity, transportation, heating/cooling, industry)

Residential rooftop solar Commercial/govt

& 1.6% rooftop solar
2.6%
S Solar plant PROJECTED Wave energy L
TR 56.7% ENERGY MIX 1%y
CSP plants Geothermal
- 10% 0%

A
4r Onshore wind Hydroelectric
20% 1.1%

‘! Offshore wind Tidalturbine (R IRRY
7% o% ¥

40-Year Jobs Created  construction jobs W*ﬂ 261,253

Number of jobs where a person

is employed for 40 cons years Operation jobs: 'ﬁﬂ“} 341’308

Using WWS electricity for everything, instead of burning fuel, and
improving energy efficiency means you need much less energy

Fig. 1.2: The projected energy mix stategic development plan [4].

The use of candleandkerosendamps for lighting and solid biomass (i.e. fuel wood, charcoal
or dung) for cooking purposesie still common practices within tkeuntry, more specifically

in informal settlements, rural amdmote areasAs an alternative to these common practices
many South African households survivetbrillegal connectiorof eectricity from the grid,
which causs an oveload to the electrical supply The oveload causs damage to the
infrastructureln the attempt to solve these energy demands, the state owned power supplier
i.e. Eskom has introducddad shedding5]. The strategy behindbad sheddings to reduce
the excessive load dhegrid. This is a temporary solution and not very sustainableleaves
large parts of the country without electricity for haurke unexpected load sheddirigrces
communities to resort to the traditiomakthodsfor lighting, warmthand cookingfor their
householdsthus creating a vicious cycl€herefore, tk more sustainableay to combat this
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crisis is to integrate two types of technologies io#-grid generatedand gridconnected
photovoltaic(PV) systemg6, 7]. However, me of the major drawbacks with effid PVs is

the need to have efficient storage systems in place. The storage systems are costly unless
alternative technologies such a@&snerging supeapacitors, fuel cedl and batteriesare
incorporated6]. On the othehand, gridconnected P¥ have attracted much interest because
theyare have dualfunction ofstorageandsupplyof excess energyhus,eliminating the need

for storage devices.

South African Renewable Energy Resource Database - Annual Solar Radiation

Annual global (direct plus diffuse)
solar radiation received on a
level surface

Legend:

/\/ Provincial boundaries
« Towns

Annual solar radkaton

~ ] 6000 - 5500 MJ/m2

- e . Copyright
‘\ o : #
ESKOM CORPORATE MINERALS AND

CeIR TECHNOLOGY ENERGY

l

Fig. 1.3: Annual solar radiation map of South Africa [5].

From the annual solar radiation map, depicted in Fig. 1.3, there is an obvious benefit towards
harnessing solar energy. In South Africa, high solar radiation regions cover an area of about
194000km?, and this can poteiatly generate about300 MJ/nf/year of energy [6]. This
further cements the need to explore and develop solar energy technology for South Africa.
Over the years, there has been gradual progress with PV technologies. Frdinstthe
generationPV cells which are made of monocrystalline silicon. These are the most efficient
singlelayer PVs and have been the most adopted commercially. However, they suffer from
high cost due to the manufacturing processes, thus limiting their wide adoptiorcurovent

this, seconegenerationPV cells (amorphouSilicon, CdTe and CIGS) have been developed.
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These largely encompasses sold state thin film fabrication methods. While the fabrication costs
are slightly cheaper than that of monocrystalline siliconotherall combined costs are still
rather large due to the reduced efficiency. This has led to the current developrtieird- of
generationPV cells. They have been geared to reduce manufacturing costs by making use of
earth abundant elements and synthetthods that can be easily scalguat lower costs as

well as using solutiofvased thin film fabrication method$he third-generationPV cells
includetechnologies such asganicsolar cells quantum dot solar cellslye-sensitized solar
cellsand mostecently perovskite solar cells-f[8]. These new and emerging PV technologies
have seen a gradual increase in efficiency as shown in Fig. 1.4. However, to truly capture the
market and potentially replace technologies based on traditional energy soueces, th

efficiencies and cost of these technologies need to improve drastically.

Best Research-Cell Efficiencies o NREL

Fig. 1.4: Efficiency chart depicting the most prominent first, second and third generation

solar cells [12].

Dye-sensitized solacells among the emerging technologies are probably the easiest to
produce. However, they suffer from a number of disadvantages that reduces their overall
efficiencies. These include phedeaching of the dye, leakage of the liquid electrolyte and
corrosio of the platinum counter electrode in the liquid electrolyBs 14]. Therefore, finding

new strategies that can overcome these disadvantages is of paramount importance. Herein, of

interest, is to find alternative materials that can have similar properties as platinum, however,
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be more chemically stabld.astly, the suggested alternative materials must be easily

synthesizedndhave relative earth abundant elements that are much cheaper than platinum.

1.2 Problem Statement

Platinum is the counter electrode employed in-sigesitized solar cells. It has high
conductivity anl high electrocatalytic activity; however, as a noble metal, it is expensive and
is prone to corrosion when subjected to the iodide/triiodide electrolyte solution. These
limitations speak to the need for the development of affordable counter electrodalsidtat

can withstand the corrosive effect of the electrolyte solution and provideédangstability to

the deviceln addition, the efficiency of the currently available material has not surpassed the
efficiency of platinum. Therefore, there is a dee develop affordable and efficient material

which can be used in all environments.

1.3. Rationale and motivation

Quaternary copper chalcogenidanoparticlehave long been used as components in solar
cells particularly as active layer&3. Most reently, they have been employed as counter
electrodes in dysensitized solar celld$]. While cheaper and more stable than platinum in
the electrolyte, the electrocatalytic activities are however slightly poor. As such, herein, the use
of lithium and sodim-based quaternary nanopartic{egich have not been synthesized using
the colloidal method} proposedor improved electrocatalytic activities. Lithium and sodium
based materialsave been shown to have excellent electrocatalytic activities oncecalibget
charged in an application such as batteries due to cation molbitylf addition, unlike
platinum, the colloid synthesis of quaternagnoparticleffers the possibility of tunable
properties through the manipulation of size and shape, ditglaind the fabrication of the

electrodes using solutidmased methods such as diagsting.

1.4. Aim and objectives

The aim of this project was to synthesize quaternanpparticlemamely CuZnSnS (CZTS),
CwZnSnSe (CZTSe), LbZnSnS (LZTS) and NaZznSnS (NZTS) and use them as counter
electrodes in dysensitized solar cells.

In order to fulfil the above mentioned aim, the following objectives were set in place:

1 To use the hot injection colloidal method to synthesize CZTS, CZTSe, LZTS, NZTS

nanopaticles
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To study the effect of the Li/Na precursor, mole ratio, order of additiotharméaction
time on the structural, optical and electrochemical properties of LZTS and NZTS
nanoparticles

To use thenanoparticless counter electrodes dye-sensitized solar cells
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CHAPTER 2

Literature Review

2.1 Semiconducting nanopatrticles

Semiconducting nanoparticles (NPs) have been observed to exhibit unique optical and
electronic properties, making them useful in a wide variety of applications when compared to
their bulk counterparts. NPs are defined as crystalline material composeduafiter of
electrons thabccupy welldefined and discrete quantum states. Their electronic properties
display an intermediate between bulk and discrete fundamental particle [1]. The structural
arrangement of the NPs mimics atoms of their bulk (3D) coumtisrpvith diameters in the

range of one to one hundred nanometers. The small size increases the number of atoms present
on the surface. The energy associated with NPs is reliant on the inversely proportional
relationship between the size of the NP andettaton Bohr radius. It is well documented that

the energy difference between the valence band (VB) and conduction band (CB) increases with

the decrease in size of the NPs (Fig. 2.1).

Conduction
band

Energy
gap

Valence
band
Energy

(]
il
11l

(i

11/

(i

1]

o |l

C

Quantum dots Bulk particle

Fig. 2.1: Schematicillustrating the effect of quantum confinement [1].

The colloidal synthesis method plays a crucial role in tuning the size of the NPs ranging from
2D (i.e. quantum wells), 1D (quantum wires) and OD (quantum dots). This phenomenon can
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be explained by quamin confinement, which occurs when the size of the particle is
infinitesimal to be comparable to the wavelength of the electron. Another consequence of
guantum confinement is the formationgofasiparticles thatccur because of the dot boundary.
The trandion between the electron (in the VB) and quansine levels (in the CB) of small
semiconducting NPs occubecausef linear and nonlinear optical measureme@gantum
confinement in gantum dots (QDs) cabe explainedhrough the parabolic approximatio
equation 2.1. The energy of the electron and the vacant quamamevels can be
characterized by angular momentum quantum nuinkédrere nanrepresents the electron and
hole effective mass respectively, a represents the crystal regdiugpresets thenth root of

the spherical Bessel function-@.

oy . P

The parabolic approximation equation explains that the total energy of the optical band edge
transition will increase with a sizdecrease in the NP [5]. This is as a result of the quantized
size levels of the electron and the hole. Additionally, the modification in size enables the
absorption/emission of light across the visible spectrum. This means that the band gaps of the

semicomucting material can range from 1.0 eV to 3.0 eV.

The excitation of an electron from the VB to the CB leaves a vacancy in the VB that is
positively charged. The energy difference between the VB and CB is the band QapatE
determines the amount of egg required by an electron to reach the ChBe E of
nanocrystalline material can either be direct (EglnGaSe) or indirect (e.gsilicon) (Fig.

2.2), it is possible to have allowed and forbidden direct and indirect transitféhsn the
conservatia of the electronic wave function is observed, it can be attributed to a direct band.
Conversely, when the absorption coefficients are smaltratdansition between the VB and

CB is forbidden, it results in an indirect band gap [6jlike binary NPs with havereliedon

toxic elementsthe recent synthesis tdrnary ad quaternary NPisavethe ability tousenon

toxic dementgo achievehe ideaband gap for their use in electronic applicatidrigerefore,

due to the flexibility in tuning the barghp of ternary and quaternary NPs, there has been an

increased interest in synthesizing these matdoatause they do not rely on toxic elements

[6].
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Fig. 2.2: Direct and indirect bandgapillustrations of semiconductors.

2.2 Brief introduction about quaternary nanocrystals

The interest around quaternary nanocrystals has increased over the past decades. Quaternary
nanocrystals stem from binary and ternary semiconducting matér@involve the use of

toxic heavy metals ranging from cadmium (Cd), lead (Pb) and mercury @lg)Tle
development of CdS, CdTe, CulnSECIS) and CulnGaSe(CIGS) became sougtdfter
because of the electrical properties displayed. These materials were investigatigeas p
semiconducting material with the ability to harvest light in thin film solar cé]lsThe use of

CIS and CIGS achieved efficiencies greater than 28%However, the continued synthesis

of CIGS was seen as a potential threat due to the gsammielements In and Ga respectively.
The introduction of Ctchalcogenide quaternary compounds was revolutionary, as the reliance
on toxic elements gradually endddd. 23). This led to the replacement of In and Ga with Zn
and Sn as notoxic and abundant earth elements. The quaternary single crystal structure of
CwZnSnS (CZTS) was first reported by Nitsche in the early 1960s. The CZTS structure was
discovered though the growth of crystals using the vapor phase by chemical transport with the
iodine method9, 10].
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I | vV VI Cu(n,G3Se  Quaternary
I Il \Y; VI CuZnSnS/Se Quaternary
Fig. 2.3: The relationship II-VI, [-lll -VI and I-ll-IV-VI chemical composition of

semiconducting materal [6].

The b-11-1V-V14 chemical compositiohas been known to represent the following elements: |
= Cu, Il =Zn, IV = Sn, and VI = S or S8][ As observed, various substitutions have been
studied for the Il, IV cations and VI anion respectively (T&blg. In the last decagdthe solid

state substitution of copper with silver, lithium and sodium respectively, has been successfully
reported 11-16).
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Table 2.1: Summary of quaternary nanoparticlesand their application/s

Quaternary  Ref. Band gap/PCE  Synthetic Method Application Quaternary  Ref. Band gap/PCE Synthetic Method Application
NP NP
The substitution of cation The substitution off cation
CuxZnSng [9] 15eV Solid-statei vapor CwCdsSns [17] 1.52 eV Solvothermal Photovoltaics
phase
Ag2ZnSng  [11, 15eVv Sputtering Solar cell CwFeSnS [18, 1.19 eV SILAR PN junction solar cell
12] 1.48 eV Colloidal synthesis 19] 1.5eV Solvothermal
Li2ZnSng [13, 1.519eV Solid-statei Photodiode/Solar cell] CwMnSnS  [19] 1.28 eV Solvothermal Photovoltaic cells
14] 2.87 eV grinding
Solid-statei ceramic
route
NaZnSng  [15, 3.10 eV Solid-statei flux Nonlinear Optical | CwCoSnS  [19] 1.25eV Solvothermal
16] 3.32eV method studies/Solar cell
Solid-state
CwNiSng [19] 1.49 eV Solvothermal
Quaternary Ref. Band gap/PCE  Synthetic Method Application Quaternary  Ref. Band gap/PCE Synthetic Method Application
NP NP
The substitution ofV cation The substitution o¥/I anion
CwZnSiS [20] 2.71eV Co-sputtering Photoelectrochemistr] CwZnSrSe,  [23] 1.42 eV Solutioni Facile Solar cells
CwZnGeSe  [21] PCE =5.5% Solid-statei thin Optoelectronics CwZnSnles  [24] 0.840.88 eV Solid-statei ball- Photovoltaic cells
films milling
CwZninS; [22] 1.201.72 eV Colloidal Light emitting diodes
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The desired quaternary compound has been reported to form impurities therefore, finding the
appropriate precursors and optintaaction conditions is essential. Fig4 Zhows the
progression towards the formation of quaternary nanocrystals, which are likely to crystalize in
the kesterite, stannite and/or primitive mixed CuAu (PMCA) crystal phase. The kesterite and
stannite phasare the most domim&phases because they are thermally stable. This group of
semiconductors have tetrahedral coordination, which stem from-aleinde crystal structure.
More specifically, the kesterite crystals are derived from the chalcopyrite diventzile the
stannite and PMCA crystals are derived from the Glikaiorientation [5-27]. The energy
difference between kesterite and stannite is approximaitéin8Vv/atom [Z, 28]. Due to this

subtle energy difference, the crystal structures candtimgiiished through the space groups.
The kesterite phase hagl Ispace group, while stannite haé2im and PMCA has a-#2m

space group. The PMCA phase has a 90° rotation in one ofi¥iéalfers, which distinguishes

it from the other two structures [25%7, 29]. However, this distinction is not easy to identify.

w
o



(a) zincblende ZnS

(d) kesterite (e) stannite (N PMCA
Cu,ZnSnS Cu,ZnSnS Cu,ZnSnS,

Fig. 2.4. The progression of the crystal structures from binary to quaternary

semiconducting nanocrystals [30].

2.2.1 Copper Chalcogenides

The development of bulk materidi.e. CZTS)has resulted in low conductivity and photo
response in photovoltaic (PV) application. Therefore, the synthesis of nanocrystals has shown
to improve the performance of optoelectronic devicesZ@8nS (CZTS) and CpZnSnSe
(CZTSe) as quaternary semiconducting nanocrystal chalcogenmese developed as
alternative absorber material for PV applications. Ka#étbal. has reported that, the crystal
defects have a direct impact on the carrier transport and the lifietittne absorber layer §2

In addition, the optimal band gap 1.Q.5 eV, high absorption coefficient and ease of synthesis

make these materials favourable for application in PV cells32482].

w
(o]



@ Cu
© Zn

»

N w S
,\0 ® CuwZn(l:)
v ® Cu/Zn (2:1)

Fig. 2.5: The aystal structures of CZTS in the kesterite (a), halfdisordered kesterite (b)
and fully disordered kesterite (c) [32].

CZTS and CZTSe nanocrystals experience a few similarities in structural, optical and
electrochemical properties. The crystalisture has been reported in the traditional kesterite
phase, where the Wyckoff positions (i.e. 2a, 2b, 2c andr2deported as shown in Fig. 8.5

The Wyckoff positions help keep track of crystal deféctthe crystal structure. IRig. 2.5,

a 1:1 raib Cu/Zn disorder is observeaid resulten a halfdisordered kesteritaystal structure.
While Fig. 2.% exhibits a 2:1 Cu/Zn ratio which is indicated as a fully disordered kesterite
structure. The Gu crystal defect in the structural arrangement oT SZesults in the inevitable
p-type nature of the CahalcogenidesTheaefore, thereplacemenbf Cuz, defect with the
copper vacancy () results in the increased presence of zinc, which has been reported to

result in the best solar cell device perforcafB2].

2.2.2 Mixed Chalcogenides
CwZnSn(S,Se) (CZTSSe) is an alloy/derivative of CZTS and CZTissnoparticles first
reported around 2009 [33, 34 he crystal structure is observed to be similar to the CZTS/Se
nanoparticles with alternating sulphur and selenium atoms respectively. Beyond the structural
properties, CZTSSe has been observed to exhibit improved optical and electrochemical
propertiesThe CZTSSe have been synthesized using the two different methods namely, non
vacuum based andhcuumbased [3335]. The highest recorded power conversion efficiency
(PCE) for CZTSSe is 12.6% using neacuum based synthetic methods and while vaeuum
basednethods have reported a 12.3% PCE,[33. One of thenonvacuum methods include
thefabrication of CZTSSe thifilms using the sulfeselenization process with approximately
200 mg selenium solid and28 gas with a reported efficiency of 12.62%6][30ne of the
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vacuumbased methods include the fabrication of CZTSSe deposited via sputtering and nealed
with Se and Se§35]. However, the lack of increase in PCE of the CZTSSe nanoparticles has
been reported to be due to the presence of secondagspldafets and band gradingl, 37].

Beyond the improved optical and electrochemical properties exhibited by CZTSSe, the
inherent Cun defect still exists and reveals disordering issues observed in the CZTS
nanoparticles. Attempts have been made to resolgal#iect through longer annealing times
however, not much progress has been made. In light of this, substitution of the cations has been
explored. Gershoat al. has reported on the partial substitution of the monovalent cation with
Ag" [38]. However, the inversion in the semiconductor type is observed for txB8gSSe

as ntype as opposed to the conventiondlype observed in the Gased semiconductors.
Other reported mixed chalcogens are the partial substitution of zinc (Zn¢adithium (Cd),
manganese (Mn), iron (Fe), cobalt (Co) and barium (Ba) respect|@8ly 39]. The
partial/complete substitution was employed to create a mismatch in the monovalent and
divalent elements. The substitution helps reduce the antisite defeetsstingated band tailing

and improvs PCE of the mixed chalcogenides.

2.2.3 Doping/Alloying

The mechanism of doping/alloying has shown to have advantages in improving device
performanceby altering the electric conductivity of semiconducting material raldicing

defects such Cd and Zrry antisites in CZTS materiallhe incorporation of alkali metals into
guaternary materials and their derivatives was first discovered over 20 years ago through sheer
serendipity when sodame glass was used as a substfatea solar cell deviced]. The
incorporation of sodium through doping resulted in the increase in grain size andacdraigye
properties 41, 42]. Similarly, the incorporation of lithium through either dopingatioying

has been reported to increagain size similar tosodium dopingand in addition an increase

in the band gap4@]. Lithium dopinghas also been reported to minimize charge recombination

at the interface of the solar device [44].
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Fig. 2.6: The illustration of the kesterite, defective kesterite and stannite structure of
CZTS (a-c); Na-doped kesterite (df) and Ca-doped kesterite (g) crystal structures at

varying concentrations of the dopant [45].

Bermaret al. predicedthe modificatim of the local structure (Fig.6) with isovalentdopants

(i.e. Na and Ca) of the kesterite crystal phase using DFT calculations, at varying concentrations
[45]. The dopedkesteritg(KS) materialwere shown to partially replace Cwith Na" and Zrt*

with C&* respectively. Furthermore, the DFT calculations predidhat 50% was the
thresholdlimit of the amount of dopasthat ould be introduced. Therefore Mtasimperative

to controlthe concentration of the dopanhi3 method can pose a few unknovahwsing the
experimental method process. It has been suggested thadapreg with Na, can induce
unwanted phase separation such thatZN&8nS co-exists with CyZnSnS. In addition,
undesired secondary and ternary phases (i.eStt&®/CaS) could form upo large
introductions of Ca. Similar to NdopingCadoping can cause marginal changes on the band
gap of the KS structure [45]. Regardless of the doping limitatibesgddping/alloying of the
guaternary materials, has influenced the replacement of thevalent cation in thell-IV -

VI4 crystal structure.
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2.2.4 Monovalent cation replacement of Cu to Li and Na

Among doping, lithium and sodium have been used in the production of rechargeable batteries.
The use of alkali metals has shown good electaoa conductive properties, making them
excellent candidates for application in energy storage and photovoltaic devices. zkhe Cu
antisite has been one of the limiting parameters in the CZTS nanocrystals. Therefore, the
observed change in the monovalentarafrom Cu to Ag" has shown improved properties in

the quaternary nanocrystals. The replacement has been observed to drastically reduce the
antisite disordering in AZTSe in comparison to CZT&g.[This is due to the increase in ionic

radii from 0.77 Afor Cu* to 1.15 A for Ag. The ionic radii of lithium (Lf) and sodium (N9

are 0.90 A and 1.16 A respectively. The increase in the ionic radit ahtdi Nd make lithium

and sodium good potential replacements for the monovalent cation. The bulk LZNEB&d
material have been synthesized through sstlide method<lBi 16]. The material have shown

to exhibit semiconducting behaviour through their structural, optical and electrical properties
results. Herein, the colloidal synthesis of L/INZTS aki@#I'S/Se nanocrystais reported for

the first time

2.2.5 Electronic Band structure of KS, ST and PMCA

Upon changes on the crystal structure, it is important to study the band structure of the new
nanocrystals. The band structure (Fig)) 2eveals the grameters and band energies shown

along the symmetry lines in the Brillouin zond3][ In addition, the band structure explains

the physical properties of solids and forms the foundatif all solidstate devices [4748].

Conversely, the Brillouin zonis the minimum unit cell of a periodic structure. To further
understand the electronic band structure of crystalline material, the three phasgsdSm#g)

were investigated. In Fig. 2. Saidi et al have reported the electronic band structures of
AgCdINS; calculated from PBESGA (Fig 2.7a)and mBJGGA (Fig 2.7 b) computer

modelling approximationgor the three different phas¢49]. At first glance, the material

appear to have the same band structures. However, a closer look at the symmetry liees, subtl
differences are observed which distinguish the three phases from each other. From the band
structure,théi poi nt which relates to k = <aenceg he co
band (VB) maxi mum ar e o0bs aagdrestdnd ghptis observedt t h e
for each phasesaidiet al.reported that the mBGGA band gap approximations, were in good
agreement with previously reported research. Furthermore, the band gap energies shown

indicate that the material can be applied as a future absorber layer material.
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Fig. 2.7: The dectronic band structure of the KS, ST and PMCA AgCdSn% using PBE
GGA (a) and mBJGGA (b) approximations [49].

The b-lI-IV-VI4 crystallizes in the kesterite (KS; space group 14), stannite (ST; space group
142m), a primitive mixed CuAu (PMCA,; space group P42m) crystal struetiand these are
shown in Fig. 2.8
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Fig. 2.8 The Kkesterite, stannite, and PMCA crystal structures of quaternary

nanoparticles
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Kesterite (KS) and stannite (ST)arebadg nt er ed t et ragonal crystal
may be understood as twhl elementsfacecentered cubic (FCC) lattices stacked on top of

each other witH, Il, andIV elementsoccupying half the tetrahedrabids within this FCC

|l attice. The PMCA structure is pRr8[@.Theve ¢t et
tetrahedral voids are prone to produce three different structures which arise from the varied
arrangement and stacking of the metal catidhe KS structure consists of two interchanging

cation layers each containih@ndll or | andIV elements respectivelyhereas in the ST and

PMCA structures, the layers consistlaglementswhich alternate with a layer ofF and IV
elementgespectivly. In the ST structure, tHeéandlV atoms situated on the same layer switch

their positions every second layer that proceeds. Notably, the interchanging bi¢taveHN

on every other layer, is not present in PMCA, cementing its primitive tetrafpahe¢ and
differentiates it from the S$tructure [27]. The Xay diffraction of these structures are very

similar with only small distinguishing features. The kesterite phase is usually 0.2° shifted from
stannite and PMCA due to the larger distortionthaf latter. The stannite and the PMCA are

largely undistinguishable; however, the stannite is a more stable pb@se The XRD
experimental dates used to calculatthe lattice constants a, b andyusing equation?.2)

and matched to the referencenstants, thus distinguishing the twybases The lattice

constantgor CZTSareshownin Table2.3.

== ¥

Table 2.3: Lattice parameters of tetragonal ZTS structures [27].

Structure a=b(A) c (A cla Type
Kesterite 5.443 10.786 1.982 Simulation
Stannite 5.403 10.932 2.023

PMCA 5.400 10.942 2.026

Kesterite 5.432 10.840 1.996 Experimental
Stannite 5.426 10.810 1.992

(6]



2.3 Synthetic methods for quaternary nanocrystals

Among thethird generationmaterials,there are wide ranges of quaternary semiconducting
nanocrystals, which are promising candidates for photovoltaic applicatitis 50.
Quaternary semiconducting matesialve been synthesized using-tbipvn and bottorup
(Fig. 29) methods The topdown methods involve the fragmentation of bulk precursors into
smaller parts to form NP$2-54]. The methods include bathilling, laser printing and/or
ablation, lithography and retb-roll nano imprint lithography [2452-56]. Conversely, the
bottomup NP synthesis approach involves both physical and chemical processes, where the
reaction occurs from their molecular/ionic/atomic precursors. The batprapproach
encompasses both sehtate and soluticbased methods such as chemical vapouosigpn,
solgel, laser pyrolysis, thermal decomposition and the colloidal synthesis méfjodte
botom-up methods are the most sougfier because they allow better control of the size (i.e.

21 10 nm), morphology, defects and chemical compositidhedesiredPs

(@) Bulk precursor material (b) Desired nanoparticles

A B T

Chemical

reactions
occur under

varied
conditions

& f
Down .‘... Bottom %

Desired nanoparticles Molecules/ions/atoms

Mechanica
methods use
to crush the
precursor/s

Fig. 2.9: The top-down (a) and bottom-up (b) synthetic reaction illustrations.

2.3.1 Solid-state synthetic methods

For decades, sohigtate synthetic methods have been used for the synthesis afysiidline
mateial. There are various solstate methods that have been used. The firstclseaical
vapourtransport thainvolved growing crystals by reacting the desired precursors in a sealed
quartz tube above 108D in the presence of 5 mg iodineftrim addition, various iodide gases
were used to transport the crystals at a i7800°C gradient §]. Thermaldecompositiorof
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reactive precursonghich occursat extremely high temperaturesg]. The second is thergd
grinding method whichinvolves the grindig of solid hydrazine/cellulose with metal oxides
and metal aetates at ambient temperatuS][ The third is thedry milling processwhich
involves the use oftungsten carbide balls, milling pot amaecursormaterial which are
combinedwith the correspading reactants under inert gas i.e. Arfitrogen The balito-
powder mass ratio various along with the milling speed and ti®e $olid-state methods
require the use of either high temperatures over extended periods of time which could
decompose theedired compoundndtheycan sometimes makse of highly toxic compounds

like hydrazine.

2.3.2 Solutionbased synthetic methods

On the other hand, solutidmased synthetic methods for synthesizing quaternary
semiconducting nanocrystals have received natiteimtion. They are among the most attractive
synthetic techniques because of the ability to control the size, composition, shape and crystallite
phase (Fig. 20). In addition, the solutictbased methods are lesost and reproducible in
largescale. Sizeontrol can be determined by the reaction time. Precursor ratio and reactivity
determine the composition of the nanomaterials. Surfactants and reaction conditions control
the shape. In addition, the surfactant and precursor reactivity help, determurgstiadite

phase of the nanocrystals. Recently, solution based methods have been used to synthesize

materiak that can be used as counter electrodes in DSSCs.
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Fig. 2.10: Schematic diagram illustrating parameters used to control thesynthesis of

guaternary semiconducting nanoparticles ¢0].

2.3.3 Colloidal synthesis

The solutiorbased colloidal synthesis method has evolved from the use of hydrazine (toxic
and explosive) to hydrazirfeee routes (i.e. organic surfactants) towardsitheral quaternary
semiconducting NPs.hE colloidal method is flexible and makes use of various metal salt
precursors, high boiling point organic solvents, temperature and time. The flexibility of this
method extends to the use of a variety of technigareging from hoinjectionhot-adddition
heatup or microwave assisted solvothermal method to achieve the prefétsdabbled on the
desired application |§. Optimizing the parameters of the reaction helps control the nucleation
and growth process invatd. The ability to control nucleation and growth can lead to

uniformed NPs for the intended application.

2.3.3.1 Nucleation

The nucleation phenomenon is best described as the first phase of a thermodynamic model. It
describes the formation of the metagatwrimary phase of the nucleul]. The nucleation
process is best described by the classical nucleation theory (CNT) which was reported over 70
years ago by Becker and Doéringg]. During the chemical reaction, the CNT maximizes the
available entropy inhe system. The CNT makes use of the surface energy ofRfhevhkre

two processes can be observet] p3]. The first process is the homogenous nucleation, which
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occurs randomly and spontaneously (pG<0) [
second process is the heterogeneous nucleation, which occurs on the nucleation sites on the
solid surface of the particles and while the particles are in contactheitbotution at either

liquid or gaseous state.

The LaMer model of particle formation is an extension of the classical nucleation theory. It
was first reported by LaMer and Dinegar, in the 1950s for the syntheses of nanop&#icles [
The process pridatself on the separate nucleation and growth process, to control the size of
the NPs. The LaMer diagram illustrated the three steps involved in nucleation and growth of
NPs. The precursors are dispersed/dissolved in a high boiling solvent which reacta to f
monomers (Fig. 21). At the critical supersaturation leveld)Cthe monomers increase and the
reaction progresses towards critical nucleation levalnJCJust above this point, critical
limiting supersaturation (&) is reached and nucleation 8ppressed causing the curve to
drop. The sudden drop is as a result of the consumption of the precursors for the growth of

generated nuclebfl, 65].

critical limiting supersaturation

Cmax
rapid self-nucleation
S Cmm m
‘g growth
§

NEHES S

time

Fig. 2.11: The LaMer nucleation and growth diagram [61].

2.3.3.2 Growth

Once the growth phase is reached, the nuclei of the particles continue to grow with no
additional nucleation. The growth mechanisms can occur through diffusion limited growth,
aggregation and/or Ostwald ripening. Among these mechanisms, aggregation \wattl Ost
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ripening are the most reported. Diffusion limited growth occurs as a result of Brownian motion,
which forms aggregates. Aggregation cannot be easily disrupted because of the strong
covalent/metallic bonds formed between nanoparticles. Ostwald ripeotugs when small
particles/droplets disappear by the process of dissolution and deposition on larger
particles/droplets. Alternatively, nucleation and growth can occur simultaneously as described
by Watzky and Finked3]. The backbone of the proposed inaaism by WatzkyFinke, is the

CNT. The twestep process occurs without any diffusion control. They propose a gradual
nucleation process (equatiorBPsubsequent to autocatalytic growth (equatict) 2n the
surface of the NPs.

AA B (2.3)
A+BA 2B (2.4)

2.3.3.3 Effect of time

The growth process of any reaction occurs over time. Therefore, the effect of time during
colloidal synthesis can have a direct impact on the size dfifhérolonged reactiotimes

have the ability to increase thiP size. Qiet al. studied the effect of time on Culn8Ps and

this resulted in the reshift (towards the NIR region) absorptispectra as shown in Fig.12

[66]. They reported that the diameter of thEsNvas controlled by the reaction time.

—— 55min

~— 50min
40min
~—30min
= 20min
~——10min
——— Smin

Absorbance (a.u.)

400 500 600 700 800
Wavelength (nm)

Fig. 2.12 The UV-vis spectra of CulnS nanocrystals at different reaction times §6.

Apart from size, the effect of time can also have an impact on the full formation of the desired

NPs including its shape. Ibanetal.studied the effect of time on the synthesis oi@15nSe
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NCs [67]. When their reaction had reached the desired temperature 6C2@lquots were
taken and studied. Their results indicated that after ten seconds, spheri&é Ganoparticles
(Fig. 213 A) had formed, subsequently aliquots at one (FIBB), two (Fig. 213C) and five
(Fig. 213 D) minutes were taken resulting in a change in morphology to tetrahedral Cu
xCdSnSenanoparticles. They also reported the change in crystal phase fioariacatannite.
Time does not only influence the shape of th&s Idowever, when multicomponent elements
are involved, the shape and crystal phase of fPer¢ed to be taken into consideration prior

to terminating the reaction.
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Fig. 2.13 The TEM images depicting the effect of time on quaternary nanoparticlesg[/].

2.3.3.4 Effect of temperature

Zhanget al 2011 used the hot injection method to illustrate the effect of temperature while
synthesizing CtZn-In-S nanoparticle§68]. The NPs ranged from 2im to 7 nm wherthe
temperaturevas changed from 150 to 24D in 30°C intervals. Similarly to time, the increase

in temperature influences the increase Pdiameter. The change in diameter can be traced
through optical analysis, whela gradual reghift is observed (Fig. 24). The redshift will

appear regardless of the presence of a promimeritoric peak B8, 69. One of the most
common outcomes observed from change in reaction temperatures, is the reduction of
impurities at terperatures greater than 14D. Therefore, determining the optimal temperature

is crucial for the synthesis of the desired particle size.
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Fig. 2.14: UV-vis and photoluminescence spectra of Gdn-In-S nanocrystals at different

reaction temperatures [69].

2.3.3.5 Effect of precursors

Amidst the time and temperature influeacthe precursonseed to be considered in the study

of nanoparticlesynthesesWhen precursors undergo decomposition, they form monomers
which increase until the nucleation is complete and growth of the NPs is achieved. The
selection of the precursors for the synthesis of crystalline NPs is crucial. The rate of reactivity
and decomgpsition haveanimpact in the final morphology and size of the NPg [/1]. This

is as a result of anisotropic and isotropic growth of the NPs. Anisotropic growth (i.e.
nanowires/nanorods) favours the kinetic control which occurs when a high flux of the
monomers react. Under kinetically controlled conditions, the rate of growth will depend on the
reaction rate between the incoming monomer and the surface7dtgs|| Conversely, the
isotropic growth (i.e. spheres) favours the thermodynamic control vaucirs when a low

flux of monomers react. The reactivity of the monomers can be mathematically represented by

the following equation:
000 C®

Where Prepresents the precursorsfrépresents the rate of formation or rate constant and M
represents formed monomer after the decomposition pro¢8s34]. During a first order
reaction, the rate constant relies on the temperature and activation engagd(&milarly, it

can be remsented by the following mathematical equation which incorporates the Arrhenius

equation:
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The preexponential factor is denoted by A, temperature of the solution is denotedabg T

the activaibn energy is denoted by.ETabulated below are the three proposed mechanisms

that can be used to predict the type of NPs that can otguf4].

Table 2.2: Summary of three mechanisms to form ideal NPs

Details Mechanism 1 Mechanism 2 Mechanism 3
Reactivity High Moderate Low
Activation Energy Low Medium High
Binding energy of Low Moderate High
the ligand
Ideal temperature to Low or ambient Slightly high High

activate monomers

Formation of

Occurs rapidly and

Occurs rapidly but is short

Occurs slowly which

monomers results in igh nucleation| lived, then growth occurs results in the slow
and growth rates thus, the rate of nuciion formation of the nuclei
and growth are equivalent| thus, prone to formg a
mixture of small and
large nelei. Prone to
Ostwald ripening
Yield Low Good Low
Broad Size Broad Narrow Broad
Distribution

The successful synthesid the NPs relies on the monomers to react at the ideal solution
temperature and activation energy. Therefore, mechanism 2 is proposed to be the best method
to follow to ensure the best engineered NPs.

2.3.3.6 The effects of precursor addition and mlar ratios
Following the choice in precursor type, the order in which the precursors are added during a

reaction plays an important role in the morphology, size and formation of the desired NPs. The
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ternary and quaternary synthesis of NPs is known for theattwmof secondary phases as well

as impurities, which limit their full potential during application studies. Therefore, researchers
have embarked on studying the order of precursor addition with the intention of synthesizing
purephase NPs.

Ntholeng et b have reported the effects of precursor addition during their synthesis of guinTe
nanoparticles 15]. The synthetic approach studied two methods where the first method
involved the simultaneous reaction of the two less reactive precursors (i.e. la)dntoived

by adding the highly reactive arecursor at the elevated temperature of Zothen the NPs

were allowed to grow. They reported that the addition of CuCl, induced supersaturation of the
reaction mixture and as a result rapid nucleationgodith desired CulnbeNPs occurred
successfully. The second method involved the sequential addition in the ordef ITEIA

CuCl. The sequential addition was reported to exhibit more homogeneity and resulted in cubic
NPs. On the other hand, the simu#tans reaction synthesis resulted in mixed morphologies
and impure phase39%|. Similar studies were also reported by Gua@l. where the precursor
addition of the ternary Culng&Ps were studied7p]. In summary, Guo and eworkers
demonstrated that thpgecursor addition influences the crystal phase of the NPs. They reported
that the chalcopyrite (stable phase) was achieved during the simultaneous addition of the
specific precursors. Conversely, when the selenium chalcogen was added at elevated
temperatees, the sphalerite (unstable phase) was formed. In addition to the varying crystal
phases, it was reported that the change in precursor addition had a direct influence on the
morphologies and properties of the NPs. These two studies are proof thatettte eff
precursor addition can help in engineering the desired NPs and better understand the

mechanism of how the NPs are formed.

2.3.3.7 Effect of capping agents

The use of capping agents or lack thereof, has evolved over the years. Capping agents stem
from the simple adsorption phenomenon that is best described by the Langmuir isotherm
equation 2.7) which indicates that the surface adsorption isairby the concentration of the
absorbate in the bulk solution or the strong binding of the adsorbate teutface of the
material [77].

0o
(1Yo} P
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Where—is the fraction of the surface sites occupied by the adsorbate molecules, K is the
equilibrium constant of the adsorption and is the concentration of the adsorbate in the

bulk solution.

However, the mechanism of the capping agents is slightly different as it involves stronger
covalent bondingThe review by Yanget al dates back the use of capping agents from the
traditional poly(vinyl pyrrolidone) which was first used as a stabilizer in the synthediBsof

[77]. They then look at the evolution from the traditional to the more modern techniques which
eliminate the us of capping agent3he first technique waf¢ use of halide ions, which have

the ability to surround the metaanoparticleshrough covalent bondirig order to avoid/limit

the use of capping agents. Secondly, thaescombired useof a capping and reding agent or

even the sole use of reducing agents (i.e. citrate or citric acid) as capping agedlg, was

the combination of capping agents with seeddiated growth for the purpose of obtaining
varying shapes/structures that would not be possibéeanepot synthesis method he last
techniques was taot include the capping agent or removing the capping agent after synthesis,

in the efforts of improving the catalytic performan@é][

There arevarious methodsvhich usethe multifunctional roleof capping agents as colloidal
stabilizers, reducing agents, solvent, prevent agglomeration, inhibit uncontrolled growth and
provide modification which has an influence in the application of the nanopari&&s§]|f A

variety of capping agents exist fropolymers, peptides, small ligands and surfactants.
Polymers are often used in biomedical research, while small ligands are often used to replace
long chain capping agent post synthesis. The use of surfactants such as long chain
hexadecylamine HDA), oleylamine QLA), oleic acid QA), ethylene glycol andl-
dodecanethiol (DDT) but not limited to, are among the commonly used in colloidal syntheses
for application in photovoltaics, sensing, photonics, catalysis, optoelectronics and LEDs. The
capping agentsdve a strong binding affinity to the surface of the nanoparticle. In this work a
combination of surfactants were used however, OLA yielded the best nanoparticle results, as
such it was used as the capping agent, solvent and stabilizer in the synthiesegiafdrnary

NPs.
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2.4 Application of quaternary nanocrystals

Quaternary nanocrystals have been widely used as absorber layerdiimtioiar cells 59,
window materials in multjunction photovoltaic cells §1], and memory devices8]],
optoelectroit devices §] and QDLEDs [22]. The newly developed size, shape and/or
composition of the nanocrystals change their properties from their bulk counterparts, making
them ideal candidase for photovoltaic applicationOnce electrical, optical, absorption
coefficient and the direct band gap energy have been determined, the meateriaé applied

in thin-film solar cell applications. Similarly, to a variety of synthetic methods, there are several
device assembly methods that can be used to fabricate sblaleiees. These methods
include vacuum and nevacuum based methods that have been reported thus far. The vacuum
methods include sputteoating, metal deposition and sulfurization. Among the-vexuum
fabrication methods, the solutidrased techniquese known to be loveost and have ease of
processing. These naracuum fabrication methods include successive ionic layer adsorption
and reaction (SILAR), spigoating, dipcoating and drojgasting of nanomaterial inks. For the
purpose of this study, solah-based synthetic methods and a@tuum methods (drep

casting) were used for the fabrication of the-dgasitized solar cell device.

2.4.1 Device: DyeSensitized Solar cell

Dye-sensitized solar cells (DSSCs) have arisen as a technicallgcamdmically credible
alternative to the 4m junction photovoltaic devicethe mesoscopic property of the DSSC
enable the absorption of more incident light owing to the large internal surfac&3rehp

general mechanism of DSSCs is to divide its finmcof light absorption from charge carrier
transport. The separate components of the DSSC make use of less raw materials to the costs
associated with fabricating the device. Furthermore, DSSC have the ability to accept radiative
light from both indoor (ie. fluorescent light) and outdoor (i.e. sunligig][ The dual function

ensures the device can be used indoors and/or outdoors. Lastly, the progress made on DSSC
makes it worthwhile to continue studying and finding alternatives to the fabrication ahateri

techniques and improve its performance.

2.4.1.1 Architecture of a DSSC

Quaternary semiconducting nanoparticles have been recently used as alternative electro
catalysts to platinum catalysts in DSSCs. A typical DSSC device (ER) @ndergoes a

particular mechanism as briefly described below.
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Fig. 2.15. Schematicof the components of a dyssensitized solar cel[83].

2.4.1.2 Mechanism

Light passes through the transparent anode electrode and excites the dye molecules. The
exciteddye molecules inject electrons into the Ti@yer, which acts as a semiconductor. It is
worth noting that the electrons originate from the dye upon absorption of light. The injected
electrons flow through the external circuit towards the cathode elecTrodeathode electrode
makes use of lighibsorbing nanocrystals to increase the effective surface area and allow more
light over a wider range of the visible spectrum to be absorbed. This allows the DSSC to absorb
more light under cloudy conditions whenmpared to silicobased photovoltaic cells. The
electron from the external circuit further allows the flow of the electrons into the
iodidef/triiodide electrolyte. The electrolyte is responsible for transporting the electrons back to
the dye molecules. Amist the process, the dye is oxidized by receiving an electron from the
iodide ion, which reduces the dye back to its original form. The iodide ions undergo an
oxidation. The electrons that return to the device from the external circuit reduce thedriiodid
ions back to the iodide ions. The device then repeats itself by allowing the transparent anode
electrode to receive sunlight that enables the excitation of thesemgtized TiQ
nanoparticles. For this process to occur, there are three main compowelvesd as detailed

below.
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2.4.1.3 Photanode

Transparent conducting oxide (TCO) glass is traditionally used for the fabrication of the
photoanode electrode. The glass substrates are typically coated with-ohajch tin oxide

(ITO), fluorine-doped tinoxide (FTO) and others use molybderdoped indium tin oxide.

The commonly used mesoporous layer is titanium dioxideThOwever, other alternatives

such as zinc oxide (ZnO) and tin dioxide (Shidave also been scarcely used. These material
are charaeristic of high surface area, which enables the loading of the dye to occur effortlessly
and the wide band gap, enable high absorption in the UV range. These characteristics are an
effort to improve the efficiency of the DSSC device. An integral part efphotoanode
electrode is the use of el Shaliniet al. report on various types of dyes (i.e. Ruthenium
complex, metafree organic, mordant and natural dyes including quantum dot and perovskite
sensitizers) that can be utilized however, they are nd¢lwireported §4]. The Ruthenium

based (Rtbased) dyes are the most widely used and reported because they yield greater than

10% conversion efficiencies within the device.

2.4.1.4 Electrolyte

DSSC can make use of either spllymeror liquid-state eletrolytes. The electrolytes are
responsible for the stability of the device. Graphene and polyethylene oxide (PEO) have been
used as solid electrolytes and they exhibit emgn stability in comparison to the liquid
electrolyte however, the efficiency ssill fairly low [85]. In light of this, liquid electrolytes

(i.e. cobaltbased sulfide-based, ferrocenbased and nickddasedl are the most commonly

used in particular the iodide/triiodid83, 86-88]. The redox electrolyte helps track the charge
transer of the’'OX0O ions between the counter electrode and the photoanode. In addition, the

rudimentary function of the electrolyte is to regenerate itself and the dye.

2.4.1.5 Counter electrode

The counter electrod€E) s the third main component of DSSC. Traditionally, platinum (Pt)

has been used as a catalyst layer in the assembly of DSSC devices. Platinum has exhibited
excellent performance and stability however, it has some limitations such as being expensive
thus ncreases the fabrication costs and it is prone to corrosion in the presence of the
iodide/triiodide electrolyte. In light of this, there is a need to develop novel catalysts that can
maintain high performance arstiability, reduce fabrication costs and isgscorrosion in the

presence of the iodide/triiodide.
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Very few quaternary semiconducting nanocrystals have been used as electrocatalysts in
DSSCs. However, the quaternary semiconducting nanocrystals that have been reported have
shown promising resultsl9, 89-91]. Toluene, a nonpolar solvent, is used to disperse the
guaternary nanoparticles. The nanoparticles are eitheicepited, dipcoated or drojasted

onto TCO glass (Fig. 26) and annealed to remove any remaining solvent and improve connect
on thesubstrate.

Spin up Thinning of a liquid film

\
( O) *(tf';)') o "C_)/ =
- W ~w ,|
i

./ / Solidified region Saturation of solidification
W< /\’b
L € ) () ,(k,/

— F . — —
o - -

l l |

Sl

Dipping Immersion Deposition and  Evaporation

Drainage

/

Drop-casting ) Evaporation T Thin film

]
VAR g /L /

substrate substrate

Fig. 2.16. Spin-coating, dip-coating and drop-casting techniques for depositing nanank s
onto conductive substrates92-94.
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2.5 Electrochemical Analysis

Based on either one of the deposition techniques mentiarexis analytical techniques are
applied to determine the electrochemical properties of thdithimanocrystals. In this study,

the dropcasting method was applied to fabricate the CE. CEs are subjected to electrochemical
measurements, where the evdlm of the electrecatalytic activity is measured firstly using a
threeelectrode system. The output of the thedectrode system are cyclic voltammograms
(CVs) (Fig. 217) which illustrate the oxidaticreduction of iodide/triiodide. For the analysis

of a DSSC, the oxidatiereduction of iodide/triiodide monitored. The oxidatigduction
process generally generates four peaks observed wher®©xRed and Red represent the

following equations $5]:

FedO© O ¢Q FedO© O ¢Q (2.8) and @.9)
{m®MO ¢ o0 i m™0 ¢oo (2.10) and @.12)
o 3 ox2)
= Pt on FTO (ox1)
L 29 «——CZTSon FTO
< e C7TS On ' W
g€ 1.
£
= 01
L’
=
- 11
=
o
=2
S
-3

0.6 -0.4 0.2 0.0 0.2 0.4 0.6 of8+1 0 1.2
Potential (V) vs Ag/Ag
Fig. 2.17: The cyclic voltammograms of Pt, CZTS and CZTSever a-0.67 1.2 potential
difference[96).

The cyclic voltammogram help determine the catalgitvity of semiconducting material
using the peak current (Rdd which will be referred to in the text asqdéys1| and peako-peak
separation (Epp). Peak current helps determine the current density value at the first reduction

peak from negative to gdive potential. Furthermore, petdpeak separation is measured
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between the cathod®édl and anode@x1) potential differencas labelled irFig. 2.17 The

best performing counter electrode in a DSSC should mimic Pt and/or be better than Pt.

Part ofthe electrochemical analysis, is monitoring the charge transfer between the electrodes

and the electrolyte. The electrochemical impedance spectroscopy (EIS)Vaodrndes are

suitable analytical techniqgaéhat can be further used to explore the eleceptbal properties

of the CEs. The Nyquist plot (Fig.18(a))

S represented by

Z0

(rea

of impedance. Notably, impedance depends on frequency and it does not rely on a constant.

The characteristic shape of Nyquist plots are gemicircles) which determine the electrical
properties of the symmetrical cellssymmetrical cell is composed of two identical electrodes

with cathode and anodmpabilities.The semicircle at low frequency (right side) determines

the Nernst diffusiorf the triiodide ions within the electrolyte. The second senaie at high

frequency (left side) determines the charge transfer between the electrode and electrolyte

interface P7]. The semicircle can also be accompanied by a straight line at anchdgfeto

the Z06 axi s. The

ne is as a resul

t of

di f

impedance spectra generates a circuit model equivalent which gives more information about

the series/solution resistances)Rcharge transfer resistan@®ct), double layer capacitance

(Ca) and the Nernst diffusion (4. The R explains the resistance of the electrolyte solution

while the Rt explains the impedance in its real component, where ¢heaRe is measured

based on the resistance experiertmgdlectrons. Furthermore, thg @presents the electrical

charge transfer at the metal/electrolyte interface andmeeasures the rate of ion diffusion.
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Fig. 2.18 The Nyquist (a) and Tafel polarization plots (b) of Pt, CZTS, CS and CNTS

respectively[91]].
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The chargdransfer process is further characterized by Tafel polarization using the same
symmetrical cells (Fig. 28(b)). Tafel polarization specifically studies the interfacial charge
transfer properties of the symmetricalls. There are two significant properties obtained from
Tafel plots namely, the exchange current dens#yadd the limiting diffusion current density
(Jim). High & and Jm values relative to the statef-the-art Pt counter electrodedicate
excdlent catalytic activity 88, 97]. The calculatiorof the § and Jm values isdetailedand

appliedexperimentallyin chaptes 37 5.

2.6 Dyesensitized solar cell perfomance

A solar cell is characterized by a current versus voltage measurérhemieformance of a
DSSCcan be evaluated by using short circuit currdst, (mA.cm' %), open circuit voltage
(Voc, V), power conversion efficienogverall efficiency(PCEH, %), fill factor (FF), maximum
power output(Pmay), and power input (R) (as shown irFig. 2.19) ata constant light level

exposure.

(Jmax,vmax)

area B

area A
FF+*Jgc* Vi
P

Current (A)

PCE=

Vmax VOC
Voltage (V)

Fig. 2.19: Schematic illustrating thel/V curve for evaluating solar cell performance.

The current produces when negative and positive electrodes of the cell ar@rshagd at a

zelo mV voltageVoc (V) is the voltage across negative and positive electrodes under open
circuit condition at zero milliampere (mA) current or simply, the potential difference between
the conduction band energy of semiconducting material and the redoxtigdotein
electrolyte Pmaxis the maximum efficiency of the DSSC to convert sunlight into electricity.
The ratio of maximum power outpulkd'k'Vmp) to the product\{oc'k'lsc) gives FFas depicted

in equation 2.2
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In addition, the overall efficiency | is the percentage of the solar enerligy. theshiningof
the sunon a photovoltaicell convertingit into electrical energywhere increases with the
decrease in the valug Jsc andanincrease in the values Wbc, FF, and molar coefficient of

dye, respectively.

¢po

C4

Once the band gap of each material has beemdeted, device architecture cha considered.

Fig. 220a depicts a typical energy level diagram which illustrate the band gaps of each

component and the movement of electrons within the device. In order to avoid recombination,

the position of the valence band (VB) and conduction band (CB) are of uttermodtaincgor

Yuan et al. reported that a decrease in band gap resulted in a decrease in resistivity and an

improved surface photeoltage caused by a better hole extraction due to a larger valence band

offset (Fig. 220 (b)) [98].
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Fig. 2.20: The energy level diagram (a) and v curve plots (b) of CZTS and CZTSe 98§].

The additional properties observed through the band tuning are the decrease in open circuit

voltage (W) and the decrease in recombination resistance which resulted in the overall

decrease in efficiency of the device. Over the years, the power conversion efficiency has been

63
—



observed a steady increase fromi7749% for CuZnSn§, [88, 95|, 8.0% for CuFeSr&4[99],
8.2% for CuNiSnS, and 8.3% for C¢CoSnS [88] have been reported.
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CHAPTER 3

Evaluating the effect of the substrate on the
electrocatalytic performance ofCu2ZnSnS, and
Cu2ZnSnSes counter electrodes in dyesensitized solar
cells

3.1. Introduction

Although Pt has shown great electrocatalytic properties, its low abundadadevated costs
haveimpededargescale application. Moreover, the use of Pt as a counter electrode (CE) in a
dye-sensitized solar cell (Z22) has come under much scrutiny due to its stability or lack
thereof in the triiodide/iodide electrolyte [To circumvent this, research Hasen stimulated

into finding alternative electrocatalysts that are free of noble or scarce nhetadssurpassed

the power conversion efficiency of crystallisdicon/quaternary nanoparticlesd are stable

over harsh conditions.

CwZnSng (CZTS) and @2ZnSnSe (CZTSe) have not only emerged as attractive absorber
materials in thirfilm solar cells but also as candidates for CEs irBO$[2, 3]. CZTS and

CZTSe are quaternary metal chalcogenides with desirable properties. They each have a direct
bandgap \thin the range of 1.0 1.5 eV as well as a high absorption coefficient (>&@ 3

[4, 5]. CZTS and CZTSe have been synthesized via a large number of methods but primarily
as thinfilms. Colloidal synthesis of CZTS and CZTSe however provides many aaemt

such as mild reaction conditions, easy manipulation of reaction parameters thereby resulting in
tunable properties, the possibility of largeale synthesis as well as the processability of the
resultantnanoparticleg6, 7]. The processability allowr the fabrication of solutiotased

photovoltaics which can potentially lower the overall cost of photovoltaics.

Several studies report on the use of CZTS and CZTSe as CES@sDSheret al.reported

on the insitu hydrothermal syntheses of CZTS oparticles deposited on fluorine doped tin
oxide (FTO) substrate for use as a CEs ir50& The resultant solar cells had efficiencies
ranging from 3.15% to 5.65% [8}lokurala and caworkers also reported on the use of various
morphologies of hydrothermally synthesized CZTS on FTO as CEs in DIBé€ls. are other
substrates that have been explored in DSSCs namely: plastt@ENDFTO and ITO; FTO
and Titanium (THcoaed[9-12].
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The power conversion efficiencies (PCE) of tlaoparticlesvere found to range from 7.4%

to 7.8% [L3]. On the other hand, hydrothermally and colloidally synthesized CZTSe CEs on
FTO were found to have PCEs of 3.85% and 3.62%, respectivgl§g]L Notably, in DSSCs

is the use of FTO as the back and front contact. The back and front contacts play a crucial role
in solar cells as they have a great influence on the efficiency and performance of the solar cell.
The front and back contacts cafiuence the performance of a solar cell in terms of interfacial
properties, charge mobility as well as the work function. High performance contacts must
exhibit low resistivity, high conductivity, good chemical stability, low work functions and
uniformity over the entire surface §lL As such, herein, the use of CZTS and CZTSe as CEs

in DSSCsis reported Further compason ofthe performance of the CEs deposited on three
different substrates, namely vitreous carbon (VC), indium tin oxide (ITO) and iBTO
conducted VC is extremely impermeable, has exceptional strength, high resistance to
corrosion, high thermal stability, and low resistivity, and has a low coefficient of thermal
expansion; however, it has 6@0% light transmittance . On the other handTO and FTO

are transparent conductive oxide with low resistivity; FTO is more chemically resistant than
ITO [16].

3.2 Experimental section

3.2.1 Materials

Copper (1) chloride (CuCl, 97%), zinc chloride (Zp(8%), stannic chloride (SnEHH-0,
97.5%), elemental sulfur (S, O 99%), el ement
deuterated chloroform (CD¢;199.8%), methanol (96%), ethanol (96%), toluene (anhydrous,

95%), hexane (anhydrous 95%), isopropanol (anhydrous, 99%), lithium petclelora( O 9 5 %) ,
l'ithium iodide (99. 9%), sodium i odide (anhy
( 09 9. 8témbytylpyddine (98%) white titania paste, reflector (Fj20.0 wt%),

What manE gl ass mi N-mahytp-pyeolidorfe (ahhgireus NMiPa 99.8%),,

vitreous carbon (surface resistivity~2.83 q/ sq), fl uorine doped tir
(surface resistivity ~7 q/sq), i ndium-doped
12 q/ s 0719 dya ®5%Nwere the neaials used in the synthesis and analysis of
guaternary chalcogenide nanoparticles. All chemicals were purchased from Sigma Aldrich,
except for stannic chloride, which was purchased from Saarchem. All chemicals were used
without any further purification.
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3.2.2 Synthesis of the CZTS and CZTSe nanopatrticles

The sequential hedaddition methodwas used to synthesize the nanoparticles. Oleylamine
(OLA'T 10 mL) was heated to 100 °C while stirring under nitrogen gas. This served as a purging
process of the solw/surfactant. At 100 °C, fnol CuCl was added until the solution turned
yellow. This was followed by the addition ofriol ZnCl> where an orange colour change was
observed, then finol SnClL-5H,0O was added. The addition of SaGH,O caused a cloudy
formation above the reaction mixture and a darker orange solution colour was observed. At this
point, the reaction mixture was left to heat up to 220 °C whemelElemental sulphur (S) or
selenium (Se) was added to the respective mrastynthesis. The final addition changed the
reaction mixture to black (CZTS) and dark grey (CZTSe). The reaction was left to run for 45
min. Thereafterthe particles were flocculated using ethanol, recovered by centrifugation at

7000 rpm and dissolved toluene for characterization.

3.2.3 Fabrication of the dyesensitized solar cells

Counter electrode fabrication

The ink of the counter electrodes were separately prepared by dispersing 40 mg of CZTS and
CZTSe nanoparticles in a mixture of 1 mL toluend 8.1 mL NMP. After 24 h of vigorous
stirring, the homogenous solutions were sonicated for 10 min. This was followed by drop
casting the solutions onto poteaned and prbeated (at 80 °C) VC/ITO/FTO (ared -0 cn?

for VC, area ~3.13 cn? for ITO and FIO) substrates. Once the ink was dry, each counter
electrode was annealed at 80 °C for a further 10 min. Platinum was sqmated onto pre

cleaned VC/ITO/FTO as a reference, for comparative studies.

Photo-anode fabrication

Titania (TiQy) paste was pried onto precleaned VC/ITO/FTO substrates using the doctor
blade method. The scregninted substrates were then annealed at 350 °C for 30 min to remove
any residual organic compounds and enable better contact betweean@ithe N719 dye.

The N-719 dyewas then dissolved in methanol (3.0 *“MI) and used to sensitize the %O

A drop of the dye mixture was placed onto the annealed dn@ left to dry overnight, in the

dark at ambient conditions.
Device assembly
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The photeanode electrode was placedh the active layer facing up and the counter electrode
facing down. The two electrodes were offset from each other and the Whatman filter paper was
placed in between to define the active area and act as a sponge for the supporting redox
electrolyte soltion. The supporting redox electrolyte solution, which provides a negative
electrochemical potential for the reduction process, was composed of 0.05 M iodine, 0.1 M
lithium iodide, 0.1 M potassium iodide, 0.1 M sodium iodide and 0.5t&rt4butylpyridine.

The assembled device was held together lenggl by the fold back clips on both sides to
create uniform distribution. The device architecture is shown in Fig. 10.

3.2.4 Characterization
The nanoparticles were characterized using the following teobstiqu\tvis absorption
measurements were conducted using a Varian Cary Eclipse (Cary 50yisUV
spectrophotometer. The powdered samples were dispersed in toluene and placed in a 1 cm path
length quartz cuvette for the spectral analysis. ThayXdiffraction (XRD) measurements
were obtained using the Bruker D2 Phaser PowdeayXdiffractometer using GK U 1
radiation (& = 1.54060 ) at 30 kV/30 mA wusi
angle of 2A, f or902idstepseof OD2Bsith & step tive of 37 sladd at a
temperature of 25 °C. A few milligrams of the sample were placed on a zero background
holder, flatten with a glass slide. The morphologies were obtained using a transmission electron
microscope (TEM) FEI Tecnai T12 optrd at 200 kV. The samples were dispersed in
methanol and sonicated for 10 min. A drop of the suspemaiedparticlesvas then placed on
a copper grid with a lacy carbon and left to dry at room temperature prior to analysing the
sample. The Raman spectrumas obtained after a sample was placed into a quartz holder,
using the Bruker Raman Senterra Spectrophotometer using the 532 nm excitation laser and at
a very low laser power of 0.5 mV.-pay photoelectron spectroscopy (XPS) analysis was
conducted using @hermo ESCAlab 250Xi spectrometer using a monochromatic (AKK
rays (300 W, 900 um, and 1486.7 eV) as the excitation source. The FTIR spectra were obtained
using a Bruker Tensor 27 Fourier Transform Infrared Spectrometer equipped with a diamond
attenuatedotal reflectance crystal. Proton and carbon nuclear magnetic resoHamce{°C
NMR) data were acquired on the 500 MHz Bruker AVANCE Il spectrometer. Cyclic
voltammetry (CV), electrochemical impedance (EIS), and Tafel polarization measurements
were tne using Biologic: VMP 300. A thresectrode system was used to conduct the CV
measurements using the triiodideld ) redox electrolyte composed from 0.1 M LiG|®.01
M Lil, and 0.001 M % dissolved in anhydrous acetonitrile, at a scan rate of 5@ fsing Pt
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as the counter electrode, Ag/AgCl as the reference electrode and the synthesized CZTS/CZTSe
as the working electrod@dter being drojrasted on a glassy carbon electrode (GC, active area

~ 0.07 cn), vitreous carbon (VC, active area ~ 0né’); platinum (Pt, active area0.05 cn?),

ITO and FTO (active area ~ 1.56 9nrespectively. EIS measurements were obtained using a
symmetrical cell with two identical electrodes in the redox electrolyte used for DSSCs in the
dark. The electrodes wesmalysed between 100 kHz and 100 MHz at varying open circuit
potentials for each sample. The Tafel polarization analysis was conducted at a potential
window of -1.0 to 1.0 V with a scan rate of 100 mVsThe photocurrentoltage (3V)
characteristic cunseof the DSCs were measured in ambient conditions using the HP 4141B

source measure unit (SMU) under controlled illumination of 200 m\¥tAM 1.5G).

3.3. Results and discussions

3.3.1. Nanoparticle powder analysis

Following the synthesis, XRD studieere conducted to confirm the formation of CZTS and
CZTSe nanoparticles. Shown in Fig. 3.1 are the XRD standard reference patterns and the
patterns for the synthesized CZTS and CZTSe nanoparticles. The CZTS nanoparticles were
indexed to a tetragonal kestericrystal phase (space group2m, PDF: 06026-0575) with

di ffraction pe&BE5Ia83.1524d.45y56.28uandsS8.82 Borreésibnding

to (112), (103), (200), (220), (312) and (224) diffraction planes, respectively. The diffraction
patiern showed no signs of impurities. The broadness of the peaks was indicative of small
crystallite sizes. Similarly, the CZTSe nanoparticles were indexed to a tetragonal kesterite
crystal phase (space groug2m, PDF: 06052-0868) with (hkl) values (112§204), (312) and
(008) correspondi®ndgd.oR 58.22ahd 66.84 resgestivety.fSimiladly, 9 0
no impurities were detected from the CZTSe pattern and the peak widths were slightly narrower
than those detected in CZTS, suggesting largestallite sizes. The crystallite sizes of both
CZTS and CZTSe were estimated using the Scherrer equation from the most intense XRD peak
[18]. The crystallite sizes were estimated to e @.60nm for CZTS and 1% 0.84nm for
CZTSerespectively. The cryaliite size indicates the successful synthesis NPs and quantum
confinement within the nanoscale (i.6. 100 nm) rang€eThe activity exhibited by the size of

the NPs is anticipated to be better than the bulk CZTS and CZTSe materials respectively.
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Fig. 3.1: X-ray diffraction patterns of CZTS, CZTSe and their standard reference

patterns.

3.3.2: Raman analysis of CZTS and CZTSe nanoparticles

To further elucidate the structure of CZTS and CZTSe, Raman spegyosas conducted.

The Raman spectra are shown in Fig. 3.2. The Raman spectrum of CZTS showed three peaks.
Prominent peaks in the range of 287 tin339 cm?, 349 cm® and 368 cit have been shown

to be consistent with the successful formation of CZT®particles [19, 20]. The 331 ¢t

peak is attributed to the A1 symmetry and is associated to the sulphur atom vibrations in CZTS,
furthermore, it is consistent with thelPm crystal lattice [21]. Furthermore, three peaks at 177
cm', 188 cm® and 231 ¢t were detected for CZTSe as shown in the Raman spectrum. The
three peaks are attributed to thesmmetry mode [22]. The peaks are consistent with the
formation of CZTSe nanoparticles [22]. The weak peaks that are observed at Y138 cm
150cm?, 213 cm? for CZTSe and ~275 crhfor CZTS can be attributed to B symmetry [23].
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Fig. 3.2: Raman spectra of CZTS and CZTSe using a 532 nm laser.

3.3.3 XPS analysisof CZTS and CZTSe

The surface chemistry and atom bonding in the resultant NPs are evaluabédalpy
photoelectron spectroscopy (XPS). Shown in Fig. 3.3 are the XPS survey amddulyhion

spectra of CZTS. The survey spectrum showed the elemental composition of CZ&l5ass w

N 1s and C 1s associated with the capping agent OLA. The O 1s was attributed to the oxidation
of the capping agent as no oxide impurities were observed in the XRR2Y. The high
resolution cordevel spectrum of the Cu 2p peak illustrated a dietithat is split into two peaks
located at 952.3 eV and 932.6 eV. A peak separation of 19.88 eV was observed that is indicative
of the presence of the €ispecies. The Zn 2p spectrum showed a doublet which was split into
two peaks located at 1045.4 e\dat022.3 eV. The peak separation was 23.03 eV and this was
ascribed to the Ziispecies. Furthermore, Sn 3d cteeel spectrum illustrated two peaks
which were deconvoluted to 495.2 eV and 486.7 eV. The peak separation of 8.45 eV was
attributed to the St species. The highesolution spectrum of S 2p showed two peaks which
were each deconvoluted to further two peaks. Botp @pd 2p,2 doublets were associated

with the $ 'species.
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Fig. 3.3: XPS survey spectrum, Cu 2p, Zn 2p, Sn, 3d and S 2p higtesolution spectra of
CZTS.

The XPS survey and cofevel spectra of CZTSe are shown in Fig. 3.4. The survey spectrum

is similar to that of CZTS with however selenium at low binding energies detece@ur2p

and Zn 2p higkresolution spectra showed the presence of Cu and Zn in a +Fstdtermore,

the Sn 3d spectrum, illustrated two peaks which have been split to 494.8 eV and 486.3 eV. The
difference in the doublet of 8.5 eV was ascribed té".Snastly, the Se 3d spectrum was
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deconvulated to three peaks at 53.7 eV, 55.1 eV and 58.7 eV, respectivelysThaB8d,.

peaks were associated with the? Sgpecies while the peak at higher binding energies was

attributed to Se@species.
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Fig. 3.4: XPS survey spectrum, Cu 2p, Zn 2p, Sn, 3d and Se 3d higésolution spectra of
CZTSe.

Apart from the constituents of CZTS and CZTSe, C, N and O were also detected. The C 1s, N
1s and O1s spectad CZTS are shown in Fig. 8. The C1s illustrates the characteristic carbon
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peaksnamely, Oi C = O; Ci N/CT O and Ci C peaks from the capping agent OLA. The
N1s and O1s spectra also illustrate the characteristic nitrogen and oxygen peaks namely, NH

Oi C=0, C =0 and C O respectively. Similarly, thEZTSe spectra are shownkig. 31S.
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Fig. 3.5: C 1s, N 1s and O 1s higresolution spectra for CZTS nanopatrticles.

3.3.4: Surface characterisation of CZTS and CZTSe using FTIR and NMR

The C and Nemanate from the OLA capping agent. Also evident from the C 1s and O 1s
spectra is the surface oxidation of the capping agent. This is readily observed in XPS however
usually not observed in bulk techniques such as FTIR and NM|RTherefore, this strorig

suggests that the oxidation is only on the surface.
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Fig. 3.6: FT-IR spectra of OLA, CZTS and CZTSe.

The nature of the capping of the nanoparticles can be further investigated udiRgard
NMR spectroscopy. The FIR spectra othe assynthesized OLAcapped CZTS and CZTSe
nanopartles are illustrated in Fig. 3.6hree main functional groups were identified in pure
OLA. These functional groups were C=C, £EHz and Nh. Fig. 3.6showed the spectra of
OLA with the N-H stretch aB376 cm?, N-H bend at 1617 chh, C-H stretch at 3002 ch
2923 cm! and 2849 cit, and the @H bend at 1465 chh The intensity of the N
bend/stretch was diminished due to the high intensity of thé K&nd/stretchThe OLA-
capped CZTS and CZTSe showhd oleyl group within th2850i 3000 cmi' regionhowever,
there was no visiblpeak at 3300 chh due to thestretchingof the NH: groupobserved. This
suggests that OLA caps the nanoparticles through the amine hence weakening the signal. The
peaksobserved between the 2000'¢rand 2500 cit region were attributed to overtones.
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Fig. 3.7 'H NMR and *3C NMR spectra of oleylamine, CZTS and CZTSe nanoparticles.




'H and*3C were used to further confirm the capping of the nanoparticles. Oleylhasnthe
molecular formula @Hs7N. All the protonsand carbons of OLAvere accounted for in the
NMR spectrgFig. 37). Thei NH2 peak (abelled 19 was found in the 1.341.37 ppm region
and it is a distinguishing peak il NMR. Similarly, the presencef the i CHzi NH2 peak
(labelled ) was found in the 2.58 2.63 ppm region in the proton spectrum. Therefore, the
lack thereof in the NZTS spectrum, is indicative of the successful binding of the amine group
to the surface of the NZTS. The distinguishedkgaahe*C spectrum is theCHzi NH, peak
(labelled 18. The absence of theCH.i NH2 peak, in the carbon spectrum of the NZTS
nanoparticles, solidifies that the capping agent binds through the amine.i The@= O and

O C = O peaks are not observedthe*C spectrum of the NZTS nanoparticles, suggesting
that these species observed in the XPS, were only due to surface oxidation3.Table
summaries théH and'*C NMR results of the pure OLA and NZTS nanoparticles.

Table 3.1: NMR assignments of OLA, CZTS and CZTSenanoparticles

Compound H NMR (0 ppm) B¥C NMR (0 ppm)

OLA -CHa- (0.791 0.87),-CH,- (1.197 1.23),-NH; -CHs (14.11), -H,C-CHs (22.70), -CHy-
(1.34 i 1.37), -H,C-HC=CHCHy- (1.94 7 (26.93 i 33.89), -H,C-NH, (42.27), -
2.09),-H,C-NH; (2.58i 2.63),-HC=CH- (5.26 HC=CH- (129.81i 130.36)

i 5.31)
CZTS -CHa- (0.727 0.89),-CHy- (1.261 1.57),-NHz -CHs (14.28), -H,C-CHs (2285), -CHa-
(1.957 2.01),-HC=CH- (5.34i 5.38) (27.38 i 32.07), -HC=CH (129.81 i
130.36)
CZTSe ~CHz- (0.861 0.89),-CHy- (1.25i 1.30),-NH2 -CHs (14.28), -H,C-CHs (22.84), -CHa-
(2.01),-HC=CH- (5.34i 5.38) (27.37i 32.78),-HC=CH- (130.12)
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3.35: Morphological characterisation of CZTS and CZTSe

£ 280 nm
i i £ S

Fig. 3.8: TEM images of CZTS and CZTSe nanopatrticles.

TEM analysis was conducted to determine the morphologies and sizes of the CZTS and CZTSe
nanoparticles. Shown in Fig.8%are the TEM images of CZTS and CZTSe nanoparticles. The
CZTS particles were quaspherical in shape whilst the CZTSe particles were more spherical
with an exception of a few elongated particles. Both particles were polydispersed and the
CZTSe sample wahkighly agglomerated. The polydispersity and agglomeration could be
advantageous in solar cell application as it improves the interconnectedness of particles thus

resulting in easy charge transpfig)].
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3.3.6: Absorption analysis of CZTS and CZTSe nanop#cles
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Fig. 3.9: UV-vis absorption spectra(a) and Tauc plot (b) of CZTS and CZTSe

nanoparticles.

UV-vis absorption spectroscofifig. 39) was conducted to determine the bandgap of the
nanoparticlesvith the tauc plots illustrated in theset The absorption spectra of CZTS and
CZTSe determined the baiwgaps to be 1.3 and 1.8 eV, respectively. The fgmaplenergies
reported for CZTS and CZTSe are in the range of IL® eV [4]. The blueshift in the band

gap of the CZTSe nanoparticles is due to smaller particle sizes.
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3.3.7. Electrochemical analysis of CZTS and CZTSe
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Fig. 3.10: Cyclic voltammetry of Pt, CZTS and CZTSe at a scan rate of 50 m\\.5 Nyquist
plots of EIS for the symmetric cells with CZTS and CZTSe on GC and the electrochemical

equivalent circuit.

The CZTS and CZTSe nanoparticles were eragted onto glassy carbon electrodes to
investigate their electroatalytic activities towards the reduction of the triiodidas. The
threeelectrode system employed to conduct cyclic voltammetry measurements resulted in
cyclic voltammograms. The CVs with the typairs of oxidatiorreduction peaks shown in Fig.

3.10 correspond to the following equations:

0 ¢Q P @O oP
g0 ¢Q P g0 o]

The catalytic activity relies on two parameters namely, the peak current||and the peak
to-peak separation (. Pt, CZTS and CZTSe peak current values were 6.07, 3.55, 3.93
mA.cn?and the E, values were 0.44, 0.82 and 0.67 V, respectively. The higher peak current
and lower Ep values for CZTSe in comparison to CZTS suggest better catalytic performance
and larger reduction velocitT]. The Red shift observed around the lower pati@l is an
indication that the triiodide ions are getting difficult to reduce.
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Table 3.2: CV and EIS parameters from counter electrodes drogcasted on glassigarbon

electrode
Counter electrode Epp Jsc Rs Ret
V) (mA.cm'?) (ohm) (ohm)
Pt wire 0.44 6.07 ) T
CZTSiGC 0.82 3.55 90.6 236
CZTSei GC 0.67 3.93 57.5 680

The EIS was employed to evaluate the ability of the CEs to transfer charge to the electrolyte.
The measurement was performed usipgmetrical dummy cells with two identical electrodes
enclosingthe I3'/I" electrolyte undenortilluminated conditions.The Nyquist plts shown in

Fig. 311 of CZTS and CZTSe as well as the equivalelgctrochemicalcircuit whose
componentsdepict the four impedance properties. The abbreviation, diynifies the
seriegsolutionresistance, while Rdenotes the charge transfer resistance at the CE/electrolyte
interface. Furthermore, the abbreviationcdrresponds to the double layer capacitance,twhic

is utilized whenthe Nyquist plot outputa perfect sercircle anddescribeshe charge storage
capacity of the CEs. LastlywZignifiesthe Nernst diffusion element, oftappliedwhen a

line found at a45° angleto the semucircle atthelower regiondesignated térequency andt
explainswhether diffusion-control occurs during the interaction between the CR and the
electrolyte[28]. The two key parameterssBnd Ry, are summarized in Table 3.2. Notably,

the CZTSe nanoparticleshibitedpoorcharge transfer was due to the highenvRlue.
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Fig. 3.11: Nyquist plots of EIS for the symmetric cells with Pt, CZTS and CZTSe on ITO
and FTO substrates, Tafel plots Pt, CZTS and CZTSe electrodes on ITO and FTO

substrates.

To evaluge the effect of the substrate on the electrocatalytic properties of CZTS and CZTSe,
the nanoparticles were dra@asted onto ITO and FTO substrates and used in EIS and Tafel
plot measurements. The same equivalent circuit model was observed for the syahmwedtri

of theEIS measurements as that of the GC as shown in BEiy. The R and Rt values for Pt,

CZTS and CZTSe on both ITO and FTO are reported in Table 3.3. When using ITO as a
substrate, Pt had the lowest\Rilue, followed by CZTHTO and lastly CZTSETO whilst

the Rtvalues were 282, 119 and 5q0or Pt ITO, CZTS ITO and CZTSeITO, respectively.

The smaller the Rvalue, the more conductive the material is. This suggests that Pt is most
conductive folloved by CZTS and lastly CZTSe. The CZTS having a lowevdke as
compared to the CZTSe is contrary to the observed trend when using glassy carbon. This
suggests that the adherence of CZTS on ITO is far better than on glassy carbon. The diameter
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of the sentircle on the high frequency regiadue tocharge transfer processreflected on

the Rt values. The following trend was observed; CZIT® < PiITO < CZTSé&ITO. The

lower value for CZTS was indicative of better charge transfer kinetics. Lowegalges are
soughtafter because they lead to higheyahd FF values. Changing the substrate to FTO
resulted in higher 8and Rt values as compared to ITO and GC. This, therefore suggests that

solar cells using FTO might perform poorer.

Table 3.3: Electrochemical performance parameters obtained from EIS & Tafel

polarization plots based on CZTS and CZTSe nanoparticles on ITO and FTO substrates

Counter Electrode Rs Ret Log Jo Log Jim
(ohm) (ohm) (mA.cm?) (mA.cm?)

PtiITO 78.7 282 -4.34 -4.45
CZTSiITO 84.4 119 -3.97 -10.4
CZTSe ITO 94.6 570 -4.65 -7.30
PtiFTO 85.5 4789 -5.57 -5.48
CZTSiFTO 121 13 306 -6.02 -9.93
CZTSe FTO 122 102 789 -6.90 -12.5

The Tafel polarization curves are depicted in Fi@1l3vhere the interfacial chargeansfer
properties of the symmetrical dummy counter electrodes cells are studied. Two important
parameters are observed from the polarization curves, namely the exchange current glensity (J
and the limiting diffusion currg density (éh). Both parameters are affected by the anodic or
cathodic contribution of each counter electrode and can be described using the following
equation

o Yoy o ow

0 ¢¢ 'OQa o8

where Rrepresentshe gas constant, flepresents he t emperature (298 K]
constant, n (n = ZJenoteghe number of electronsfs the charge transfer resistance, D the

diffusion coefficient, C is the concentration lgf, andl is the spacer tbkness [8]. From

equation (3), ¢ is inversely proportional to 8 Therefore, ¢ can be correlated to the
eledrocatalytic activity of the CEThis implies that large d valuehasmuch better catalytic

activity. Similarly, larger g values indicatehe larger diffusion coefficient D, which results

in higher catalytic activity based on equation (4). Thevalue of CZTSITO was high
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symbolizing the best electrocatalytic activity. However, there is a slight discrepancy observed
for the dm of CZTS ITO when compared with that of CZTS&O. The Jm value was smaller

and indicated the least catalytic activity. This was certainly unexpected and could be due to
some form of recombination. Conversely, thardd Jm of the FTO substrate was in agreement
with all the EIS data. This implies that CZTH O displayed better chargensfer and higher
electrocatalytic activity than CZTBETO.

3.3.8 Device fabrication: dyesensitized solar cell®f CZTS and CZTSe
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Fig. 3.12 DSSC setup, banddiagram and J-V curves of DSSCs of CZTS and CZTSe on
VC, ITO and FTO substrates.
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The CZTS and CZTSe nanoparticles were then used as CEs in DSSCs. Furthermore, following
the CV and EIS results on glassy carbon, an additional vitreous carbon substratstedmt
conjunction with ITO and FTO. Shown in Fig. 3i% the solar cell architecture, band structure

and the resultant current denswtyltage (3V) curves derived from the various substrates. The
results are also summarized in Table 3.4. It was obdéhat the type of substrate used had an
effect on the overall performance of the solar cell. The VC solar cells had the lowest PCEs.
Even though the VC substrate has the lowest surface resistance, highest conductivity and the
most stability towards chewal corrosion, it has the lowest transmittance, as such, not enough
light reaches the active layer thereby hampering the performance. The ITO substrate performed
better than the FTO substrate and this was consistent with the electrochemistry data. The CZTS
was a better electrocatalyst than CZTSe. This could be due to the presenceSpeses3 on

the surface of the CZTSe as observed in the XPS that most likely act as an insulator. Also
notably from Fig. 3.2 and the data in Table 3.4 are the low FF valliiég low FF valuefor

the CZTSe CEsre due to the highsRalues and low shunt resistanceqRalues which are

caused by increasing recombination at interfaces of the DSBs |

Table 3.4. J-V parameters of DSSCs of Pt, CZTS and CZTSe on VC, ITO and FTO

substrates
Counter Electrode Jsc (MA.cm'?) Voc FF PCE
V) (%) (%)
PtivC 4.87 1.00 4 0.20
CZTSivC 4.90 0.98 7 0.36
CZTSei VC 4.12 0.99 11 0.43
PtiITO 13.38 0.95 52 6.57
CZTSiITO 10.30 0.77 46 3.62
CZTSe ITO 13.32 0.99 8 1.01
PtiFTO 13.55 0.94 25 3.12
CZTSiFTO 11.74 0.97 18 2.07
CZTSe FTO 13.10 0.99 6 0.79

3.4. Conclusions
The OLA-capped CZTS and CZTSe were successfully synthesized using taediodn
method. Both materials crystallized in the kesterite phase with-4Benlspace group. The

structure was further confirmed by Raman spectroscopy. The surface chemistry of the
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nanoparticles was determined using XPSJRBAnd NMR. The XPS showed all the miental
composition of CZTS and CZTSe as well as the surface ligand (OLA) where oxidation was
observed. In addition for the CZTSe nanoparticles, oxidation of selenium to V&&O
observed. The FIR and NMR confirmed the capping of the nanopatrticles throluglamine

group. The morphology of the CZTS nanoparticles was polydispersedspinesical with an
average size estimated from XRD of+70.60 nm whilst CZTSe were agglomerated and
polydispersed with an average size &f10.84nm. The obtained barghps for CZTS and
CZTSe were 1.3 and 1.8 eV, respectively. The CZTS and CZTSe were used successfully as
electrocatalysts in DSSCs. Using different substrates resulted in different PGES/C
substrate did not yield the desired result due to the opaque watine substrate which limits
thetransmittance of light. On the other hand, the FTO substrate exhibited low PCE, this could
be due to the adhesion of the NPs to the substrate. However, this can only be confirmed by
surface analysis of the thin film using SEM/AFM.addition, the PCE vaés could have been
affected by electron recombination observed through the low Voc values, film quality, and the
reflection of the thin film. In this study, it has been reported that the type of substrate also has
an impact on PCE in DSSCastly, CZTS namparticlesdepositecon the ITO substrategave

the best performance with 3.62% PChis can be attributed to the more uniformed film

guality observed visually on the substrate.
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CHAPTER 4

Novel colloidal synthesis of LiZnSn& nanoparticles
and its application as counter electrodes in dye
sensitized solar cells

4.1. Introduction

The search for cheaper photovoltaics has sparked research in finding alternative materials to
crystallinesilicon (c-Si) as well as different solar keonfigurations to maximize efficiency

and reduce fabrication costs. Quaternary chalcogeideparticlebave been on the forefront

of this endeavourCoppefbased metal chalcogenides have shown tremendous promise, with
the flagship Cu(ln,Ga)S€CIGS) solar cells achieving an efficiency greater than 24% [1].
More importantly, these solar cells employ thin film technolaggias such are cheaper than
c-Sito make [2]. However, the disadvantage of CIGS is the use of rather less abundant elements
such asndium and gallium. To circumvent this, zinc and tin have been used as substituents to
form CwZnSnS (CZTS), CuZnSnSe (CZTSe) and the mixechalcogenCuwZnSn(SSe.-x)4
(CZTSSe) [3]. The Zn and Sn based solar cells unlike CIGS that employstaikdthn film
fabrication methods, use solutibased methods such as spoating, dip coating and drep
casting [4]. CZTS and its derivatives are part of the emerging photovoltaics. They have been
used as active layers in inorganic solar cells as well as coeletgrodes in dysensitized

solar cells (DSSCs) [5, 6].

In general, a DSSC comprises a nanocrystalline titanium dioxide)(Wigich is modified by

a Ruthenium dyefabricated on a transparent conducting oxide (T&@h as ITO/FTO, a Pt
counter electrde (CE), and an electrolyte solution with a dissolved iodide ion/triiodide ion
redox couple between the electrodBse best DSS has achieved an efficiency of just under
12% [7]. The modest efficiency can be balanced by further reducing the price &G D&

can be achieved by replacing some of the components. Platinum is an excellent electrocatalyst,
however, as well known, it is an expensive material. Several studies report on the use of CZTS
and its derivatives as CEs in DSSCs. Malal. reportedon the syntheses of PMPZTS and
CA-CZTS nanofibers used as CEs in DSSCs and they showed a power conversion efficiencies
(PCE) of 3.10% and 3.90%, respectively [8]. Mokurala angvotkers also reported on the

use of various morphologies of hydrothermalythesized CZTS as CEs in DSSCs. The PCE

of thenanoparticlesvere found to range from 7.4% to 7.8% [9].
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To further modify the properties of CZTS and potentially increase the efficiency in solar cells,
researchers have sought out to replace the magavehtion, divalent cation and the metal

with a +4 oxidation state. The general formula for the copper chalcogenide quaternary
nanoparticles idll-1V-Vla. In this regard, AZnSnS, CwFeSng and CuZnGeSand many

other variations have been report®dlfl]. Common to all these modifications is the use of
transition metalsThe use of transition metals together with the substitution of the II, IV. VI
elements and doping these material with alkali material has reached stagnancy with regards to
the PCE (le. 12.31 12.6 %).Herein,the use of an alkali metal lithium (Li) as a reqgeent

for the monocationic coppes proposed Lithium has shown high conductivity in battery
applications; as such, the premise is theZh&nS (LZTS) can potentially be a good candidate

for solar cells. A few studies on LZTS report on the setate synthetic method [12, 13}he

use of solidstate methods has been successful however, this method uses extremely high
temperatures in the range®D 2000 °C which has the potential to decompose the desired
compound the reaction times are from a qbel of hours to several days andequires an
extensive amount of enerd¥4]. Herein, the colloidal synthesis of LZTS nanoparticles and
their use a€Es in DSSCare reported for the first tim&he colloidal synthesis method applied

in this study used temperatures in the range of 2@20 °C for less thanthree hours.
Nanoparticles have different properties than their bulk counterparts due to quantum
confinement effects. These include tunable band gap, multiple exciton generation and

thermalization of excited statesH|1

4.2. Experimental section
4.2.1 Materials

The chemicals used in this synthesis are the same as those used in Chapter 3 with the exception
of the monovalent cation precursors. In this cas®jum chloride (LiCl, 99.98%), lithium
acetylacetonate ((&cag, 99.95%)and lithium sulfide (LiS, 99.98% All chemicals were

purchased from Sigmaldrich andused without any further purification.

4.2.2 Colloidal synthesis of LZTS nanopatrticles
The hot injection colloidal method was used to synthesize the nanopatrticles. Oleylamine (OLA
T 10 mL) was heatetb 100 °C while stirring under nitrogen gas. This served as a purging

process of the solvent/surfactant. At 100 °C, the constituent precursors were added following
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a set sequence tabulated in Tahle After the addition of the last precursor, the terapee

was raised to20 °C and held for 45 min. The mole ratio of the precursors were varied to give
al1l:1:1:1 and 2:1:0.25:2 Li:Zn:Sn:S samples across all three reactions. Then resultant particles
were then flocculated using ethanol, recovered by cegéiion at7000 rpm and dried at room

temperature.

Table 4.1: Synthetic procedure of LZTS

A A
Reaction A OLA == ZnCl, ==>SnCl-5H,0 ==+ S =—>[iC|
100 °C 220°C
. A AL AL A
Reaction B OLA To0C Li(acac) ZnCl, SnCI-5H,0 20t S
A A A A
Reaction C OLA =——>1i,5 > ZnCl, == SnCl-5H,0 =5
100 °C 220°C

4.2.3 The process of thedbrication of dye-sensitized solar cells
Counter electrode fabrication
The same methaased in Chapter 3 was followed. In this instance, th8 Ri1:0.25:2 sample

was used.

Photo-anode fabrication

The same method used in Chapter 3 was followed.

Device assembly
The same method used in Chapter 3 was followed.

4.2.4 Characterization

The sane characterization techniques as in Chapter 3 were used. HowsxeRatnan
spectrum was obtainegsing the 785 nm excitation laserln addition, slid-state’Li MAS
NMR experiments were performed oria 8T Bruker AVANCE 11l 500 MHz spectrometer
(Uuo = 194MHz for ’Li) using a Bruke#.0mm solidsprobeobtained using the one pulse MAS

sequencat a spinning speedteof 12 kHz.
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4 .3. Results and kcussions

4.3.1 Structural characterization of LZTS nanoparticles

Shown in Fig4.1 are the XRDpatterns of LZTS synthesized using different lithium precursors
and at different precursor ratios and the standard reference pattern for stannite. The LiCl and
Li(acac) sources at both mole ratio configurations did not match perfectly with the reference
patern suggesting the presence of impuriiesh as some unreacted material and/or unknown
and undesiredrystal phasecombinationsHowever as the source was changed t& | the
2:1:0.25:2 ratio matched perfectly with the reference pattern, howevetl rpdarzes were
diffracted suggesting preferred orientation. Because there is no reference pattern for PMCA,

the calculation for the lattice constants waslertaken using equati@m.

—LiCI_LZTS (2:1:0.25:2) — Li(acac)_LZTS (2:1:025:2)

— Li(acac)_LZTS (1: 1:1:1)7

—LiCI_LZTS (L1:1:)
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Fig. 4.1: X-ray diffraction patterns of LZTS nanoparticles synthesized using different
lithium sources (LiCl, Li(acac), Li2S) at different precursor ratios (1:1:1:1 and
2:1:0.25:2).
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The LZTS(Fig. 42) crystallizes in similar structures as CZTS and CZTSe, the kest€8te (

space group 14), stannit&T, space group 142m), or primitive mixed @w (PMCA; space

group P42m) crystal structuras discussed in Chapter 2 (i.e. section 2.2.5). Notably, a lengthy
optimisation process was conducted to determine the best order and precursor for the synthesis
of LZTS. However, only the final reaction order for each precursor is reported on and
summarised in Table 4.1. The lithium chloride and lithium acetylacetonate precursors were
selected based on the successful studies conducted withtased quaternary material.
Conversely, the lithium sulfide precursor was selected based on thestsddicsynthesis of

LZTS [12, 13] and it was thus incorporated in the colloidal synthesis discussed herein.

X WX ),(; -
R R ke

Kesterite Stannite PMCA

Fig. 4.2: the kesterite, stannite, and PMCAstructur al representationsfor LZTS.

The lattice constants a, b and ¢ were determined fdri e LZTS (2:1:0.22) nanoparticles
becaise that was the only sample tmatthed the standard referenpattern. The laice
constants were determined using the XRD experimental data and equatidhezalculatel
experimental valuearetabulated in Table 4.@cludingthe single crystal LZTS materialor
structural comparisorthe lattice constants of k5 _ L Z T S suggeshg aPMCA crystal

phase The most common structure in CZTS is the kesterite phase and the stannite phase is
readily observed. The possible reason for the formation of PMCA structure for LZTS is due to
the difference in atomic radii of Cu (128 pmmdaLi (152 pm). In addition, transition metals

(Cu) are harder than alkali metals due to the number of unpaired electrons in their valence

shells as such this might promote the distortion of the tetragonal structure in LZTS.

O
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Table 4.2 Lattice parametersof tetragonal LZTS structures.

Structure a=b (A) c (A cla Ref.
Single Crystal (KS) 5.455 10.826 1.985 [B]
LioS_ LZTS (exp) 7.222 11.199 1.551

4.3.2.Morphological characteristics of LZTS nanopatrticles

The TEM images of LZTS synthesized using different lithium sources and different mole ratios
are shown in Figd.3. The LiCl based nanopatrticles were gtsgierical, polydispersed and
agglomeratedA slightincrease in size was observed as the concentraias increased. The
Li(acac) based nanopatrticles were very small, forming agglomeratedlideudorphologies.

No visible changes were observed with the change in ratios. P8ealkrived particles were
small quasspherical nanoparticles, very wellspersed. A marginal increase in size was

observed with the change in the ratios.
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Fig. 4.3: TEM micrographs of LZTS nanoparticles synthesized using different lithium
sources (LiCl, Li(acac), LeS) at different precursor ratios (1:1:1:1and 2:1:0.25:2).

4.3.3.XPS analysis of LZTS nanoparticles

Similarly to Chapter 3, XPS was uséthe survey spectra fdhe particles synthesized with

different lithium sources and mole ratios are shown in &#. The spectra shathe same

electron configurations of all present elemer$ the LZTS apart from lithiumfor the
LiCl_LZTSand Li(acac)LZTSNPs The Li peak observed for the S NPs is also extremely

small relative to the other elements. This is beca(R8 has very low sensitivity towasd

lithium, as it is a small atomic number. The C 1s, N 1s and O 1s observed in all the spectra is
attributed to the capping agent OLA and its oxidatid).[Ihe scan survey spectra shows just

a brief overview of the ciherdidcuss aachrlensedt, thel e me
high solution spectra are explored in more detail below.
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Fig. 4.4: XPS survey spectra of LZTS nanoparticles synthesized using different lithium
sources (LiCl, Li(acac), Li2S) at different precursor ratios(1:1:1:1 and 2:1:0.25:2).

The Li 1s highresolution spectrgdFig. 4.5) of the LZTS nanopatrticles synthesized using
different lithium precursors at different ratios. For all the samples, lithium was detected. The

high-resolution spectrum is more sensitieelow concentrations as compared to the survey
spectrum. Metallic lithium (1% and LiS were detected for all sampld$]. The intensity of

the LS derived particles (2:1:0.25:2) ratio was much high then the rest and this may be
indicative of the formation of LZTS.It is worth noting that the intensity is based on difference
between the origins of each peak to the highest pbims. isin agreementvith the observed

XRD results.
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Fig. 4.5: Li 1s high-resolution spectra of LZTSnanopatrticles synthesized using different
lithium sources (LiCl, Li(acac), Li2S) at different precursor ratios (1:1:1:1 and
2:1:0.25:2).

Shown in Fig4.6 are the Zn 2p, Sn 3d and S 2p highkolution spectra of LZTS nanopatrticles
derived from the diffenat lithium sources at 2:1:0.25:2 precursor ratios. The Zn 2p spectra for
the LiCl source showed a doublet which was deconvoluted into two peaks located at 1045.4
eV and 1022.3 eV with a peak separation was 23.06 eV ascribed to thep2nies.
FurthermoreSn 3d cordevel spectrum illustrated two peaks which were deconvolutecsio 3d
(495.2 eV) and 3 (486.7 eV). The peak separation of 8.41 eV was attributed to tHe Sn
species. The highesolution spectrum of S 2p showed two peaks which were each
demnvoluted to further two peaks. Boths2@mnd 2p;. doublets were associated with the'S

species. Generally, similar results were observed for Li(acac) a®l derived LZTS
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nanoparticles, apart from the Zn 2p spectrum of Li(acac) that showed doulletgotets still
attributed to the Z& ions and the S 2p spectrum of&ithat showed a presence of.3Pecies.
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Fig. 4.6: Zn 2p, Sn 3d, S 2p higkresolution spectra of LZTS nanoparticles synthesized

using different Li2S at different precursor ratios 2:1:0.25:2.

4.3.4.NMR analysis of LZTS nanopatrticles

To further confirm the formation of LZTS/Li MAS NMR spectra of the different lithium
precursors used and the corresponding LZTS nanoparticles are showrii.Hige signature
lithium peak was observed in the commercial precursors LiCl, Li(acac) s®diR3 ppm

[17]. The peak was also observed in the corresponding LZTS nanoparticles though slightly
shifted. The shift confirming the coordination of Notably the peaks observdéwm the
SSNMR spectra indicate the local chemical environment surrounding the nucleus of interest.
A single peak indicates a single local environment and two or more peaks indicate plural
environments. Therefore, it is worth noting that the lithium means are hygroscopic in

nature. Therefore, the two peaks observed for tbfe &nd Li(acac) precursors could be due to
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the adsorption of moist air during the packing process of the material into the rotor. This

phenomenon was not observed with LiCl dugg@eemingly more stable nature.

Li,S_LZTS

Li,S

%

LiCl_LZTS
LiCl JL

10 5 0 5 -10
Chemical Shift /ppm

Fig. 4.7: 'Li MAS NMR spectra of the LiCl, Li(acac) and Li2S and the corresponding
LZTS spectra.

4.3.5.Absorption analysis of LZTS nanoparticles

Similarly to Chapter 3 he organic ligand that caps the nanopatrticles forms an integral part of
the LioS_LZTS structure Therefore, to identify the nature QfLA, FT-IR, XPS,and liquid

state NMR(Fig. 4.1Si Fig.4.113 were employed [, 16]. The optical properties of the LZTS
nanoparticles synthesized using different precursors and ratios are showrdiB.Hie band

gap for 1:1:1:1 LiCl, Li(acac) and 1$ derived particles were 2.42 eV, 2.39 eV and 3.09 eV
respectively and as the ratio was changed, the band gaps were 33.33®¥®V and 3.14 eV,
respectively. The band gap for LZTS nanopatrticles derived fre8did not change with the

change of ratio.
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Fig. 4.8: Tauc plots derived from UV-vis absorption spectra of LZTS nanoparticles
synthesized usinglifferent lithium sources (LICl, Li(acac), Li2S) at different precursor
ratios (1:1:1:1 and 2:1:0.25:2).

4.3.5.Raman analysis of LZTS nanopatrticles

Based on the XRD, TEM, XP&hd the NMResultswhich confirmed the desired crystal phase,
morphology, chemical composition and the chemical/electronic environment of the quaternary
NPs for solar cell applicationthe best sample was evidently the LZTS nanoparticles
synthesized from kB using a 2:1:@5:2 Li:Zn:Sn:S ratio(see appendix: Fig. 4.12S for
LiICl_LZTS and Li(acac) LZTS Raman spectrdenceforth, all the characterization and
application were based on this sample. Shown irdB8gs the Raman spectrumlagS LZTS.

A prominent peak at 318 chattributed to the Amode of the tetragonal PMCA structure was
observed18]. Additional peaks at ~248 ctrand ~330 cmti 363 cm' were attributed to the

B> and A modes, respectivelylP]. This further confirmed the formation of LZTS.

Furthermore,ite Raman analysis showed no evidence of secondary phases.
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Fig. 4.9: Raman spectrum of LZTS nanoparticles synthesized using £$ and 2:1:0.25:2

ratio.

4.36. Application of LZTS as a counter electrode in dyesensitized solar cells

The LZTS nanoparticles synthesized from&i(2:1:0.25:2) were drepasted onto a glassy
carbon electrode to investigate the eledatalytic activity towards the reduction of the
triiodide ions(Fig. 4.10) Similarly to Chapter 3,he threeelectrode systenemployed to
conduct cyclic voltammetry measurements resulted in cyclic voltammograms (T\édpt

and LZTS peak current values were 3.53 and 3.16 mAamd the B, values were 0.33 and
0.61 V, respectively (Tabld.3). Similarly, to the CZTS and CZTSEEs, he higher peak
current and lower §g values suggest better catalytic performance and larger reduction velocity
[20]. The Redshift observed around the lower potenisahdicative of the poor reversibility

of the reaction.
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Table 4.3: CV and EIS parameters from the LZTS counter electrodes drogcasted on

glassycarbon electrode

Counter Electrode Epp Jsc Rs Ret
V) (mA.cm?) (ohm) (ohm)
Pt 0.33 3.53 T T
LZTS 7 GC 0.61 3.16 81.6 451
3
14 x10 14 300 : : : :
12 ——Bare GC 112 2804 @ BareGC °
—pt 2604 @ LZTS
104 ——LzTs 410 240 Calculated
E 5] 1g & 20
8 S 2007
é 6 16 g 180
g =, =160
b 4 14 3 -E 140
5 24 12 & ;120-
S 7 100
5 198 o
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3 3 40 g
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Fig. 4.10: Cyclic voltammetry of Pt and LZTS at a scan rate of 50 mV's, Nyquist plot of
the EIS for the symmetric cell with LZTS on GC and the electrochemical equivalent

circuit.

Similarly to Chapter 3, EIS measurements were performed gymgnetrical dummy cells
with two identical electrodesnclosinghels' /I" electrolyte undenorilluminatedconditions.
Fig. 4.11 shows the Nyquist plots of Pt and LZTS as well as the equivaleatrochemical
circuit whose impedance components and abbreviations have been expl&hegter 3The
two key parameters,sRnd Ry, are summarized in Tabde3. The high R value wa indicative

of the poor charge transfer.
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Fig. 4.11: Nyquist plots of EIS for the symmetric cells with Ptand LZTS on ITO and FTO
substrates, Tafel plots of Pt and LZTS electrodes on ITO and FTO substrates.

Similarly, the effect of the substrate on the electrocatalytic properties of Lx&®
investigated after the NPs were dicgstedonto ITO and FTO substrates and used in EIS and
Tafel plot measurements. The same equivalent circuit model was observed for the symmetrical
cell EIS measurements as that of the GC as shown i Hifj. The R and Rt values for Pt

and LZTS on both ITO and FTO are reported in TdbleWhen using ITGas a substrate, Pt
had the lowest Rvalue as compared to the FTO substrate. Similarly, LZTS had a loywer R
value when the substrate was ITO. The lowevdues for Pt for both substrates compared to
LZTS suggests that Pt is more conductive. The chaegesfer process represented by the
diameter of the semicircle on the high frequency region reflected onthelles. Lower R
values are sougfdfter because they lead to highgrahd FF values. Changing the substrate
to FTO resulted in highersRndRc: values as compared to ITOnce again, it was observed

that usingFTO for solar cellsmight result in poomperformance The varied performance can
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be due to a variety of reasons, with one possible reason being the possibility of better adhesion
of the NPs to the ITO substrate as opposed to the FTO substratefilirhianalysis (i.e.
SEM/AFM) could be done to further confirm this hypothesis.

Table 4.4. Electrochemical performance parameters obtained from EIS & Tafel

polarization plots based on LZTS nanoparticles on ITO and FTO substrates

Counter Electrode Rs Ret Log Jo Log Jim
(ohm) (ohm) (mA.cm?) (mA.cm?)

Pti ITO 78.7 282 -4.34 -4.45

LZTS 7 ITO 1394 396 -4.49 -13.5

Pti FTO 85.5 4.8 x16 -5.57 -5.48

LZTS 7 FTO 267.6 25x 16 -8.29 -15.4

The Tafel polarization curves are depicted in Big.1 where the interfacial chargeansfer
properties of the symmetrical dummy counter electrodes cells are stiuhidrly to chapter

3, thed and Jm are reportedThe § value of LZTS ITO was comparable to the staibthe

art Pt suggesting good electrocatalytic activity. Tievdlue of LZTS using the ITO substrate

was however smaller than Pt indicating lesser catalytic activity. Conversely,ahd Jm of

LZTS usihg the ITO substrate were higher than the corresponding FTO, further suggesting that
ITO should be the substrate of choice.
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4.37. Device fabrication: dye-sensitized solar cells
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Fig. 4.1: DSSC setup, banddiagram and J-V curves of DSSCs of LZTS on ITO and FTO

substrates.

In the same wayhe LZTS nanopatrticles were then used as CEs in DSSCs. Shown4iiZig.

is the solar cell architecture, band structure and the resultant current deftsige (JV)

curves derived from the two substrates. The performance of LZTS was compared against the
stateof-the-art Pt electrode, however, it must be noted that theseefevequirefurther
optimization. The results are also summarized in TaBleSimilarly to the CZTS and CZTSe

study, t was observed that trehangein substratenfluencedthe overall performance of the

solar cell. The ITO substrate performed marginaktter than the FTO substrate, although
consistent with the electrochemistry data, the degree of change was lower than expected. This
is strongly indicative of the need for optimization of the fabrication process. Also notably from

Fig.4.12 and the datan Table4.5 are the low FF values across all samples. The low FF values
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are due to the highsRralues and low shunt resistancesjRralues that are caused the

increasedecombination atheinterface of the DSSCs 1P

Table 4.5: J-V parameters of DSSCs of Pt and LZT®n ITO and FTO substrates

Counter Electrode Jsc Voc FF PCE
(mA.cm'?) V) (%) (%)

Pti ITO 13.38 0.95 52 6.57
LZTS 7 ITO 12.93 0.92 19 2.26
Pti FTO 13.55 0.94 25 3.12
LZTS 7 FTO 12.67 0.87 20 2.19

4.4.Conclusions

LZTS nanoparticles were successfully synthesized for the first time using taeldibon
method. Varying the lithium source from LiCl to Li(acac) angSLand the Li:Zn:Sn:S ratio

from 1:1:1:1 to 2:1:0.25:2 resulted in a formation of LZh&8noparticles with varying
properties. The LiCl and Li(acac) derived particles, irrespective of ratios used resulted in the
formation of impuritiegi.e. unreacted material and/or unknown phaass)bserved from the

XRD patterns. The XPSLi MAS NMR andRaman spectroscopy confirmed the presence of
lithium and the formation of LZTS. The 4S source, and the 2:1:0.25:2 ratio, resulted in the
purest particles as such were used as CEs in DSSCs for the first time. Two types of substrates
were utilized, namglITO and FTO. The LZTS were used successfully as electrocatalysts in
DSSCs. Using different substrates resulted in different PCEs. LZTS nanoparticles on ITO gave
the best performance with 2.26% PQle PCE ixomparabldo the 3.62% of CZTSL.01%

of CZTSe and.57% ofPtreported in Gapter 3Furthermorethe PCE of CZTS was reported
at0.668% by Katagiriet al.[22] and this increased tb.61%reported byMoritake et al.[23].

The LZTS material illustrates a higher PCE when comperdte first reporte CZTS PCE
values. This suggests that thergiisatpotential in the LZTSnaterial as a Cb reach and/or
surpass the current reported PCE vslioe quaternaryNPs It must be noted thdurther
optimizationis still required. Nevertheless, we hawkemonstrated that LZTS can be used as
CEs in DSSCs.

112



References

[1] N. E. . Boukortt, S. Patan®ptik, 218 (2020) 165240.

[2] V. ProbstW. Stetter W. Riedl, Thin Solid Films387 (2001), 26267.

[3] P. Chawla, S. Jain, P. Vashishtha, M. Ahamed, S.SNarma,Superlattices and
Microstructuresl13 (2018) 50509.

[4] K. P. Mubiayi, D. M. G. Neto, A. Morais, H. P. Nogueira, T. Emilio de Almeida Santos, T.
Mazon, N. Moloto, M. J. Moloto and J. Nei Freitdgaterials Chemistry &Physcs, 242
(2020) 122449.

[5] S. Chen, A. Xu, J. Tao, H. Tao, Y. Shen, L. Zhu, J. Jiang, T. Wang and LAE&h
Sustainable Chemistry Engneering3 (2015) 2652659.

[6] K. Mokurala, A. Kamble, C. Bathina, P. Bhargava and S. MallMiterials Today:
Procealings 3 (2016) 1778.784.

[7] M. Gratzel,Curr. Opin. Colloid Interface Sciencd (1999) 3141.

[8] S. S. Mali, P. S. Patil, C. Kook HongCS Applied Materials & Interfaces§,(2014) 1688
1696.

[9] C. Ma, H. Guo, K. Zhang, Y. Li, N. Yuan, J. Dingaterials Letters207 (2017) 202212.

[10] Sharadrao A. Vanalakar, Pramod S. Patil, Jin H. 9olar Energy Materials and Solar
Cells 182 (2018) 20419.

[11] S. Sahayaraj, G. Brammertz, B. Vermang, T. Schnabel, E. Ahlswede, Z. Huang, S.
Ranjbar, M. Meus, J. Vleugels, J. PoortmanSplar Energy Materials and Solar Cells
Volume 171, 2017, 13641.

[12] J. W. Lekse, BM. Leverett, CH. Lake, JA. Aitken, Journal of Solid State Chemistry
181(2008) 321-B222.

[13] A. Lafond, C. GuillotDeudon, J. VidalM. Paris, C. La and S. Jobloprganic Chemistry

56 (2017) 2712721.

[14] Y. B. Smida, R. Marzouki, S. Kaya, S. Erkan, M. F. Zid, A. H. HamzdotechOpen
(2020) t16. DOI: http://dx.doi.org/10.5772/intechopen.93337]

[15] L. F. E. Machogo, PlTetyana, R. Sithole, S. S. Ggoba, N. Phao, M. Airo, P. M. Shumbula,
M. J. Moloto and N. MolotoApplied SurfaceScience 456 (2018) 97379.

[16] R. K. Sithole, L. F. E. Machogo, M. A. Airo, S. S. Gqoba, M. J. Moloto, P. Shumbula, J.
Van Wyk and N. MolotoNew burnal ofChenistry, 42 (2018) 3048049.

[17] A. Boulant, P. Maury, J. Emery,-¥. Buzare and O. Bohnk€hemistry of Materials21
(2009) 22092217.

113



[18] A. Alanazi, F. Alam, A. salhi, M. Missous, A. Thomas, P. O'Brien and D. Lewagal
Societyof Chemistry Advanc® (2019) 2414&4153.

[19] D. B. Khadka, J. KimJournal of Alloys and Compounds38 (2015) 103.08.

[20] V. Murugadoss, J. Lin, H. Liu, X. Mai, T. Ding, Z. Guo and S. Angahidmoscale11
(2019) 17579175809.

[21] X. Qian, H. Li, L. Shao, X. Jiang and L. HOACS Apgkd Materals Interfaces 8 (2016)
2948629495.

[22] H. Katagiri, N. Sasaguchi, S. Hando, S. Hoshino, J. Ohashi, T. YdBotar Energy
Materials and Solar Cel|s49 (1997) 40#414.

[23] N. Moritake Y. Fukui, M. Oonuki, K. Tanaka, H. UchikRhysica Status Solidi , &
(2009) 12331236.

114



CHAPTER 5

The effect ofNa-based precursors in the novel colloidal
synthesis ofNa;ZnSnS, quaternary semiconducting
nanocrystals and its application in dyesensitized solar
cells

5.1. Introduction

The development of renewable energgasightafter because of the environmentally friendly
nature and longerm sustainability. The Gbased quaternary semiconducting material have
emerged from the chalcopyrite absorber layer mat&idh-«GaSe (CIGS). The power
conversion efficiency (PCE) of CEshas led to the further development of the popular CZTS
and its derivatives, which are among the emertiing generatiorphotovoltaics. To date, the

use of alkali metals (K, Li, Na, Ca) have been used as dopants in the fabrication of solar cells
[1-3]. The incorporation of alkali metals has shown significant improvement in the optical,
crystallization, morphological and electrical properties of thd&sed quaternary material [4,

5]. Among these alkali metals, the incorporation of sodium has beenticUtarinterest.

The rudimentary method that was first reported in the incorporation of sodium was through the
use of soddime glass(SLG) [6]. The diffusion of the sodium from the SLG to the-Gased
material, enhanced the electrical properties ofsthlar cell device. In recent years, to better
understand the type of sodium (NaCl, NaF) that can be utilized, the amount and/or
concentration of sodium required in the fabrication of solar cells and the effect it has on the
composition of the Glrased matgal has been studied{8]. The studies have focused on the
diffusion methods, prreatment, irsynthesis and posteatment of Na in solar cells. The
diffusion method supplies minimum amount of Na and shows minimal effect in the efficiency
of the solar cells. On the other hatle pre, in-synthesis and posteatment of Na has resulted

in the impact of morphology, increase in grain size and growth in the crystal of thas€d
material. Werneet al. has reported that improving the open circuit voltage)(Vesulted in

an ircreased conversion efficiency [9]. In addition, doping has shown to improve film
conductivity of quaternary semiconducting material and prevent the formation of impurities

such as secondary/ternary phases which are known to hinder the electrical peddithanc
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The presence of Na has been reported to enhance crystallization and grain size regardless of
the method it is introduced into the quaternary material/device fabrication. Therefore, the
improvement in the crystal structure could help increase tivgeety of solar cells [8]. In this

work, the replacement of Cu with Na, as an ealiindant element with excellent electrical
conductivity is proposed The premise to develop PENSnS nanoparticles can vyield
promising semiconducting material for applion in photovoltaics. Thus far, the synthesis
NZTS has conducted using sebthte method only [10, 11]. Herein, , the colloidal synthesis

of the chalcopyritedype of NZTS nanopatrticless reported for the first timeThe colloidal
synthesis of NZTS isargeted to provide an improved crystallite structure of NZTS for its

potential use as a counter electrode (CE) ingbyesitized solar cells (DSSCs).

5.2. Experimental section

5.2.1 Materials

The same chemicals in Chapter 3 were used except for the nhemovation precursors. In
this case,sodi um chl ori de ( 9080%)| sodium nstife conahydsate O
(NaS-9H0, ©98%). All chemicals were purchased from Sigma Aldrich and used without
further purification.

5.2.2 Colloidal synthesis of N&ZnSn$; nanoparticles

The methodology for the synthesis of NZTS was similar to that of LZTS reported in Chapter
4. Briefly, 10 mL of OLA was heated to 100 °C, while stirring under nitrogen gas. At 100 °C,
the constituent precursors were added following a set seguabulated in Table 1. Following

the addition of the third precursor, the temperature was raised to 220 °C. At 220 °C, the last
precursor was added and held for 45 min. The mole ratio of the precursors were varied
extensivelyto yield 1:1:1:1 and 2:1:8:4 of theNa:Zn:Sn:S samples for both reactions. The
resultant particles were then flocculated using ethanol, recovered by centrifugation at 7000 rpm
and dried at room temperatufi@vo Naprecursors namely sodium chloride (NaCl) andium

sulfide nonahydate (NaS-9H0) were used for this study.
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Table 5.1: Synthetic procedure of NZTS

Reaction A OLA=2—p NaCl ===p ZNC} =mmp SNCI-5HD mtep S
100cC 220cC

ReactionB  |OLA=—a=p ZNC} mmmp S === Na,5-9HO === SNCI-55D
100cC 220cC

5.2.3 Device fabrication of the dyesensitized solar cells

Counter electrode fabrication

The same method as in Chaptevas followed. However, the N&2:1:0.5:4sample was used.

Photo-anode fabrication
The same method as in Chapter 3 was followed.

Device assembly

The same method as in Chapter 3 was followed.

5.2.4 Characterization

Thesame characterization techniques aShiapter 3vere used. However, the sclithte’>Na
MAS NMR experiments were performed on a 11.8 T Bruker AVANCE Ill 500 MHz
spectrometefuo = 132 MHz for*Na) using a 4.0 mm solids probe obtained using the one

pulse MAS sequence at a spinning rate of 12 kHz.

5.3. Results and Discussion

5.3.1.Structural characterization of NZTS nanoparticles

The NZTS crystallizes in similar structures as CZCATSeand LZTS|.e. kesterite stannite,

or primitive mixed CuAu crystal phases Notably, a lengthy optimisation process was
conducted to determine the best order and precursor for the synthesis of NZTS. However, only
the final reaction order for each precursor poréed and summarised in Table 5.1. The sodium

chloride was selected based on the successful studies conducted with copper-loataite
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guaternary materialn addition, chloride is known as a good leaving group and thus, using any
chloridebased precuas is ideal. Converse)yhesodiumsulfide precursor was selected based

on thesuccessfusynthesis of liS LZTS The X-ray diffraction (XRD) of these structures are
very similar with only small distinguishing features as previously mentiomn€tdaptei3. The
kesterite phase is usually 0.2° shifted from stannite and PMCA due to the larger distortion of
the latter. The stannite and the PMCA are difficult to distinguish; however, the stannite is a

more stable phase and such it is more prevalent of thelgjo [

However, as previouslgiscussed in ChapteB and4, usingthe XRD experimental data and

the lattice constants a, b and ¢, small differences in the XRD pattern can be detected and thus
the two crystal structures can be distinguistféd. 5.1shows the XRD patterns of NZTS
nanoparticlesynthesized using NaCl and #3910 precursors, at different molar ratios and
referenced to the standard stannite pattern. Both mole ratios of theb&ks&dl precursor did

not match perfectly with the reference tpat suggesting the presence of impuritfes.
unreacted material and/or a variety of unkncawa undesiredrystal phase combinations)
However, the change in precursor te8®HO0 (which will be referred to as N&) with the
2:1:0.5:4 (Na:Zn:Sn:Spatio, matched perfectly with the reference pattern, however, not all
planes were diffracted or were accounted for, suggesting preferred orientation. The energy
difference between the PMCA and stannite phase is in the raBgaeéd//atom and cannot be
easily distinguished by just using XRD3114].
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Fig. 5.1: X-ray diffractograms of the NazZnSnSs nanoparticles synthesized with different
sodium precursors (NaCl and NaS), precursor ratios (1:1:1:1 and 2:1:0.54) and the

standard reference pattern.

Equation 2.2 and the XRD experimental data were used to determine the lattice constants a, b
and c forNaS_NZTS (2:1:0.5:4) nanoparticles because similarly & LLiZTS, it was the

only sample that matched ts&andard reference pattern. The calculated experimental values
are tabulated (Table 5.2) including the single crystahniteNZTS material, for structural
comparison.The tetragonal distortion ratio of the single crystal stannite NZTS material is
similar and comparable to that of the J8aNZTS nanoparticles. In additiorhetlattice
constants oN&@S NZTS ¢ & a PMCAogysta phaseTherefore, similarly to the

LZTS nanoparticlesthe preferred orientation of NZTS is closer to PMCA. The sligahge

in crystalline parameters could be due to the increased atomic radii of Cu (128 ppm) and Na
(186 ppm). Lithium and sodium are growme alkali metals and this suggests that the
nanoparticlexould have similar properties. In addition, transition sef@u/Ag) are harder

than alkali metals due to the number of unpaired electrons in their valence shells as such; this

might promote the distortion of the tetragonal structure in NZTS.
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Table 5.2 Lattice parameters of tetragonal NZTS structures

Structure a=b (A) c (A cla Reference
Single crystal (ST) 6.480 9.120 1.407 [10]

6.484 9.134 1.409 [11]
NasS_NZTS €xp.) 8.320 11.978 1.440

5.32. Solid-state NMR characterization of NZTS nanoparticles

To confirm the presence of sodium in the formation of NZfi$a MAS NMR was conducted.

The NaCl precursor and the corresponding NZTS nanoparticles are showrbi2 Aige?Na

MAS NMR peaks have been reported over a wide range that is between 50 @pdh. The
sodium peak was observed in the commercial NaCl precursor at 9.92 ppm, which is within
range [L5]. The NaCl based nanoparticles with the 1:1:1:1 ratio was observed to have two peaks
at 9.99 and 3.12 ppm. This suggests that, the nanoparticldsheme at least two different Na
sites.The peak at 3.1@m ould be due to oxidatioof sodium[16]. The 2:1:0.5:4 ratio of the

NaCl based nanoparticles detected one peak at 9.85 ppm. TBReNNMA' S depiatd peaks at

9.84 and 9.98 ppm for the 1:1:1:1 and 2:1:0.5:4 ratios respectively. Due to the highly
hygroscopic nature of N&-9H0, theNMR analysis could not be conducted. The slight shifts
observed in all the samples were indicatofethe presence of Nand that the individual

samples are indistinctly different from each other.
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Fig. 5.2: Na MAS NMR spectra illustrating the ratio study of NZTS using NaCl and
NazS as different sodium precursors, includinghe NaCl starting material.

5.33. XPS characterization of NZTS nanopatrticles

The XPS survey spectra (Fig. 5.3) show all the elements of NZTS with the exception of the
NaClbased nanoparticles (1:1:1:1) ratio. The evaluation of the surface also ilkistitze
elements observed namely, C, N and O because of the surfa@aAt[17]. The C 1s, N 1s

and O 1s spectra from all the NZTS nanoparticles are siowig. 5.1S to Fig. 3lS The

detection of these elements is indicative of the successful capipiing nanoparticles.
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Fig. 5.3: survey spectra of the three Na precursor sources for 1:1:1:1 and 2:1:0.25:2

ratios.

The Na 1s highresolution spectraHg. 54) illustrated the quantity of sodium for thZTS
nanoparticles including the hidden peaks not observed in the survey spectrum firaSed|
(1:1:1:1) ratio nanoparticles. The highsolution spectrum is more sensitive to low
concentrations in comparison to the survey spectrum therefore, sodiudeteated for all
samples. The 1:1:1:1 ratio NaCl and-Sased nanoparticles indicated a low concentration
of Na 1s as anticipated. The intensity of the®NaNZTS nanoparticles with the 2:1:0.5:4 ratio
was much higher compared to the NaCl_NZTS nanopest@nd this was indicative of the

presence of enough Na hence the formation of NZTS that is consistent with the XRD results.
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Fig. 5.4: Na 1s highresolution spectra of NZTS nanopatrticles synthesized fromifferent

sodium sources (i.e. NaCl and N&) at different precursor ratios.

The hgh-resolution spectra of Zn 2p, Sn 3d and Sp both 1:1:1:1 and 2:1:0.5:4 ratios of
the NZTS nanomateriare observed below (Fig.51 5.7). The Zn 2p peakillustrateda
doublet that isplit into peaks found at ~1044 eV (Zpand ~102&V (2p/2). The difference

in the split isin the range 22.39 eV 2317 eV and is ascribed to the ZrspeciesSimilarly,

the Sn 3dpeaks showed doublet, ith a split at ~494 eV (3ds2) and~485 eV (3d2). The
difference is much smaller in rang&88eV i 8.46eV. The peak separation is ascribed to the
Srf* ion speciesThe Sn 3d NaCl_NZTS 1:1:1:1 has two pairs of peaks as illustrated. The
difference between the dominant peak8.40 eVanddifference betweethe shoulderpeaks

is 8.38 eV.Both peaks are assigned toz3@nd 3d/. respectively. Theshoulder peaks are
shifted downwards due to the alignment of the energy bands at thedeteffae shoulder
peakscould be attributed to the presence of an oxide (i.e. gnlastly, the S 2p showedl
prominent peak with a shoulder pehhktis deconvolutednto 2py2 and 2p2 respectivelyThe
deconvoluted peaks are associated withsBecies The oxidation states identified for each

element are in good agreement with what has been previous observed for similar suaterial
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as CZTS, CZTSe and Ndoped CZTS 18-21]. The atomic percentages of each element are
shown inTable 5.1S 5.4S
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Fig. 5.5: The high-resolution spectra of Zn 2p NZTS.
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Fig. 5.6: The high-resolution spectra of Sn 3d NZTS.
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Fig. 5.7: The high-resolution spectra of S 2p of NZTS.

5.34. Morphological characterization of NZTS nanopatrticles

The TEM images shown in Fig. 5véere from the different precursors and mole ratios. The
NaClbased nanoparticles were mostly spherical, plidpersd and agglomerated. The
2:1:0.5:4 NaGCbased nanoparticles showed a wide range of sizes. Th8 NATS
nanoparticles with the 1:1:1:1 ratio, show some mixed morphology and agglomeration causing
the particles to appear cubic, elongated and closely packed2:T:0.5:4 ratio N& NZTS

nanopatrticles, illustrate quaspherical morphology and pedlispersed.
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Fig. 5.8: TEM micrographs of NZTS nanopatrticles synthesized from different sodium
precursors (NaCl and NaS) at different ratios (1:1:1:1 and 2:1:0.5:4).

5.35. Optical analysisof NZTS nanoparticles

The band gaps of the NaCl and-Salerived nanoparticles were determined through optical
absorption spectroscopy. The Tauc plots were derived frofvidgpecta (Fig. 59) show the
extrapolated band gap values for 1:1:1:1 and 2:1:0.5:4 ratio-ba&®ld nanoparticles were
1.36 eV and 2.62 eV respectively. On the other hand, th&-bised nanoparticles illustrated
3.04 eV and 328 eV band gaps for 1:1:1:1 and D5:4 ratios, respectively. The p&a
nanoparticles depict wider band gap values in comparison to NaCl derived nanop¥idxes.
band gap semiconductors are reported to have desirable properties such as high electron
saturation velocity and high electbceakdown field 22, 23]. The wide band gap material can
be applied under high temperature (i.e. ~3CG0compared to the maximum of ~100 of
silicon material), power, frequency and ardiation environments [22, 23] making the
NaS_NZTS material vergesirable for the application of solar cells in harsh environments.
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Fig. 5.9: Tauc plots of NZTS nanopatrticles using NaCl and N& precursors with varying
mole ratios (1:1:1:1 and 2:1:0.5:4).

5.36. Raman characterization of NZTS nanoparticles

In light of all the above characterization resultsdathe complete transformation of the
precursors intoNZTS, the NaS_NZTS (2:1:(6:4) nanoparticles were used for further
characterizatiorfsee appendixFig. 5.8S forNaCl_NZTS) The Raman spectrum illustrated
below, further confirmed the crystal structure of the nanoparticles. Fd.0 illustrated a
prominent peak at48 cni!, whichwas withinrange ofstannite crystal structure(. The
additiond Raman peaks, deavoluted a288 cm?, 307 cmt and 387cmi? belong to the A
mode, the316 cm! and 364 cm! belonged to the B mode and the 336m™ and 376cm?
belongdto the E mode [4.
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Fig. 5.10: Raman spectrum ofNa:S_NZTS 2:1:0.5:4 ratio nanoparticles using the 785 nm

laser.

5.37. FT-IR and liquid -state NMR of NZTS nanoparticles

The organiacappingligandwas determined using XPS, AR and NMR [16, B]. From FTF
IR, the main functional groups were identified tiee pure OLA andNZTS nanoparticles
Similar to Chapter 3 he observedunctionalgroups werghe C=C, CH/CHs and NH. Fig.
5.5S showedthe spectra of OLA with théN-H stretch at 3376 ¢y the NH bend at 1617 cm
! the GH stretchwere foundat 3002cm?, 2923cm?, 2849 cm' and the GH bend at 1465
cm®. Theintensity ofN-H bend/stretciwas diminisheddue to the high intensity of the-i€
bend/stretchThe OLA-cappedNZTS nanoparticles shad peaks in the range 28493002
cmi? region, that areharacteristic othe oleyl grougbut no peak was observati 3300 crit
due to the NH stretch. Thissuggestghe successful capping of OL#rough the amine,
henceforth the weakening of the signal. The peaks observed in the @G0O@gion were

attributad to overtones

NMR spectroscopy was done to elucidate the capping agent. The NMR spectra are shown in
Fig. 5.6SandFig. 5.7S The summary of the results is tabulated in TalBeAll protons and
carbons were accounted for in the pure OLA as obseroad the!H NMR and**C NMR,

such that functional groups (G{€H.);CH=CH(CH);CH2NH>) are depicted on the spectrum.

The OLA was distinguished by thé&lH> (1.347 1.37 ppm) and theCH>-NH (2.5871 2.63

ppm) chemical shifts in théH spectrum and theCHx-NH; (42.27 ppm) peak in th&€C
spectrum. TheNH2 protons and theCH>-NH> protons in both the CZTS and CZTSe spectra
were diminished. This further suggested that the capping agent OLA was bound to the
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nanoparticles through the amine. @ NMR spectrdor CZTS and CZTSe further showed
the absence of th€€H>-NH> carbon peak, again cementing the conclusion that the capping
agent binds through the amine. Ne&OC C=0 or GC=0 peaks were observed in i€ NMR
spectra of CZTS and CZTSe thereby suggestiag these species were only as a result of

surface oxidation.

Table 5.3: NMR assignments for OLA and NaS_NZTS (2:1:0.5:4) nanopatrticles.

Compound H NMR (U0 ppm) B¥C NMR (U ppm)

OLA -CHs- (0.797 0.87),-CHp- (1.19i 1.23),-NH> -CHs- (14.11),-H,C-CH; (22.70), -CH-
(1.34 7 1.37), -H,C-HC=CH-CH,- (1.94 i (26.93 i 33.89), -H,C-NH, (42.27), -
2.09),-H,C-NH (2.58i 2.63),-HC=CH- (5.26 HC=CH- (129.81i 130.36)

i 5.31)
Na:S_NZTS  -CHs- (0.85i 0.90),-CH,- (1.27),-NH (1.777 -CHs- (14.27),-H,C-CHs (22.84), -CH,-
(2:1:0.5:4) 2.94),-HC=CH- (5.34, 5.38) (27.37i 32.77),-HC=CH- (130.12)

5.3.8Electrochemical characterization of NaxS_NZTS nanoparticles

The NZTS nanopatrticles where investigated as potential electrocataByatBc voltammetry
measurements were conducted using the thleerode system and the results were reported
in the cyclic voltammgrams (CVs) shown in Fig. 511
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Fig. 5.11: Cyclic voltammograms of Pt andNa2S_NZTS (2:1:0.5:4) counter electrodes

analysed at a scan rate of 50 mV/s (a), EIS plot of NZTS counter electrode on a glassy

carbon substrate (b) and the equivalent electrochemical circuit model (c).

There are two rudimentary parameters, i.e. peak mujdees1| and peako-peak separation

(Epp), Which illustrate the catalytic @ity of the electrodesTable 54 summarizes the &
values 0.44 (Pt) and 0.85 (NZTS) while thedd| values are 6.07 mA/cnand 3.88 mA/crh
respectively. The higher peak current and lowgnBIlues suggest better catalytic performance
and larger reduction velocity §2 The Red shift observed for the NZTS and Pt electrodes
towards the positive potential are indicative of good reversilafithe reactionmelative to the

bare GC

Table 5.2: CV and EIS parameters for NZTS on glassy carbon substrate.

Counter Epp Jsc Rs Ret
Electrode V) (mA.cm?) (ohm)  (ohm)
Pt 0.44 6.07 T T
NZTST GC 0.85 3.88 101.7 120
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The EIS measurement (Fig. B)lwas conducted on the glassgrbon substrate with
NaS_NZTS (2:1:0.5:4) ratio nanoparticl8he Nyquist plot exhibitsan arc (semcircle) and

the insert illustrates the electrochemical equivalent citbait was generated from fitting the
experimental data. The various symbols on the circuit represent the four impedance properties:
Rs T series resistance,«R charge transfer resistancey C double layer capacitancew 4

Nernst diffusion element. The;Represents the bulk solution resistance of the electrolyte while
the R¢is the charge transfer resistance at the CE/electrolyte interface. d.oallies are ideal
because they are indicative of good charge transfer. Moreovelry te@€sponds to edtrical

double layer capacitance, employed when a perfect-cietie is obtained from the Nyquist

plot and explains the charge storage capacity of the counter electrodes. In additian, the Z
represents Nernst diffusion that is generally employed whereadliat 45to the semucircle

at the lower frequency region. It further explains whether the interaction of the CE and the
electrolyte are diffusiomontrolled [®B]. Further EIS measurements were conducted on
symmetrical dummy cells, dregasted with two identical counter electrode material on ITO
and FTO substrates respectively. The electrodes were filled ‘@iffDelectrolyte and
measured in the dark. Similarlyy the GC substrate, the same equivalent circuit model was
observed for the symmetrical cells (Fig. 5.1
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Fig. 5.122 (a) The equivalent circuit model of Na2zS_NZTS (2:1:0.5:4) with the EIS
measurements on (b)TO (left) and (c) FTO.
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The R and Rtvalues were reported in Table 4 for Pt and NZTS nanoparticles on ITO and FTO
substrates. Pt and NZTS display lowenvRIues on ITO substrates when compared to the FTO
substrate. Regardless of the substrate, the conductive of Pt is still unmatched. As previously
charge transfer is exhibited through the diameter of the-sieae on the high frequency
region and it is iéected by the R values. For optimal device performance, lowwRlues are
desirable because they lead to high peak currept@ fill factor (FF) values. The change in
substrates from ITO to FTO showed thataRd R values increased. Thereforbetincrease

suggests that FTO based solar cells might demonstrate poor performance.

Table 5.3: Electrochemical performance parameters obtained from EIS and Tafel
polarization plots based on NaS_NZTS (2:1:05:4) nanoparticles on ITO and FTO.

Counter Electrode Rs Ret Log Jo Log Jiim
(ohm) (ohm) (mA.cm?) (mA.cm?)
Pti ITO 78.7 282 -4.34 -4.45
NZTS1 ITO 119.6 341 -5.27 -12.68
Pti FTO 85.5 4.8x16 -5.57 -5.48
NZTS71 FTO 166 1.2x10 -6.98 -13.01

TheTafel plots are depicted in Fig. 3.and the log values are summarized in Table Bx.
J and Jm values of NZTSITO weresmaller when compared to Pt, suggesting the material has
lesser electrocatalytic activityn addition the NZTS d and Jm values d the ITO substrate

were higher than FTO, which further cements the use of ITO as the substrate of choice.
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Fig. 5.13: Tafel polarization curves of Pt and NazS_NZTS (2:1:0.5:4) using dummy

symmetrical electrodes on ITO and FTO substrates.

5.3.9 Device fabrication: dyesensitized solar cells

The 3V curves are illustrated in Fig. 5.14he Pt and NZTS CEs were analysed under the

same conditions. Table 5.5 summarizes all tHeegthat further determine the performance

of CEs.
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Fig. 5.14: J-V curves of DSSCs of Pt andNa:S_NZTS 2:1:0.5:4 on ITO and FTO
substrates.
133



Table 5.4: J-V parameters of DSSCs of Pt and NZTS on ITO and FTO substrates.

Counter Electrode Jsc Voc FF PCE

(mA.cm'?) V) (%) (%)
Pt ITO 13.38 0.95 52 6.57
NZTS1 ITO 12.28 0.93 34 3.93
Pti FTO 13.55 0.94 25 3.12
NZTS1 FTO 12.46 0.67 31 2.62

Changing fromiTO to FTO substrates continues to prove that the effect of the substrate does
influence the overall performance of a device. The ITO substrate was observed to perform
marginally better than FTO substrate. Similarly to LZTS, the varied performance cae be d

to better adhesion of the NPs to the ITO substrate as opposed to the FTO substrate. As
mentioned thirfilm analysis (i.e. SEM/AFM) could be done to further confirm this hypothesis.

It was anticipated that NZTS would display more comparable resulte sidteof-the-art Pt

due to the promising electrochemical results observed however; the degree of change was lower
than expected. Therefore, the fabrication process of the device requires further optimization.
Similarly, to LZTS the FF values obtained anach lower than expected. This was due to the
high series resistance and low shunt resistang Rused by increased recombination at the
DSSC interfaces [4.

5.4. Conclusions

The NZTS nanoparticles were successfully synthesized for the firstsiimg the headdition
colloidal method. The NaCl and P& precursors with the ratios 1:1:1:1 and 2:1:0.5:4
representing Na:Zn:Sn:S resultedrarious crystallitdormatiors of NZTS nanopatrticles. The

NaCl based nanoparticles resulted in impurifies. unreacted material and/or a variety of
unknown and undesired crystal phase combinatismepserved in the XRD patterns. Tfda

MAS NMR, XPS and Raman spectroscopy confirmed the presence of sodium and the complete
transformation of the precursors int@ NS nanopatrticles. N& in the 2:1:0.5:4 ratio, resulted

in the purest particles hence, they were used as CEs in DR&@sdition, NaS precursor was

found to be the more suitable precursor due to its highly reactive nature when compared to the
NaCl prearsor. Two transparent conductive oxides (TCOs) namely, ITO and FTO substrates
were used. It is worth noting that the NZTS nanopatrticles were successfully utilized as
electrocatalysts in DSSCs. The use of different substrates resulted in varying POE&TBhe
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nanoparticles on ITO substrate resulted in the best performance and reported a 3.93% PCE.
NZTS nanoparticles have demonstrateble CE properties in DSSGswever, as previously
mentioned, further full optimization is requiredch as varying thayers of the NPs, exploring

different electrolytesnd/or dye
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CHAPTER 6

Overall conclusions and recommendations

6.1 Conclusions

The findings in this thesis report on the colloidal synthesis of quaternary semiconducting
nanoparticles CZTS and CZTSe, including the first time colloidal synthesis of &dd NZTS
nanoparticles respectively. The optical properties of the CZTS and CZTSe illustrated band gaps
of 1.3 eV and 1.8 eV respectively. While theSLZTS 2:1:0.25:2 and N&NZTS 2:1:0.5:4

ratio demonstrated wide band gaps of 3.14 eV and 3.28 e\tteghe The crystal structural
analysis confirmed the dominant formation of kesterite for CZTS and CZTSe nanopatrticles.
On the other hand, the novel LZTS and NZTS nanopatrticles exhibited a PMCA crystal phase,
which was confirmed by the lattice constaritakations.

The change is crystal phase between théb&ed nanoparticles and the alrmbktatbased
nanoparticles isttributed to the increase in atomic radii from 128 pm for Cu, 152 pm for Li
and 186 pm for Na. Further, structural analysis illusttajaasispherical(CZTS, LZTS),
elongated CZTSe) mostly spherical (NZTS) and all NPs werely-dispersed anéxhibited
agglomerated morphological properties as observed in TEM imktggsover, the surface
analysis through XPS, FIR and liquidstate NMR confirmed the successful capping of the
nanoparticles with OLA. In addition to the surface chemistry, XPS measurements confirmed
the composition and oxidation states of the nanoparticles for each element(ile."C\a’,

Zn?*, Srft, &, Sé). The \ariations in Li and Na ratiosaveobserved in both XPS and MAS
NMR measurements. Both techniques indicated that the presence and abundance of the Li and
Na monovalent cations was prevalent in theSIZTS 2:1:0.25:2 and N&NZTS 2:1:0.5:4

ratios. The cmbination of structural analysis together with the Raman spectroscopy, further
confirmed the formation of GENSnS, CwZnSnSe, Li2ZnSnS and NaZnSn$S respectively.

This study endorses that the use of the colloidal method, is effective in the synthesis of CZTS
and CZTSe including the novel synthesis of LZTS a#d 8l nanopatrticles respectively.

The electrochemical properties were investigated by cyolkammetry and electrochemical

impedance spectroscopy. The cyclic voltammograms illustrated the reduction of tiiddriio
ions, observed through the typairs of the redox peaks. The CZTS, CZTSe, LZTS and NZTS
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counter electrodes, mimicked the same slapthe statef-the-art platinum electrode, which

was indicative of good electrocatalytic activity.

Different contact substrates (ITO, FTO and VC) were explored to investigate the effect of the
electrocatalytic performance on the varied counter electrimdegpplication in DSSE The

VC was reported for the first time as a contact substrate for the CZTS and CZTSe counter
electrodes. Despite the low surface resistance, high conductivity and stability, the opaque
nature of the substrate hindered the trattamce of light thus, resulting in the lowest PCE for
both counter electrodedowever the EIS measurements demonstrated that the use of ITO, as
the contact substrate, gave the best electrochemical results for all the quaternary nanopatrticles
in compariso to FTO. The CZTSTO, LZTSITO and NZTSITO counter electrodes were
observed to have higher PCE because of the low charge trangfetofR series resistance

(Rs), large exchange current density)(&nd high limiting diffusion current (d). The
fabricated DSSCs, demonstrated that PCE of LLTS was 2.26%, followed by CZFH O

was 3.62%, subsequently, NZTBO was 3.93%. NZTSITO showed improved
electrocatalytic activity when compared to CZTS and LZTS specifically and this could be due
to the extremelistortion that NZTS can exhibit because of the large cation (i.e. 186 pm). The

increased distortion could introduce more defects that improve its electrical performance.

6.2 Recommendations

Thefull replacement of Cuwith Li* and Na alkali metals rgsectively, is rarely reported on
apart fromthe proven doping/alloying effects. However, the doping/alloying effects have
reached stagnancy and the successful colloidal synthediseoélkali metal quaternary
semiconducting nanopatrticles, introduces a nehort ofnanoparticleshat can be explored
further. Thesynthetic results using alkali metalsgether with the electrocatalytic actyw
observed in this study shopromising results as an alternative to the Pt counter electrode in
DSSCs.

Future work:

8§ Conduct Rietveld refinement calculations for a better understanding of the crystal
phases.
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To further explore the use of capping agents (i.e. hexadecylaminetfrichldro-2,2-
bis[p-chlorophenyl]ethane, oleic acid and trioctylphosphine) or the combmafio
these capping agentssize and shape engineering.
To explore the effects of ligand exchange (for shorter chdinsas been shown that
shorter ligands shorten the iMgarticle spacing hence creating channels for charge
mobility
Explore more Li |{thium sulfate) and Na (sodium sulfagadium selenite) precursors.
Optimize the fabrication of the DS3Grary the thin film fabrication.

0 A detailed study on why different substrates behave differently.

o Explore differentelectrolytes anghotoanoé (i.e. dye & electron transport

layer)components

o Vary the layers of the counter electrode material.
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