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ABSTRACT 

CH3NH3SnI3 is an environmentally-friendly (lead-free) perovskite whose 

synthesis depends on SnI2. Some disadvantages of SnI2  include high cost and 

tin(IV) contamination. Thus, SnSO4 and C16H30O4Sn are presented as cheaper 

alternatives and different synthesis conditions were studied: 110 oC/10 min, 150 

oC/10 min and 150 oC/20 min. Based on X-ray diffraction results, CH3NH3SnI3 

was successfully synthesized, being 110 oC/10 min sufficient for phase formation. 

However, annealing at 150 oC improved crystallinity irrespective of precursor 

while prolonged annealing time (20 min) was detrimental to the C16H30O4Sn-

based perovskite. Film morphology differed by type of precursor. The bandgaps 

(1.37-1.59 eV) and photoluminescence emissions (831 nm) of the samples 

characterize them as visible light active semiconductors. Because CH3NH3SnI3 

suffers from Sn2+ oxidation to Sn4+, some studies have proposed doping with 

metal cations. So far, Mn has not been tested. Thus, Mn (2% and 10% mol) doped 

CH3NH3SnI3 samples were synthesized and characterized. Mn did not disrupt the 

perovskite structure but slightly increased bandgap. Chlorine from the Mn 

precursor is not eliminated by annealing, thus could affect material properties. 

Regarding stability, Mn partially stabilized CH3NH3SnI3, indicating the need for an 

optimum level of doping. Mn doping does not seem to improve the photovoltaic 

properties of CH3NH3SnI3, but it should be noted that the solar cells were not 

optimized. Several questions about CH3NH3SnI3 cells are still open, including 

alternative TiO2 compatible with the same. Here, oxygen-deficient TiO2 powders 

were studied. Electron paramagnetic spectroscopy and X-ray photoelectron 

spectroscopy confirmed oxygen vacancy. Photocatalytic and photocurrent tests 

showed activity under visible light and an optimum level of oxygen vacancies for 

lower recombination and high charge separation, important properties for 

photovoltaic applications. 

 

Keywords: Organic-Inorganic tin perovskite; Tin halide perovskite; Mn doping; 

tin precursor; oxygen deficient TiO2; solar cell material. 
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SÍNTESE E CARACTERIZAÇÃO DE CH3NH3SnI3, CH3NH3SnI3  DOPADA 

COM Mn  E TiO2  DEFICIENTE EM OXIGÊNIO COMO SEMICONDUTORES 

ATIVOS NO VISÍVEL 

 

RESUMO 

  

CH3NH3SnI3 é uma perovskita ambientalmente amigável (sem chumbo) 

normalmente sintetizada a partir de Snl2, que apresenta algumas desvantagens 

como elevado custo e contaminação por Sn(IV). Diante disso, SnSO4 e 

C16H30O4Sn são apresentados como precursores alternativos para a síntese de 

CH3NH3SnI3 em diferentes temperaturas e tempos de tratamentos térmicos (110 

oC /10 min, 150 oC /10 min e 150 oC /20 min). A eficácia da síntese de 

CH3NH3SnI3 a partir dos precursores apresentados foi confirmada por raio-X. O 

tratamento térmico a 110 oC /10 min foi suficiente para a formação de fase, a 150 

oC/10min  melhorou a cristalinidade, independentemente do precursor, porém a 

150 oC/20 min foi prejudicial para a perovskita produzida com C16H30O4Sn. As 

energias de bandgaps entre 1,37-1,59 eV e valores de emissão de 

fotoluminescência de 831 nm confirmam que as amostras sintetizadas são 

semicondutores ativos sob luz visível. Além disso, diferentes morfologias de 

filmes foram obtidas para cada tipo de precursor utilizado. A CH3NH3SnI3 

sintetizada a partir de SnI2 foi dopada com Mn ( 2% e 10% mol de MnCl2) a fim 

de controlar a sua oxidação. A caracterizacão das amostras dopadas mostrou 

que o Mn estabiliza parcialmente a CH3NH3SnI3 contra degradação, mas não 

resulta em nenhuma  melhora do desempenho final das células solares. Além 

disso, o cloro proveniente do MnCl2 não foi eliminado durante o tratamento 

térmico, o que pode influenciar as propriedades finais do material. Observou-se 

que o Mn não alterou a estrutura da perovskita, mas aumentou ligeiramente a 

sua energia de bandgap, mas ainda são necessários estudos para otimizar o 

nível de dopagem. Várias questões sobre as células de CH3NH3SnI3 ainda estão 

abertas, incluindo o TiO2 alternativo compatível com as mesmas. Neste trabalho, 

pós de TiO2 deficientes em oxigênio foram estudados a partir da análise de 

espectroscopia paramagnética de elétrons e a espectroscopia de fotoelétrons de 
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raios-X. Os resultados confirmaram a vacância de oxigênio. Os testes 

fotocatalíticos e fotocorrentes mostraram atividade sob luz visível, um nível ótimo 

de vacâncias de oxigênio para menor recombinação e alta separação de carga, 

propriedades importantes para aplicações fotovoltaicas. 

 

Palavras chave: Perovskita orgânica-inorgânica de estanho; Perovskita de 

Haleto de estanho; Dopagem com Mn; Precursor de estanho; TiO2 deficiente de 

oxigenio; Material para célula solar.  
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1 INTRODUCTION 

The transition from conventional to renewable energy systems depends 

on the development of technologies that allow affordable large scale production 

and the use of cheap resources–being photovoltaics one of the most important 

technologies to be improved. Since the development of dye-sensitized solar cells 

(DSSC), TiO2 has been established as an important component due to its 

affordability, non-toxicity and chemical stability. Currently, DSSC have not 

attained their maximum conversion efficiency, thus research efforts have been 

driven towards light absorbing materials (sensitizers) compatible with the 

electronic properties of TiO2 [1]. 

A recent breakthrough was the development of organic-inorganic metal 

halide perovskites which consist of methylammonium coordinated with halides 

and metal cations [2][3]. Although the most studied material is CH3NH3PbI3, the 

replacement of  Pb by Sn, an environmentally-benign material (CH3NH3SnI3), has 

gained significant research attention. Several questions about this perovskite are 

still open, including the most adequate TiO2 compatible with the same. Given that 

research on perovskites is in its infancy, there is the need to explore different 

aspects of the structure and properties of CH3NH3SnI3 and TiO2, in order to 

understand how these materials can be applied in the future. 

This section presents the background for the thesis theme and associated 

research questions aimed to be answered. The first part discusses the synthesis 

of CH3NH3SnI3 and doping with manganese while the second part focuses on 

oxygen-deficient TiO2 . 

 

1.1 CH3NH3SnI3 

The drawbacks of silicon technology, such as the reduction of silicon 

dioxide, purification of silicon and wafer production, have motivated the quest for 

solution-processable solar cell technologies [4][5]. The advantages of solution 

processing include low temperature synthesis, mass production and flexibility in 

reagent choice. Some examples of emerging solution-processable solar cells 

include dye-sensitized solar cells, quantum dot solar cells, organic solar cells and 

perovskite solar cells [6]. Special attention has been given to organic-inorganic 
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metal halide perovskites, CH3NH3PbI3 (Methylammonium (MA) lead iodide) and 

CH3NH3SnI3 (Methylammonium (MA) tin iodide), due to their high charge carrier 

mobility [7], good absorption coefficients and direct bandgaps [8].  

Figure 1.1 shows the impressive evolution of perovskites (represented by 

yellow-filled red circle) since their discovery as photovoltaic materials in 2009. 

Figure 1.1 - Evolution of the efficiency of perovskite solar cells (represented by 

yellow-filled red circle), courtesy of the National Renewable Energy Laboratory, 

Golden, Colorado [9]. 

In a relatively short span of time (close to a decade), lead perovskite solar 

cells have attained efficiencies close to well-established technologies such as 

silicon and have surpassed dye-sensitized solar cells. In fact, the estimated 

theoretical efficiency of lead perovskites is about 31% [10][11] and the highest 

laboratory efficiency so far is 25.2% (2019) compared to 26.1% for single crystal 

silicon cells [9]. 

In 2009, Kojima et al. (2009) observed an improvement in the conversion 

efficiency of dye-sensitized solar cells (3.8%) when perovskites, MAPbBr3 and 

MAPbI3, replaced conventional photoactive dyes [12]. However, Li-based 
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electrolytes and organic solvents in the set-up promoted the degradation of 

perovskites. In a similar work, Im et al. (2011) utilized MAPbI3 quantum dots which 

significantly improved the conversion efficiency to 6.5% [13]. Once again, stability 

issues related to perovskite dissolution in electrolyte solution were reported. In 

2012, Kim et al. (2012) replaced the liquid electrolyte with a solid state hole 

transport material, spiro-OMeTAD (C81H68N4O8), resulting in an efficiency of 9.7% 

[14]. This change in design revolutionized perovskite solar cells. 

The expressive evolution of lead perovskites also comes with growing 

preoccupation with the environment and health. Lead can leak into the 

environment during the lifetime of the solar cell or after its disposal, especially 

because of the high solubility of perovskites in water. According to a report on the 

issue, some researchers argue that encapsulation and safe recycling can 

mitigate the risk of contamination [15]. While these methods can be feasible, 

regulations and/or standards on the management of lead in perovskite solar cells 

have not yet been established.  

In this light, possible substitutes of lead such as Sn, Ge, Bi, Sb have been 

proposed [16]–[19]. Among elements of group 14, tin makes a better substitute 

because its ionic radius (1.18 Å) [20]  is closer to that of Pb(II) (1.19 Å) [21], which 

implies minor disruption of the perovskite structure. The optical bandgap of tin-

based perovskites (around 1.3 eV) is not very far from the ideal bandgap of 1.34 

eV considering Shockley-Queisser parameters for optimum solar absorption [22]. 

Furthermore, the mobility of electrons in tin perovskites (∼2320 cm2/V·s) was 

found to be higher than lead perovskites (∼66 cm2/V·s) [3].  

Despite the advantages, tin perovskites are lagging behind lead 

perovskites as regards conversion efficiency and stability. In fact, the highest 

reported efficiency of tin-based solar cell is close to 10% compared to 25.2% of 

lead perovskites [23][9]. This gap in efficiency is rooted in three major causes: 

facile oxidation of Sn(II) to Sn (IV), poor film quality and irreproducibility. The 

instability of tin perovskites is correlated with its intrinsic chemical property. From 

the electronic configuration of Sn, [Kr] 4d105s25p2, it can assume 2+ and 4+ 

charges. The stability of its 2+ charge is determined by the reluctance of s 

electrons to partake in chemical bonds. This property is known as the inert pair 
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effect and increases down group 14. Therefore, Sn easily loses its s electrons to 

form a stable 4+ charge compared to Pb.   

Early studies show that the facile oxidation of Sn(II) to Sn(IV) disrupts the 

chemical stability, functionality and reproducibility of MASnI3 solar cells. Once 

oxidation of Sn(II) occurs, the stoichiometry of the perovskite is altered, causing 

the formation of Sn(IV), tin vacancies, tin oxides and tin hydroxides [24][25]. It is 

expected that the replacement of Sn(II) with Sn(IV) produces extra electrons (n 

doping) but experimental findings have evidenced the predominance of p doping 

[26]. This is because charge balance can be easily attained through the formation 

of  tin and/or methylammonium vacancies [27]. Furthermore, Sn(II) species can 

be lost through simple processes, such as spin coating and thermal evaporation, 

due to their vapor pressure and low tin vacancy formation energy [26].  

In general, hole doping increases carrier density often resulting in metal-

like conductivity [28] with grave consequences being high recombination and low 

efficiency [24]. Since it is very difficult to avoid the oxidation of Sn(II), the 

synthesis of tin perovskites is limited to an inert environment (glovebox), which is 

unfavorable for industrial scale production. In addition, Sn(IV) contaminants in tin 

precursors must be absent or very low [29][30].  

The most popular tin precursor is SnI2, usually available with a 99.99% 

purity [31]. A study showed that Sn(IV) species in a SnI2 commercial reagent 

(99.9%) can be quite high, about 10 wt% [29]. This finding is interesting since the 

purification of tin precursors prior to their use is not a common practice. Although 

some brands may offer a purity of 99.999%, it comes at a high cost. For instance 

in 2019, the price of 1 g of ultra-pure SnI2 (99.999%) was 150 USD compared to 

133 USD for 5 g of the same product with 99.99% purity [31].   

Non-halide tin precursors such as tin(II) octoate (C16H30O4Sn) and tin(II) 

sulfate (SnSO4) are more affordable for industrial scale production. A quick 

search on Sigma-Aldrich´s website (2019) showed that  5 g of  SnI2 cost 133 USD 

compared to 30.80 USD for 100 g of SnSO4 [32] and 27 USD for 100 g of 

C16H30O4Sn [33]. A second advantage is the ability to store these precursors 

without the need of a glovebox, highlighting them as stable sources of Sn(II). It 

should however be mentioned that tin(II) octoate is vulnerable to hydrolysis.  
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To study these materials as potential replacements of SnI2, preliminary 

research must be conducted to verify whether they form perovskites and if they 

have properties similar to their halide counterparts. Parrott et al. (2016) 

synthesized tin perovskites from tin(II) acetate in order to study the effect of phase 

transition on charge-carrier lifetime and defects [34]. The results indicate that tin 

perovskite synthesized from a non-halide precursor presents similar chemical 

properties as those synthesized with halide precursors. Besides this study, no 

research has been conducted on the synthesis of tin perovskite using other non-

halide tin precursors, for instance C16H30O4Sn and SnSO4. Thus, there is scant 

evidence on the synthesis of tin perovskites using non-halide precursors, which 

reinforces the importance of undertaking the current research. The study seeks 

to answer whether it is possible to synthesize tin perovskites with the proposed 

non-halide precursors. 

Going back to the issue of poor stability and efficiency, various strategies 

have been proposed: organic cation substitution [35], doping with metal cations 

[36], Sn compensator [37], doping with anions [30] and device architecture [38]. 

Doping is a very attractive approach because the perovskite structure provides 

three possible doping sites: organic/inorganic cation site, metal cation site and 

halide site. Given that the Sn component mostly suffers oxidation, doping at the 

metal cation site has a greater potential to modify stability of the structure.  

A growing interest in this field can be evidenced by the diverse cations 

utilized so far: Pb [25][39]–[41], In [42], Co [43], Bi [44], Sr [45][46], Mg [46], Ca 

[46] and Ge [47]–[49]. Some beneficial reports include the reduction of metallic 

property of tin perovskite through In doping [42], reduced Sn(IV) formation 

through surface passivation via Ge doping [49] and improved binding energies 

between Sn and I atoms through Co doping [43]. Clearly, each cation has a 

distinct contribution and exploring a variety of cations adds to knowledge in the 

field.  

 Manganese is an abundant and cheap transition element whose halides 

are not toxic, aligning with the environmental appeal of tin perovskites [50]. Prior 

literature indicates that manganese plays a crucial role in the phase stability of 

CsPbI3 through lattice contraction [51][52], enhanced formation energy [53] and 
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surface passivation [54].  Despite these findings, manganese has not been tested 

in tin perovskites. It is hypothesized that the reported tendencies may apply to tin 

perovskites because of similarity in structure (perovskite) and ionic radius (Pb(II) 

1.19 Å [21] vs Sn(II) 1.18 Å [20]). Therefore, the synthesis and characterization 

of manganese doped tin perovskites are important steps in understanding the 

effects of manganese on the properties of tin perovskites. 

Based on the main issues raised, the thesis seeks to answer the following 

questions: What effect does manganese have on the properties of tin 

perovskites? Do they contribute to the stability of tin perovskites? 

 

1.2 TiO2 

TiO2 is an important metal oxide semiconductor which finds applications 

across many fields. The potential of TiO2 in light-mediated processes has been 

highlighted by water splitting [55].  

The bandgap of a semiconductor is the heart of any photo-mediated 

application. It determines the type of absorbed and/or transmitted photons as well 

as consequent chemical reactions. Accordingly, the bandgap of TiO2 (3.2 eV) is 

feasible with photo-mediated processes activated by UV or more energetic 

photons. A limitation arises in the use of lower energy light sources. For example, 

TiO2 can use only a small fraction of the solar spectrum because the same is 

formed of 6% UV light and 40% visible light [56]. 

Another important aspect of light-mediated processes is the recombination 

of photogenerated charge carriers. When photons promote electrons from the 

valence band to the conduction band, holes are created in the former and 

electrons in the latter. The free electron and hole can participate in chemical 

reactions or can be annihilated through recombination. Recombination 

represents the lowest energy state of charge carriers, hence its occurrence is 

inevitable but can be delayed and/or controlled.  

Given these main problems, research efforts have been directed towards 

narrowing the bandgap of TiO2 with the aim of harnessing visible light as well as 

prolonging carrier lifetime.  

The main strategies for narrowing the bandgap of TiO2 include doping 
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(anion/cations) and heterojunction formation [57][58]. A common feature of the 

mentioned methods is the shift in the highest energy level occupied by electrons 

at 0 K, also known as Fermi level. For an intrinsic semiconductor, it lies in the 

middle of the bandgap. With doping, acceptor and donor levels shift the Fermi 

level towards the valence and conduction bands, respectively.  

Defects in TiO2 can create donor or acceptor levels, which shift the Fermi 

level, resulting in bandgap narrowing as well as prolonged carrier lifetime [59]. 

Oxygen vacancy is one of the most important defects in TiO2. Oxygen-deficient 

TiO2 can be synthesized by two main routes: oxidizing lower valent titanium 

precursors or reducing tetravalent titanium precursors such as titanium 

isopropoxide, titanium diisopropoxide bis(acetylacetonate), titanium(IV) butoxide 

and TiO2 [60]. Reduction is widely utilized due to easy access to tetravalent 

titanium precursors. Among the reducing methods, annealing/calcination in 

reducing atmospheres (H2 [61], H2-Ar [62], H2-N2 [63], H2 plasma [64]), UV 

irradiation [65] and reducing agents (NaBH4 [66], Al [67], Zn [68]) can be cited. 

Majority of these methods are expensive and energy intensive, requiring special 

synthesis atmospheres as well as complex equipments.  

In this regard, calcination in air offers the possibility of using simple 

equipments and experimental conditions. Because this approach uses an 

oxidizing environment, its success depends on strategies implemented prior to 

calcination, which facilitate and/or promote the formation of oxygen vacancies 

during calcination.  

Doping with metal cations (Fe [69], Cu [70], Ag [71] among others) 

promotes oxygen vacancies through substitutional and/or interstitial doping. 

However, transition metal dopants are known for low quantum efficiency and 

recombination [72]. Non-metals including N [73] and C [74] have been shown to 

induce oxygen vacancies. Nitrogen has been reported to reduce oxygen vacancy 

formation energy [73]–[75]. Carbon can replace oxygen or titanium atoms in the 

lattice, resulting in oxygen vacancies [76]. In situations where doping is not an 

option, strategies that promote in-situ reducing atmosphere during calcination in 

air must be devised. Kong et al. (2015) produced oxygen-deficient TiO2 by 

calcining ethanol-impregnated TiO2 [77]. Zou et al. (2013) synthesized oxygen-
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deficient TiO2 nanoparticles by calcining an amorphous TiO2 powder combined 

with imidazole and hydrochloric acid [78]. Zuo et al. (2010) calcined titanium(IV) 

isopropoxide containing ethanol, hydrochloric acid and 2-ethylimidazole [79]. 

Ullattil and Periyat (2016) reported the synthesis of oxygen-deficient TiO2 by 

titanium glycolate gel combustion [80].          

The processing of titanium(IV) reagents can be tuned to promote in-situ 

reducing atmospheres. Marqbol et al. (2017) demonstrated that the hydrolysis of 

titanium tetraisopropoxide with ammonia vapor can produce amorphous TiO2 

microspheres, generating oxygen-deficient TiO2 upon calcination [81]. The 

incomplete hydrolysis of titanium isopropoxide can induce the formation of 

oxygen vacancies [82]. 

 Based on these findings, it is reasonable to assume that other processes 

associated with hydrolysis such as precipitation can lead to similar outcomes. All 

these processes partly depend on the properties of titanium ions in solution, thus 

studying the role of precursor concentration in the formation of oxygen vacancies 

is relevant.  

The thesis seeks to answer whether increasing the concentration of Ti-

isopropoxide plays a role in the formation of oxygen vacancies. The properties of 

oxygen-deficient TiO2 powders will be characterized in order to propose their 

future use as electron transport layers in perovskite solar cells. 

  

1.3 Objectives 

The objective of this research is to understand the effect of different tin 

precursors and Mn(II) dopant, barely reported in the literature, on the stability, 

optical and electronic properties of organic-inorganic tin halide perovskites. Also, 

to contribute to the comprehension of these factors in relation to the design of 

novel perovskite solar cells.  

To conduct a parallel study about oxygen-deficient TiO2 as a possible 

electron transport material for tin perovskite materials. 

 

1.3.1 Specific objectives  

a)  Synthesize CH3NH3SnI3 with different tin precursors (tin(II) halide, 
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tin(II) octoate and tin(II) sulfate). 

b) Determine the effect of temperature and time on the properties of 

CH3NH3SnI3 synthesized from non-halide precursors (tin(II) octoate 

and tin(II) sulfate).  

c) Investigate the effect of Mn(II) on the general properties of  

CH3NH3SnI3. 

d) Verify the effect of titanium(IV) isopropoxide concentration on the 

formation of oxygen-deficient TiO2. 

e) Characterize oxygen-deficient TiO2. 
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2 LITERATURE REVIEW 

This section contains information regarding the elementary aspects of this 

project.  

 

2.1 Structural properties 

A  perovskite is primarily the mineral CaTiO3, but is also a generic term for 

any compound whose stoichiometry and crystal structure are similar to CaTiO3. 

Organic-inorganic metal halide structures are classified as perovskites because 

they have the ABX3 stoichiometry. Figure 2.1 shows the possible cations and 

anions that can occupy the A, B and X positions of metal halide perovskites. 

Figure 2.1 - Possible cations and anions that form the perovskite composition.  

Reproduced from Ref. [83] with permission from The Royal Society of Chemistry.  

The A position can be occupied by monovalent organic or inorganic 

cations (Cs+, CH3NH3
+, CH5N2

+ (Formamidinium, FA)). The B position can be 

occupied by divalent metal cations such as Sn(II), Pb(II) and Ge(II). Lastly, the X 

position can be occupied by halides (I-, Br-, Cl-) or other complex anions 

((HCOO)−, (CN)− and (BH4)− ) [83]. To maintain charge balance, the sum of the 

oxidation states of the A and B cations must be 3, requiring a 3- charge, which is 

provided by three halide ions. The composition of perovskites allows a wide 
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variety of options. Kieslich et al. (2015) presented 2352 possible compositions of 

perovskites based on the permutation of 13 variant protonated amines, 8  anions 

and 21 divalent metal ions [83]. Examples of common perovskites include 

CH3NH3SnI3, CsSnI3, CH3NH3SnBr3, CH3NH3PbI3 and CH5N2PbI3.   

Organic-inorganic metal halide perovskites belong to the family of 

compounds having crystal structures related to CaTiO3. The ideal perovskite is 

cubic but can assume lower symmetries, such as tetragonal and orthorhombic 

structures. The cubic crystal structure of a typical organic inorganic halide 

perovskites is shown in Figure 2.2.  

 

Figure 2.2  - Crystal structure of an organic-inorganic halide perovskite indicating 

the A organic cation, B metal cation and X halide. Reproduced from Ref. [84] with 

permission from Springer Nature, copyright 2014. 

The A cation (CH3NH3
+, Cs+) is located in a cuboctahedral hole and 

interacts with the inorganic components of the perovskite through hydrogen and 

dipole interactions [84]–[86]. The corners of the cube are occupied by the B metal 

cations (Pb(II), Sn(II)) coordinated with six X ions (I-, Br-, Cl-) forming a BX6 

octahedron. The octahedra share corners to form a 3D dimensional network.  

High degrees of distortion or tilting can disrupt the perovskite structure. 

Thus, the selection of ions with adequate ionic radius is very important. Just like 

any ceramic, the size and coordination number of constituent ions determine 

structural arrangement. For perovskites, the Goldschmidt tolerance factor (t) and 
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octahedral factor (μ) predict adequate cation and anion candidates for chemical 

and structural stability. 

Equations 2.1 and 2.2 present the Goldschmidt tolerance factor (t) [87] and 

octahedral factor (μ) [88], respectively. It can be seen that both equations depend 

heavily on ionic radius: 

t =  
rA + rX

√2(rB + rX)
    

(2.1) 

where t, rA, rB and rX are the tolerance factor, radii of the A cation, B cation and 

X halide, respectively, 

 μ =  
rB

rX
 (2.2) 

where μ, rB and rX are the octahedral factor, radius of the B and X ions, 

respectively. 

Most organic metal halide perovskites are in the tolerance range of 0.8 

≤ t ≤ 1. A tolerance factor of 1 represents an ideal cubic perovskite structure while 

values between 0.8 and 1 represent deviation from the ideal cubic structure. 

Values outside the stability range favor the formation of non-perovskites or 2D 

perovskites. Considering the ionic radius of methylammonium cation = 1.80 Å, 

iodide ion = 2.2 Å and Sn(II) cation = 1.18 Å [89], the tolerance factor of tin 

perovskites is approximately 0.84.  

Stability also depends on the octahedra framework. This is accounted for 

by the octahedral factor (μ). The parameter determines the B metal cation that 

can fit into the cavity formed by the X anions without disrupting the perovskite 

structure. The octahedral factor must be greater than 0.414 to ensure the stability 

of the octahedra units [90]. 

Tin perovskites present polymorphs according to temperature, rotation 

and/or distortion of the BX6 octahedra as well as translation of B and A cations 

[91]. The three polymorphs of tin perovskite are cubic (Pm3̅m), tetragonal phase 

(I4/mcm) and orthorhombic (Pnma) [92]. 

 Figure 2.3 shows the polymorphs of lead perovskites similar to tin 

perovskites, with decreasing temperature and rotation of neighboring octahedra 

along the c axis. 
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Figure 2.3 - Rotation of neighboring layers of metal halide octahedra along the c 

axis according to crystal phase. From left to right: cubic, tetragonal and 

orthorhombic phase. Reproduced from Ref. [86] with permission from Springer 

Nature, copyright 2016. 

Above 295 K (~22 oC), the cubic phase is stabilized [28]. It is characterized 

by a Pm3̅m space group. The SnI6 octahedra do not undergo any rotation but the 

A cation freely rotates in the cubic cage (Figure 2.3). 

With the decrease in temperature, specifically at 275 K (~2 oC), the cubic 

phase transforms to tetragonal phase with a I4/mcm space group [92]. Also, the 

P4mm space group has been reported [93]. The SnI6 octahedra in neighboring 

planes tilt around the c axis in opposite directions, favoring the tetragonal phase 

(Figure 2.3) [28]. In this configuration, the motion of the A cation is partially 

limited. 

At lower temperatures, in the range of 108–114 K (-165 oC to -159 oC), the 

orthorhombic phase is stable. The SnI6 octahedra in the neighboring planes tilt 

around the c axis in a similar direction (Figure 2.3). In this configuration, there is 

a complete halt in the rotation of the A cation. 

 

2.1.1 Optical properties  

MASnI3 is widely known to be a direct bandgap semiconductor, where the 

valence band maximum and conduction band minimum coincide in reciprocal 

space. Typical bandgap values of MASnI3 are in the range of 1.1 to 1.3 eV [3] 

[24][30][94], enabling absorption in the visible and infra-red regions.  

The valence band of MASnI3 consists mainly of Sn (5s) and I (5p) anti-

bonding orbitals while the conduction band is formed of Sn (5p) states [28]. In 

this regard, the SnI6 octahedron (B and X ions) defines the optical bandgap either 
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through variation of Sn-I bond length and/or angle [95]. The A site cations can 

contribute to bandgap tuning through octahedral tilting [96] and lattice distortion 

[95]. For example, the substitution of methylammonium for a larger cation, 

formamidinium, can increase bandgap. Bandgaps in the range of 1.4-1.6 eV have 

been reported for formanidinium tin perovskites [97][98].  

Depending on the choice of A cation, the 3D perovskite structure is 

significantly altered, leading to 2D or 1D structures. This change in structure 

affects bandgap properties. Lanzetta et al. (2017) observed an increase in 

bandgap from 3D MASnI3 (1.26 eV) to 2D (PEA)2SnI4 (1.97 eV) [99], where PEA 

represents phenethylammonium cation. Coa et al. (2017) reported that the 

bandgap of (CH3(CH2)3NH3)2(CH3NH3)n−1SnnI3n+1 2D Ruddlesden−Popper 

perovskites decreased from 1.83 eV (n=1) to 1.42 eV (n=4) with increase in n 

value, being the lowest (1.2 eV) for n =∞ equivalent to 3D MASnI3 [100]. The 

replacement  of methylammonium by dimethylammonium in MASnBr3 caused a 

significant increase of the bandgap from 2.05 eV (x = 0)  to 2.9 eV for (x=100) 

[101]. The presence of ethylenediammonium cations in MASnI3 (25%) and 

FASnI3  (25%) increased the bandgap  from 1.25 eV to 1.40 eV [102] in the former,  

and 1.40 eV to 1.90 eV [103] in the latter. 

The B cation influences both the valence and conduction bands, thus 

modification of this site modifies the B-X bonds and consequently, optoelectronic 

properties. Given that the valence band maximum is composed of Sn (5s) and I 

(5p) anti-bonding orbitals, lattice modifications that increase the overlapping of 

the B-X bond can increase the valence band energy [95]. Accordingly, lattice 

contraction reduces the bandgap of tin perovskites while tilting of the octahedra 

has an opposite effect [95].  

A study conducted by Dimesso et al. (2018) showed that the bandgap of 

MASn(1-x)MgxI3 decreased with increasing Mg content (x=0 to 0.05). For Mg 

content greater than 0.05 (X= 0.10 and 0.3%), the bandgap increased compared 

to the pristine sample [104]. Similarly, MASn(1-x)CaxI3 and MASn(1-x)SrxI3 

presented bandgaps higher and lower than pristine MASnI3 (1.18 eV) depending 

on dopant content. The authors highlight defects, vacancies, impurities and 

polarity of dopants as responsible for the changes in bandgap.  
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Yuan et al. (2017) reported a decrease in the bandgap of 

GASn1−xCoxI2−2xCl1+2x (x=0.025 to 0.15%) from 1.55 eV to 1.51 eV with increase 

in cobalt content [43]. In this study, the reduction was associated with the 

replacement of Sn(II) with a smaller cation, Co(II). The bandgap of mixed Ge-Sn 

perovskite, FA0.75MA0.25Sn1−xGexI3, was found to increase from 1.40 eV to 1.53 

eV with increasing Ge content of x=0 to 0.20 [49]. The changes in bandgap were 

associated with the upshift of the valence and conduction bands. Hasegawa et 

al. (2017) showed that Bi doping is capable of reducing the bandgap of MASnI3 

because the Bi(III) empty 6p orbitals are lower in energy than the Sn(II) empty 5p 

orbitals, thus the minimum of the conduction band shifts downwards with increase 

in Bi dopants [44]. Indium doping did not alter the bandgap of MASnI3, although 

the conduction band minimum should be lowered by indium [42]. The low doping 

level of indium was cited for this behaviour. 

Bandgap tuning through X-site anions is considered a very efficient 

approach. The replacement of iodide ions with chloride and bromide ions causes 

a significant shift in bandgap values compared to tuning with cations. In general, 

the bandgap of MASnI3 increases with choice of halide in the order of I<Br<Cl 

due to increase in electronegativity [105]. Hao et al. (2014) reported that the 

bandgap of MASnI3 can be significantly altered from 1.3 eV to 2.5 eV with Br 

doping in MASnI3–xBrx  (x=0-4) [30]. The effect of chlorine on bandgap 

modification is highlighted in the work of Kumar et al. (2016), where they show 

that methylammonium tin chloride perovskite presents a bandgap of 3.7 eV, 

rendering the perovskite unfeasible for visible light applications [106]. 

Methylammonium tin chloride perovskites presented bandgaps of 2.63 eV and 

2.82 eV, significantly higher than methylammonium tin iodide [107]. 

 

2.1.2 Design of perovskite solar cell 

   There are two main designs of tin perovskite solar cells: the regular (n-i-

p) and inverted (p-i-n) designs. The abbreviation p-i-n stands for p semiconductor, 

intrinsic semiconductor and n semiconductor, respectively. Similarly, n-i-p 

represents n semiconductor, intrinsic semiconductor and p semiconductors, 

respectively. In a regular (n-i-p) configuration, a conducting transparent glass 
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(FTO) functions as a substrate and transparent electrode. The first layer is an n 

type semiconductor film, usually TiO2. A compact titanium dioxide film is 

deposited followed by a second titanium dioxide film, which is mesoporous in 

nature. In general, TiO2 serves as an electron transport layer, permitting the 

movement of electrons and blocking the passage of holes. The mesoscopic layer 

serves as a base for the nucleation and growth of the perovskite layer, facilitating 

charge transport and electron collection [108][109]. 

A solar cell with an n-i-p design is designated mesoscopic or planar 

depending on the morphology of its electron transport layer (for example, TiO2). 

Figure 2.4 presents the regular (n-i-p) design of perovskite cells. For mesoscopic 

design, the electron transport layer is composed of compact and mesoporous 

TiO2 layers according to Figure 2.4 A. For planar designs, the TiO2 layer is 

completely compact as shown in Figure 2.4 B.  

 

Figure 2.4 - Design of perovskite solar cell A) n-i-p mesoscopic and B) n-i-p 

planar. Reproduced from Ref. [109]. 

The hole transport material can be C81H68N4O8 (Spiro-OMeTAD), or a p-

semiconductor. The function of this layer is to transport holes and block electrons. 

Thus, the hole transport material should have energy levels compatible with the 

perovskite for the effective extraction of holes.  

Spiro-OMeTAD utilized in regular mesoporous devices is usually doped 

with lithium and cobalt to increase transport properties. These elements were 

found to increase the degradation of tin perovskites [24][110]. Noel et al. (2014) 
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replaced lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI), the main lithium 

salt, with hydrogen bis(trifluoromethanesulfonyl)imide (H-TFSI), which improved 

stability [24]. Alternative dopant-free hole transport materials such as tetrakis-

triphenylamine (TPE) [111], poly(triaryl amine) (PTAA) [112], Poly(3-

hexylthiophene) (P3HT) [110]  and nickel oxide [113] have been introduced. 

Majority of tin perovskite cells adopt the mesoscopic architecture because 

of the short diffusion length of charge carriers [24]. Another factor is charge 

buildup at the interface due to inadequate carrier extraction. The reported 

efficiency are generally low. A study reported a 0.3% efficiency for a planar 

TiO2/MASnI3/PTAA device [114]. In relation to a  planar design composed of 

TiO2/MASnBr3/hole transport material (P3HT, Spiro-OMeTAD and C60),  the 

P3HT-based device presented the highest efficiency (0.35%), followed by C60 

(0.221%) and Spiro-OMeTAD (0.002%) [110]. For FASnI3 (hollow) perovskite 

solar cells with a planar design, the use of SnO2/C60 pyrrolidine tris-acid 

combination as an electron transport material resulted in an exceptional efficiency 

of 7.40% [115]. 

Liao et al. (2016) inverted the sequence of the device layers to p-i-n, where 

the perovskite (intrinsic) is deposited on a hole transport material (dopant-free, 

PEDOT:PSS), promoting stability [38]. Figure 2.5 shows the inverted (p-i-n)  

design. 

Figure 2.5 - Design of perovskite solar cell A) p-i-n planar and B) p-i-n 

mesoscopic. Reproduced from Ref. [97]. 

For the inverted design, the hole transport material is deposited on a glass 
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substrate (Indium tin oxide, ITO), followed by the perovskite, electron transport 

material and then, a metal cathode usually Al or Ca. Poly(3,4-

ethylenedioxythiophene (PEDOT:PSS) [116] and nickel oxide [113] are examples 

of some traditional hole transport materials compatible with the p-i-n design. 

Regarding electron transport materials, [6,6]-Phenyl C61 butyric acid methyl ester 

(PCBM) [117] and C60 [38] can be cited.  

 

2.2 Operation of perovskite solar cell 

The operation of perovskite solar cells is simplified in three steps: 

photogeneration of charge carriers, charge transport/separation and charge 

extraction. The low bandgap of tin perovskites (1.1-1.3 eV) allows absorption of 

the visible and infra-red portions of the solar spectrum. The excitation of 

perovskites produces free electrons and holes as well as excitons. Tin 

perovskites due to their dielectric nature are more likely to produce Wannier-Mott 

excitons compared to Frenkel excitons [118]. 

The exciton energy of metal halide perovskites was estimated to be a few 

millielectronvolts at room temperature indicating the facile production of 

photogenerated carriers [119]. Other studies reported 12 meV [120] and 16 meV 

[121] at room temperature. These values are lower than the mean thermal energy 

at the operation temperature of photovoltaic devices, hence free charge carriers 

are predominately produced [121]. 

Once the carriers are generated, they must be separated. The driving force 

for the selective carrier transport of holes (from perovskite to hole transport 

material) and electrons (from perovskite to electron transport material) is the band 

alignment of the transport materials with the perovskite.  

Perovskite solar cells work on an n-i-p or p-i-n junction configuration for 

the separation of charges. For the sake of brevity, only the charge separation 

mechanism for a n-i-p solar cell composed mainly of an electron transport 

material (TiO2), an intrinsic semiconductor (tin perovskite) and a hole transport 

material ( Spiro-OMeTAD) is shown (Figure 2.6). Electrons from the perovskite 

material can be injected into the electron transport material if there is suitable 

band alignment. This means that the conduction band energy of the perovskite 
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should be slightly higher than that of the electron transport material for 

energetically favorable and efficient electron transport. Examples of electron 

transport materials are wide bandgap semiconductors such as TiO2, ZnO, Al2O3, 

SnO2 et cetera.  

Figure 2.6 - Electron and hole injection at the perovskite-electron transport 

material interface (TiO2) and perovskite-hole transport material interface (spiro-

OMeTAD), respectively. Design reprinted with permission from ZSW [122]. 

In a similar way, holes created in a valence band with lower energy 

(perovskite) can be transferred to a material with a higher energy valence band 

(hole transport material). Hole transport materials are mainly small molecules and 

polymers such as Spiro-OMeTAD, P3HT, PTAA among others. Inorganic 

compounds such as Cu2O and CuSCN have also been successfully utilized [123]. 

          Figure 2.7 present possible hole and transport materials for tin perovskites 

with their respective energy levels. 

Figure 2.7 - Energy levels of  hole and electron transport materials [123]. 

Reprinted from Advances in hole transport materials engineering for stable and 

efficient perovskite solar cells, Vol 34, Zinab H. Bakr,Qamar Wali,Azhar 

Fakharuddin,Lukas Schmidt-Mende,Thomas M. Brown, Rajan Jose, Pages No. 

271-305, Copyright (2017), with permission from Elsevier. 

The aforementioned transport scenarios are idealized; in fact, holes and 
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electrons can recombine even before they are transferred at the interface. 

Radiative recombination occurs in the form of band to band transitions while non-

radiative recombination occurs via impurity centers and crystal defects. Another 

form of recombination between the interface layers of the solar cell is possible. 

Besides carrier annihilation through recombination, the dynamics of the 

carriers determine the efficiency of charge separation and collection. From the 

point at which they are generated, the carriers must travel a determined pathway 

(carrier diffusion length) for a specific time (carrier lifetime) in order to be 

separated and collected. It is desired that the carrier diffusion length be greater 

than the thickness of the perovskite absorber so that carriers generated within 

this area can be collected before they recombine [124]. In this case, collection 

efficiency is higher and recombination rate is lowered.  

On the other hand, shorter diffusion length implies that recombination  

takes place before charge transfer. The pace at which the carriers drift through 

the semiconductor to the collection interface is controlled by their mobility and 

effective mass. Scattering due to impurities and lattice defects reduce the mobility 

of electrons and holes. The diffusion length of carriers in tin perovskites can be 

as long as 550 nm, which increases charge separation efficiency [114]. The holes 

in tin perovskites tend to have a lighter effective mass compared to electrons, 

resulting in high hole mobility and unbalanced charge carrier transport [125]. 

The next stage of the photovoltaic process involves the collection of 

electrons and holes by the cathode and anode, respectively. The final stage of 

the solar cell is characterized by the conversion of the collected charges into 

current. 

 

2.3 I-V Characterization of solar cells 

 The relationship between voltage and current in a solar cell can be 

described by Equation 2.3, the ideal diode equation [126]: 

 𝐼 = 𝐼𝑜  (𝑒
𝑞𝑉

 𝐾𝑇  − 1) 
(2.3) 

where I = net current; Io = dark saturated current; V = applied voltage; q = electron 

charge; k = Boltzmann’s constant and T = absolute temperature. 
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When a p-n junction is reverse biased without illumination, resistance 

increases and only a small current crosses the junction. This current is known as 

the saturated dark current and is represented by  𝐼 =  −𝐼𝑜 [127]. 

Under illumination, Equation 2.3 becomes Equation 2.4 due to 

photocurrent generation [126]. The p-n junction then functions as a solar cell: 

𝐼 = 𝐼𝑜  (𝑒
𝑞𝑉

 𝐾𝑇  − 1) − 𝐼𝑝ℎ 
(2.4) 

where I is net current; Io is the dark saturated current; V is the voltage applied 

across the terminals of the diode; q is electron charge; k is the Boltzmann’s 

constant; T is absolute temperature; and Iph is photocurrent.  

  Figure 2.8 shows the I-V curve of a solar cell in the dark equivalent to a 

diode. Under illumination, the I-V curve in the dark shifts into the second right 

quadrant where current is negative and voltage is positive, generating power. 

When current is analyzed based on a specific cross-sectional area, current 

density (J) is utilized. 

 

Figure 2.8 - Dislocation of the I-V curve of a solar cell under illumination showing 

short circuit current (Isc), voltage at maximum power (Vmp), current at maximum 

power (Imp) and open-circuit voltage (Voc) [128]. 

In  the absence of voltage across the cell, a maximum photocurrent is 

produced. This current is the short circuit current (Isc) in Figure 2.8. It depends 

on the optical properties of the material, light intensity, design of the solar cell and 

collection probability [128]. Open-circuit voltage (Voc) (Figure 2.8) is the 

maximum voltage a solar cell can provide to an external circuit when current is 

zero. It is represented by Equation 2.5  [128]: 
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𝑉𝑜𝑐 =
  𝑛𝑘𝑇

𝑞
ln (

𝐼𝑝ℎ

𝐼𝑜
+ 1) 

(2.5) 

where Voc is the open-circuit voltage; Io is the dark saturated current; Iph is  

photocurrent; n is ideality factor 1; q is electron charge; k is the Boltzmann’s 

constant; and T is absolute temperature.  

The ratio of light generated and saturation current is an important aspect 

of the open-circuit voltage. Thus, it can represent the level of recombination in 

the device [129]. The design of a solar cell and choice of solar absorber influence 

the built-in potential and consequently, the open-circuit voltage [130]. A higher 

bandgap is associated with greater potential energy of charge carriers and 

greater open-circuit voltage.  

The maximum power P derived from a cell is the product of the maximum 

current (Imp) and maximum voltage (Vmp) as shown in Figure 2.8. It is the area 

of the maximum rectangle that can fit into the I-V curve and this rectangle 

intersects the curve at the maximum power point. The efficiency of a solar cell 

depends on the combination of the open-circuit voltage, the short circuit current 

and the fill factor. 

The fill factor (FF) is the ratio of the maximum power to the product of the 

open-circuit voltage and short circuit current (Equation 2.6): 

𝐹𝐹 =
𝐼𝑚𝑉𝑚

𝐼𝑠𝑐𝑉𝑜𝑐
 

 

(2.6) 

where Voc is the open-circuit voltage; Vm is the voltage at maximum power; Isc is 

the short circuit current and Im is the current at maximum power.  

Efficiency (ƞ) or power conversion efficiency (PCE) is the fraction of 

incident light that is converted to electricity. In other words, it is the ratio of the 

maximum power to the incident power where the maximum power is the product 

of the open-circuit voltage, short circuit current and fill factor according to 

Equation 2.7: 

ƞ =
IscVocFF

Pin
 

 

(2.7) 

where Voc is open-circuit voltage; Isc  is  short circuit current; FF is fill factor; η is 

conversion efficiency or power conversion efficiency (PCE) and Pin is incident 

power taken as air mass of 1.5 global (AM 1.5G) which is 1000 W/m2 or 1 sun. 
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2.4 Synthesis of  tin perovskites 

Important film properties that affect the functioning of perovskite solar cells 

include substrate coverage, film thickness, morphology, crystal phase, optical 

and transport properties. These properties can be manipulated by choice of 

synthesis method, precursor concentration, solvent, humidity, temperature/time 

conditions et cetera. 

To form CH3NH3SnI3 perovskite precursor films, a ratio of 1:1 of tin(II) iodide 

precursor to methylammonium iodide is utilized. In the case of tin precursors with 

chlorine or non-halide precursors, a ratio of 1:3 of tin(II) precursor to 

methylammonium iodide can be employed [131]. Tin perovskites present a fast 

crystallization behavior evidenced by their formation at room temperature during 

spin coating. Thus, film quality mainly depends on the kinetics of the reaction 

between precursors, nucleation density and crystal growth [37][132][133].  

Tin perovskite can be synthesized by two main methods: solution and 

vacuum/vapor processing methods. Depending on the sequence of deposition, 

the method can be divided into one-step and two-steps [134]. In the one-step 

method, the precursors (for example, tin precursor plus methylammonium iodide) 

are deposited in a single step. For the two-step method, each precursor is 

deposited separately. 

 

2.5 Solution processing   

In the one-step method, halide precursors of tin and methylammonium are 

dissolved in an appropriate solvent. The pioneers of tin perovskites used N,N-

dimethylformamide (DMF), a polar aprotic solvent, whose boiling point and vapor 

pressure is 153 oC and 0.49 kPa (25 oC) respectively [24][30]. Other polar aprotic 

solvents include: Dimethyl sulfoxide (DMSO), g-butyrolactone (GBL) and N-

Methyl-2-pyrrolidone (NMP). The resultant solution with the precursors is 

deposited and subsequently annealed for phase formation. 

The deposition methods can be spin coating, drop casting and doctor 

blade, among others. Films produced by the one-step method present variable 

morphology and non-uniform properties due to fast reaction.  

Many methods have been proposed to control the kinetics of film 
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formation. Solvent engineering plays a major role in controlling the crystallization 

of tin perovskites through the selection of solvents and the manipulation of their 

properties for specific interests. Solvents such as DMSO compared to DMF 

strongly coordinate with tin salts, forming intermediates that slow the 

crystallization process [132]. As regards DMSO, a solvent with a relatively higher 

boiling point (189 °C) and a lower vapor pressure (0.056 kPa at 20 °C) compared 

to DMF, there is the formation of SnI2·3DMSO intermediate phase which controls 

the rate of crystallization, ensuring highly uniform and pinhole-free perovskite 

films [132]. The  utilization of  NMP also results in a controlled crystallization 

process compared to DMF [132].   

  To gain balance between the properties of the solvents, they are 

sometimes mixed. For instance, the combination of DMF and DMSO has been 

tested in tin perovskites [37][38]. When the combination of solvents is employed, 

anti-solvents are crucial for good morphology and coverage.  

Anti-solvents are solvents that do not dissolve the perovskite but dissolve 

the perovskite precursors. Some examples are diethyl ether, toluene, 

chlorobenzene, benzene among others. In the anti-solvent dripping method, an 

anti-solvent is dropped on the perovskite during spin coating. The function of the 

anti-solvent is to reduce solubility and thereby promote supersaturation, fast 

nucleation and growth [135][136]. It also extracts the precursor solvent, usually 

DMF.  

A pyrazine/SnF2 anti-solvent was adopted for a DMF plus DMSO mixture 

[37]. A study tested various anti-solvents (chlorobenzene, toluene, and diethyl 

ether) among tin perovskites prepared with DMF and DMSO solvents containing 

SnF2 [38], being diethyl ether coupled with SnF2 additive produced the most 

uniform and pinhole-free perovskite.  

Anti-solvents applied to a one-solvent solution have also been reported. 

Fujihara et al. (2013) prepared tin perovskites using a precursor solution with 

DMSO [137]. In order to obtain a uniform morphology, they dipped the perovskite 

film in a solution composed of two anti-solvents (toluene and hexane, controlled 

temperature) which have different miscibilities with DMSO. This process enabled 

the extraction of DMSO to be controlled and consequently, film formation. Xiao 
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et al. (2014) proposed the fast crystallization-deposition (FDC) method [135].  In 

this method, the MAPbI3/DMF solution is spin coated on a substrate and after a 

specific delay time (e.g. 6 s) and an anti-solvent such as chlorobenzene (CBZ), 

toluene, is quickly added to the substrate to promote rapid nucleation and growth. 

Hot anti-solvent dripping was found to improve film coverage by inducing a 

greater number of nucleation sites [138]. Anti-solvent dripping combined with 

rapid solvent evaporation was reported to promote higher density of nucleation 

sites, which results in dense films [139].  

Burschka et al. (2013) proposed the two-step method for the controlled 

synthesis of lead perovskites, which can be adapted for tin perovskites [140]. In 

the two-step solution process, a separate solution of each precursor, 

methylammonium iodide and lead iodide, is prepared in an appropriate solvent 

such as dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone(NMP), 

N,Ndimethylformamide (DMF) and γ-butyrolactone (GBL).  

The tin precursor solution is first deposited and annealed. Then, the 

substrate with the tin precursor is dipped in an isopropanol solution containing 

methylammonium iodide to form the perovskite. Despite the success of the 

method among lead perovskites, it is not frequently employed for tin perovskites 

due to solubility problems [132]. However, sequential deposition using gas 

phases has been reported. Yokoyama et al. (2016) devised the vapor assisted 

method where the SnI2 film on mesoporous TiO2 substrate reacts with MAI gas 

to form the perovskite phase [94]. Jung et al. (2016) obtained uniform perovskite 

film by sequential vacuum deposition of SnBr2 and MABr [110].  

Annealing under vapor pressure has been shown to be an effective 

method for the fabrication of uniform and dense perovskite films. 

Methylammonium chloride provided a vapor pressure for the synthesis of tin 

perovskites in the work of Chowdhury et al. (2019) and an efficiency of 6.3% was 

reported [141]. Liu et al. (2018) employed DMSO vapor and achieved efficiencies 

over 7% [138]. The vacuum extraction of solvents before annealing improves film 

morphology by preventing phase segregation, especially when solvents of 

different volatilization rates are involved [142].  Through one-step flash method, 

MASnI3 powders were deposited as thin films [143]. Physical vapor deposition of 
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tin perovskites present advantages such as high reproducibility and lower 

formation of pinholes [144]. 

 

2.6  Advent of tin perovskites 

Early reports on the synthesis of organic-inorganic tin halide perovskites 

dates back to 1978 by Weber et al. (1978) [145]. Scientists became fascinated 

about their structures, physical properties and conductivity in the 90s and beyond. 

Using 127I-NQR and 119Sn Mössbauer spectroscopy, Yamada et al. (1990) 

highlighted the dependence of electrical properties on temperature [146]. Mitza 

et al. (1994) showed that tin perovskites can assume layered structural 

configuration with the formula, (C4H9NH3)2(CH3NH3)n-1Snnl3n+1, as well as 

crystallize at near room temperature [147]. They can transition from 

semiconducting to metallic behavior by tuning the dimension of the perovskite 

layers with increasing n, where (n=∞) forms a tridimensional frame.  

Mitza et al. (1995) classified MASnI3 as a low carrier density p-type metal 

with a Hall hole density (≃ 2 × 1019 cm-3) and whose resistivity decreases with 

decrease in temperature [148]. Takahashi et al. (2011) proved that MASnI3 is not 

a semi-metal as generally perceived but a p-doped semiconductor [28]. 

Spontaneous hole doping is responsible for metallic transport observed in these 

materials. 

In the midst of all these characterizations, an overlooked detail was the 

possible application of these materials as solar absorbers. Ogomi et al. (2014) 

reported a mixed Sn-Pb perovskite solar cell. They observed that pure tin 

perovskites showed null efficiency due to the oxidation of Sn(II) [149]. However, 

the addition of Pb in different quantities improved efficiency. An optimum 

efficiency of 4.18% was obtained with MASn0.5Pb0.5I3. Noel et al. (2014) 

synthesized the first mesoporous MASnI3 solar cell with an efficiency of 6.4% [24]. 

The protocols followed were the modification of spiro-OMeTAD with hydrogen 

bis(tri-fluoromethanesulfonyl)imide (H-TFSI) instead of oxidizing lithium bis(-

trifluoromethylsulfonyl)imide salt (Li-TFSI) and encapsulation with epoxy. The 

authors highlighted the need to suppress the oxidation of Sn(II) so as to reduce 

background holes density and improve diffusion length of charge carriers. Hao et 



 
 
28 

 

 

al. (2014) synthesized mesoporous CH3NH3SnI3 and CH3NH3SnI3-xBr 

perovskites solar cells having conventional spiro-OMeTAD as a hole transport 

material [30]. An efficiency of 5.7% was achieved by tuning the bandgap through 

Br doping aimed at improving the open-circuit voltage. Performance loss was 

mainly attributed to decrease in photocurrent density, poor film coverage and fill 

factor, arising from p-type doping via Sn(II) oxidation.  

 

2.6.1 Sn compensators 

 Based on these initial works, efforts were directed towards the control of 

oxidation. One of the major approach is the use of Sn(II) compensators. They are 

Sn(II) precursors utilized as extra sources of Sn(II) to self-compensate for the 

oxidation of Sn(II), impair tin vacancy/Sn(IV) formation and/or act as reducing 

agents. One can cite SnI2 [150], SnBr2 [151], SnCl2 [151], SnF2 [152][37][98], and 

Sn metal [153] as examples.  

Kumar et al. (2014) introduced SnF2 as a possible solution to reduce the 

carrier density related to tin oxidation and vacancies in CsSnI3 [152]. In the 

proposal, SnF2 will make up for tin vacancies created by oxidation, thereby 

controlling intrinsic carrier density. Koh et al. (2015) incorporated SnF2 in 

formamidinium tin-based perovskites and observed an improvement in stability 

at optimum amounts through the retarding of Sn(II) oxidation [98]. However, 

excess SnF2 promoted segregation and poor morphology, motivating Lee et al. 

(2016) to introduce pyrazine-SnF2 complex to mitigate the problem [37]. The 

versatility of SnF2 was highlighted by Liao et al. (2016) through its positive effects 

on morphology and stability [38]. Xiao et al. (2018) revealed that SnF2 serves as 

a nucleation site for the formation of uniform films [154].   

With the success of SnF2, alternative tin halide additives such as SnI2, 

SnBr2, SnCl2 and Sn metal, have been tested. Marshall et al. (2016) co-doped tin 

precursors with SnCl2 for the synthesis of CsSnI3 perovskites and reported 

improved stability compared to SnBr2 and SnF2 [151]. Song et al. (2017) utilized 

excess SnI2  combined with a hydrazine reducing atmosphere for the stabilization 

of Sn(II) in Cs-based tin perovskites [150]. Nakamura et al. (2020) scavenged 

Sn(IV) in tin precursor solution using Sn(0) nanoparticles formed from the 
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reduction of SnF2 [153].  

 

2.6.2 Reducing agents 

Apart from the use of tin compensators, the prevention of oxidation through 

reducing agents is popular. Dang et al. (2016) synthesized FASnI3 and MASnI3 

single crystals from solution using H3PO2 as a reducing agent to stabilize Sn(II) 

[97]. Sn(II) in the FASnI3 sample remained stable for a month in ambient 

atmosphere. 5-ammonium valeric acid iodide (5-AVAI) has been reported as an 

efficient additive for the stabilization of methylammonium tin perovskites [155]. 

The produced powders maintained their oxidation properties for 46.1 hours 

before total decomposition. The authors attributed the formation of a layer of 5-

AVAI to stability.  

A study utilized Sn metal as a tin reducing agent in formamidinium iodide 

precursor solution. The metal acted as a compensator of Sn(II) and reducing 

agent, leading to a champion efficiency of  6.75% [156]. Ascorbic acid served as 

a reducing agent for MA0.5FA0.5Pb0.5Sn0.5I3 perovskites. Besides being a reducing 

agent, it modulates crystallization through intermediate complexes [157]. Song et 

al. (2017) created a reducing hydrazine vapor atmosphere in a spin coating 

chamber during the synthesis of tin perovskite, resulting in an efficiency of 3.89% 

[158].  

The mentioned studies show that the efficiency of tin perovskites mainly 

lies in stabilizing Sn(II). It can be deduced that the synthesis of perovskites has 

room for a wide range of additives which directly reduce or control the oxidation 

of Sn(II). The additives do not only reduce oxidation but also act in controlling 

morphology, perhaps because they slow down the crystallization energy of tin 

perovskites. 

The partial substitution of methylammonium with hydrazine ions improved 

the stability of MASnI3 against light-induced oxidation of Sn(II) to Sn(IV) and Sn(0) 

[159]. Li et al. (2019) synthesized MASnI3 by organic cation displacement 

mediated by hydrazinium tin iodide. Hydrazine produced during the reaction acts 

as a reducing agent [160]. Kayesh et al. (2018) reported the reducing potential of 

hydrazinium chloride (N2H5Cl) additive in FASnI3 film [161]. The concentration of 
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Sn(IV) content was reduced by 20% and a high efficiency of 5.4% was attained. 

Trihydrazine dihydriodide suppressed Sn(IV) levels in FASnI3 films through the 

formation of hydrazine, which also improved morphology. A high  efficiency of 

8.48% was reported [162].  

 

2.6.3 Morphology control  

Since the application of tin perovskites in solar cells, the importance of film 

quality has been a subject of concern. For good conversion efficiency, large grain 

perovskites and good coverage without pinholes are desired. Pioneering studies  

on tin perovskites utilized the one-step synthesis method [24][30]. In this method, 

perovskite films are synthesized with a solution containing both organic and 

inorganic perovskite precursors. The major problems with this method is the fast 

reactivity between the halide precursors (Sn and methylammonium) and poor 

solvent evaporation, leading to reduced coverage and pinholes [132].  

 Hao et al. (2015) modified the one-step method of synthesizing tin 

perovskites [132]. They found that the reaction kinetics of methylammonium 

iodide with tin iodide can be controlled by solvent selection. Solvents that have a 

strong coordination with tin such as dimethyl sulfoxide (DMSO) can form a 

SnI2·3DMSO intermediate which reacts with methylammonium iodide in a 

controlled way compared to uncoordinated SnI2. A power conversion of 3.5% was 

achieved.  

Lee et al. (2016) adapted a solvent method known for being successful for 

perovskites [37]. In this method, all the precursors are dissolved in N,N-

Dimethylformamide (DMF) : DMSO (4:1 volume ratio). During the spin-coating 

step, an anti-solvent is dropped onto the film. The authors added SnF2 and 

pyrazine to reduce phase separation and poor morphology. An efficiency of 4.8% 

was reported.  

Yokoyama et al. (2016) introduced a kinetically controlled gas-solid 

reaction as a solution to poor morphology [94]. Methylammonium vapor was 

reacted with SnI2 film to form tin perovskite, which provided good film coverage 

and efficiency of 1.89%. Yu et al. (2016) improved the morphology of tin 

perovskite through a hybrid thermal evaporation [163]. Tin iodide (SnI2) and 
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methylammonium iodide (MAI) were heated in crucibles and the vapors were co-

deposited to form a film with good coverage and without pinholes. The authors 

reported an efficiency of 1.7%.  

Zhu et al. (2018) synthesized uniform FASnI3 film by sequential deposition 

of a tin precursor solution (trimethylamine, SnI2 and SnF2) followed by 

formamidinium iodide solution. Efficiencies of 4.34% and 7.09% were achieved 

for both n-i-p design and inverted solar cells [164]. The formula for success was 

the addition of trimethylamine  in the ethanol/SnI2 precursor solution. 

Trimethylamine and SnF2 form complexes, which slow down the synthesis 

reaction with formamidinium iodide.  

Weiss et al. (2016) deposited SnI2 by thermal evaporation and 

subsequently, MAI was deposited [165]. The resultant films were homogeneous 

and had higher surface coverage than solution‐processed films. According to 

Xiao et al. (2018), precipitates of SnF2 formed during spin coating can serve as 

nucleation sites for the homogenous growth of MASnIBr2 [154]. The strategy 

resulted in an efficiency of 3.7%.  

Annealing under vapor pressure has been shown to be an effective 

method for the fabrication of uniform and dense perovskite films and associated 

efficiencies were quite higher compared to normal annealing. Methylammonium 

chloride provided a vapor pressure for the synthesis of tin perovskites in the work 

of Chowdhury et al. (2019) and an efficiency of 6.3% was reported [141]. Liu et 

al. (2018) employed dimethyl sulfoxide vapor and achieved efficiencies above 7% 

[138].  

 

2.7 Doping of tin perovskite 

Mixed lead-tin perovskites are one of the pioneering subjects on metal 

cation doping. The benefits of lead doping include improved efficiency and 

stability. Ogami et al. (2014) found that adding only 30% of PbI2 to tin perovskite 

was sufficient to increase efficiency from 0 to 2% [149]. They also observed an 

increase in the binding energy of Sn with increase in Pb, pointing to stability.  

In another study, the efficiency of tin perovskite increased from 0.04% to 

0.11% with 50% increase in Pb [166]. Leijtens et al. (2017) proved that the 
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oxidation kinetics of tin perovskite is reduced by Pb through the formation of I2, 

instead of SnI4, known to induce the loss of Sn [25].  

A 50%-based tin perovskite (MASn0.5Pb0.5I3) presented an efficiency of 

13.6%, the highest so far for a tin-based solar cell [39]. The success of the device 

was reported to be the improvement of morphology through the reduction of 

crystallization kinetics.  

The stability of FA0.75Cs0.25Sn0.5Pb0.5I3 was associated with the 

contribution of both Sn and Pb orbitals to the valence band minimum which may 

reduce the propensity of  Sn(II)  oxidation [167]. 

Other metal cations have been utilized. Yaun et al. (2017) proposed that 

cobalt can increase the binding energy of Sn 3d and I 3d bonds, a possible reason 

for stability against oxidation [43]. The perovskite in the form of 

GASn1−xCoxI2−2xCl1+2x presented interesting properties such as redshift in 

absorption, bandgap of 1.5 eV and improved stability [43]. Indium decreased the 

metallic conductivity of tin perovskites while maintaining charge carrier density 

and bandgap, thus serves as a method of controlling conductivity [42].  

Doping of tin perovskites with bismuth has been reported to shift the 

bottom of the conduction band downwards without increasing the level of charge 

carriers [44]. Tin perovskites doped with alkali-earth metals have been studied 

[104]. Sr doping was shown to stabilize Sn(II) oxidation state and cause an 

energetically favorable distortion of the SnI6 octahedra through Sr-I bonds. Mg 

doping increased the thermal stability of tin perovskites through Mg-I bonds. 

Germanium doping in the form of FA0.75MA0.25Sn1−xGexI3 was shown to reduce 

the probability of Sn(IV) doping through surface passivation. In this process, Ge 

fills the defects and vacancies on the surface [49]. 

 

2.8 Stability  

The main drawback of tin perovskites is their poor stability against 

moisture, oxygen, temperature and UV radiation. All these factors form part of a 

solar cell environment, thus tackling instability is  relevant to advancing the field 

of tin perovskites. The oxidation of tin perovskites can be controlled but not 

eliminated completely because of the thermodynamics involved.  
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At the moment, there is no standard protocol on stability tests of 

perovskites, hence reports on stability cannot be compared. Some levels of 

Sn(IV) are always present, indicating partial stability. When perovskites are in 

contact with oxygen, Sn(II) oxidizes to Sn(IV). According to Takahashi et al. 

(2013), the perovskite composition (CH3NH3SnI3) becomes (CH3NH3)1-2xSn2
1-

xSn4
xI3 or (CH3NH3)Sn2

1-xSn4
x/2I3 with oxidation, thus originating CH3NH3

+ or Sn 

deficiencies [92]. This process is known as self-doping and the resultant tin 

vacancies elevate the concentration of holes, reducing resistivity [92]. Noel et al. 

(2014) reported that oxidation tempers with charge neutrality, culminating in the 

formation of Sn oxides/hydroxides and methylammonium iodide (MAI) [24].  

From experiments, it has been shown that decreasing the concentration of 

holes to 1015/cm3 could increase the diffusion length of MASnI3 from 30 nm to 

more than a micron compared to lead perovskites [24]. Quenching of 

photoluminescence through non-radiative recombination is one of the detrimental 

effects of Sn(IV) species. Several studies have reported the deterioration of 

crystalline structure, photoluminescence, optical properties and efficiency 

associated with oxidation [35][24]. 

Some studies have shown that compounds with the same chemical 

structure as oxidized perovskites can present interesting properties. Cs2SnI6 and 

MA2SnI6 perovskites intentionally prepared with Sn(IV) have been developed as 

air stable alternatives. Cs2SnI6 has a high absorption coefficient (above 105/cm 

from 1.7 eV) and a bandgap of 1.48 eV [168] while MA2SnI6 presents a bandgap 

of 1.81 eV and a strong absorption coefficient of 7×104/cm [169], properties that 

make them suitable for solar applications. In this case, oxidized perovskites can 

be useful if the compound still has all its chemical constituents.  

Leijtens et al. (2017) proposed a mechanism behind the oxidation of tin 

perovskites using thermogravimetric analysis and in-situ X-ray diffraction 

technique [25]. The oxidation of tin perovskite involves the cooperative breaking 

of few SnI2 bonds to form SnI4 and SnO2 (Equation 2.8). This route requires a 

lower energy and loss of tin through the evaporation of SnI4. For oxidation to 

occur in the presence of lead, all six SnI2 bonds must be broken, requiring more 

energy. In this case, different by-products are formed such as I2, SnO2 and PbI2, 
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leading to the loss of I2 instead of Sn (Equation 2.9)[25]. 

2𝐶𝐻3𝑁𝐻3𝑆𝑛𝐼3  + 𝑂2   
→ 𝑆𝑛𝑂2   + 2(𝐶𝐻3𝑁𝐻3) + 𝑆𝑛𝐼4   

 

 

(2.8) 

 

 

 

 

2𝐶𝐻3𝑁𝐻3𝑆𝑛0.5𝑃𝑏0.5𝐼3  + 𝑂2   
→ 𝑆𝑛𝑂2   + 2(𝐶𝐻3𝑁𝐻3) +  𝑃𝑏𝐼2   

+ 𝐼2   

 

(2.9) 

2.8.1 Humidity  

          A few numbers of authors have associated humidity with positive 

effects in lead perovskites. Zhou et al. (2014) reported that films grown in an 

environment with 30% humidity showed good optoelectrical properties compared 

to films prepared in dry air due to improved dissolution of the reactants and 

effective mass transport [170]. Bass et al. (2014) highlighted the effect of moisture 

on crystallization utilizing CH3NH3PbI3 and CH3NH3PbBr3 films. In their study, 

moisture was found to induce rapid crystallization and oriented growth [171]. 

Moisture assisted crystallization at room temperature was shown by Dubey et al. 

(2016) to promote nanorods with improved optical, charge transport properties 

and high performance [172]. The hazardous effects associated with humidity far 

outweigh the benefits. 

When a perovskite film is exposed to humidity or water vapor, it undergoes 

series of chemical and physical changes that result in degradation. The 

degradation process usually takes place in two steps and can be reversible. The 

first step involves the hydration of the perovskite to form an intermediate phase 

CH3NH3PbI3 • H2O according to Equation 2.10 [173]. 

 𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3 +  𝐻2𝑂 ↔ 𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3 • 𝐻2𝑂  (2.10) 

 The perovskite in its hydrated state is metastable. It transforms into a 

stable perovskite at 24.85 oC depending on the number of water molecules 

attached to it [174]. Two or more water molecules tend to space out the 

components of the perovskite, thus preventing any reversible transformation 

[175]. Li et al. (2016) observed a 6% expansion of the lattice for monohydrate 

lead perovskite [176]. The hydrated perovskite can take another variant form, 

(CH3NH3)4PbI6 • 2H2O, under long exposure to water vapor [177][178].  

In the second step, the hydrated perovskite can decompose into PbI6, 

CH3NH3I and water as shown in Equation 2.11. 

  𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3 • 𝐻2𝑂 ↔ 𝑃𝑏𝐼2 + 𝐶𝐻3𝑁𝐻3𝐼 + 𝐻2𝑂 (2.11) 
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The products of the reaction can be transformed back into a perovskite 

when dried in the dark or under sunlight provided the products do not suffer 

further dissociation. The transformation of (CH3NH3)4PbI6 • 2H2O is fully 

reversible under conditions where no volatile products are formed coupled with 

the absence of phase separation induced by the precipitation of PbI2 [177][178].  

Zhao et al. (2016) observed that an aqueous solution of 

CH3NH3PbI3 powder contained PbI2 precipitates and a liquid phase of CH3NH3I 

[173]. They therefore concluded that reversibility of the second stage of 

degradation is also controlled by the solubility of the species in water. Excess 

water molecules can completely degrade the material compared to a single water 

molecule due to the dissolution of HI and CH3NH2 [179].  

 

2.8.2 Ultraviolet (UV) radiation 

The components of the perovskite solar cell can react differently to the 

absorption of UV light, causing degradation. The perovskite can be destroyed by 

radiation according to Equation 2.12 [180]. The transport layer, TiO2, can oxidize 

iodide ions to iodine according to Equation 2.13 [180]. Methylammonium ion can 

lose a proton, transforming into methylamine gas (Equation 2.14) [180]. Another 

possibility is the formation of HI according to Equation 2.15 [180]. 

CH3NH3PbI3 
hv
↔ PbI2 + HI ↑  +CH3NH2(g) ↑  

  

 

( (2.12) 

2𝐼−  
hv
↔ I2 + 2𝑒− 

 

  

 

 

(2(2.13) 

3CH3𝑁𝐻3
+  

hv
↔ 3𝐻+ + 3CH3NH2 ↑ 

 

 

  

 

 

(2.14) 

                          I2 +  𝐼− + 3𝐻+  + 2𝑒−
hv
↔ 3HI ↑ 

 

 

  

 

 

(2.15) 

  

2.9 Oxygen-deficient TiO2  

Oxygen vacancy is one of the most important defects in TiO2 which affects 

optical, physical and chemical properties. It has been reported to promote 

ferromagnetism, conductivity, photocatalytic activity, resistive switching and 

photoelectrochemical performance [181]–[183]. The removal of an oxygen atom 

from the lattice disrupts the electroneutrality of TiO2 by forming oxygen vacancies 
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(Vo). Thus, two electrons are bound to the vacant position to restore neutrality. 

This type of vacancy is known as a neutral oxygen vacancy (F) (Equation 2.16).  

𝑉0 + 2𝑒− → 𝐹 

 

  

 

 

(2.16) 

The electrons bound to the neutral vacancy can be ionized, generating 

single positively (F+ center) charged oxygen vacancy or double positively charged 

oxygen vacancy (F2+ center) [184] as in Equations 2.17 and 2.18, respectively.  

𝑉0 + 𝑒− → 𝐹+ 

 

  

 

 

(2.17) 

𝑉0 → 𝐹2+ 

 

 

 

(2.18) 

            Also, the electrons in the neutral oxygen vacancy can reduce Ti4+ species 

to Ti3+. The Fo, F+ and F2+ are known as color centers because they can absorb 

certain wavelengths, delivering color to their occupant. For example, oxygen-

deficient TiO2 varies in color: gray, black, blue among others [185][186][80]. 

Oxygen vacancies can reside in the bulk and/or on the surface in the form of a 

disordered shell [61]. Surface oxygen vacancies are not stable, often oxidizing in 

air or water [187]. Thus, bulk oxygen vacancies are advantageous in this regard 

but susceptible to recombination [188]. 

Oxygen vacancies and Ti3+ can be introduced into TiO2 by calcining in 

reducing atmospheres such as hydrogen, argon and vacuum [189]. The direct 

reduction of Ti(IV) can be very expensive, as regards the use of energy, 

sophisticated equipments and special types of gases. Metal and non-metal 

doping can promote the formation of oxygen vacancies by calcination in air. This 

approach uses in-situ reduction by substitutional/interstitial doping, thus the 

calcination environment is not a determinant. In cases where the system studied 

is sensitive to dopants, one has to devise strategies to provide an in-situ reducing 

atmosphere. The process of creating oxygen vacancies through the introduction 

of Ti3+ without any external dopant is termed self-doping [190].  

Self-doping through the hydrolysis and/or precipitation of titanium 

precursors is an emerging field in the synthesis of oxygen-deficient TiO2 in air. 

Through the hydrolysis of titanium tetraisopropoxide, Marqbol et al. (2017) were 

able to obtain oxygen-deficient TiO2 upon calcination [81]. Karthik et al. (2019)  

employed the incomplete hydrolysis of titanium isopropoxide as a route for the 

synthesis of oxygen-deficient TiO2 [82].  Nawaz et al. (2019) formed precipitates 
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by adding NH3 to a solution of TiCl4, glycerol and water [191]. The precipitates 

were calcined in air to produce oxygen-deficient TiO2. Precipitation and hydrolysis 

depend on the concentration of titanium ions in solution, therefore studying their 

effect on the formation of oxygen vacancies is important.  

 

2.9.1 Role of  oxygen vacancies  

Oxygen vacancies in TiO2 enhance visible light adsorption through the 

formation of states in the bandgap [192]. The oxygen vacancies states are 

located at 0.75–1.18 eV below the conduction band [193]. Figure 2.9 shows the 

energy level of oxygen vacancies. The concentration of oxygen vacancies must 

be sufficient to form a continuous state just below the conduction band instead of 

localized states [190]. Localized states are detrimental to visible light activity 

because they act to decrease mobility as well as promote recombination. Thus, 

having the right concentration of oxygen defects is important [190]. Oxygen 

vacancies can act as recombination centers as well as promote separation of 

photoinduced charge carriers and  photodegradation. 

 

Figure 2.9 - Bandgap model of TiO2 containing oxygen vacancies[193].  

Reprinted from Role of oxygen vacancy in the plasma-treated TiO2 photocatalyst 

with visible light activity for NO removal, Vol 161, Isao Nakamura,Nobuaki 

Negishi,Shuzo Kutsuna,Tatsuhiko Ihara,Shinichi Sugihara,Koji Takeuchi, Pages 

No. 205-212, Copyright (2000), with permission from Elsevier. 

 Pan et al. (2013) did not observe satisfactory photocurrent generation 

among oxygen-deficient samples [194]. The poor performance was attributed to 

high recombination and poor charge separation. Hole-mediated photo-oxidation 



 
 
38 

 

 

of trimethyl acetate was impaired on oxygen vacancy sites due to recombination 

between excess electrons and photoexcited holes [195].  

Defective TiO2 presented a photocurrent 10 times higher than normal TiO2. 

The improvement in photocurrent was assigned to high absorption of visible light 

and generation of charge carriers due to the high concentration of oxygen 

vacancies [186]. Xia et al. (2014) reported that the photocatalytic activity of 

oxygen-deficient TiO2 increased with increase in oxygen vacancies regardless of 

optical absorption [196].  

Photogenerated holes react with oxygen absorbed in vacant sites to 

produce superoxide radicals responsible for the photodegradation of organic 

species [197]. Also, donor electrons associated with oxygen vacancies can 

enhance conductivity [198]. Liu et al. (2011) reported that Ti(III) reduced 

photocatalytic activity through recombination [199]. 

From the above studies, oxygen vacancies can be beneficial when an 

optimum level is introduced into the material. 

 

2.10 Summary 

Tin  halide perovskites have great potential for solar cell applications, but 

the facile oxidation of Sn(II) is detrimental to their chemical stability and 

functioning. Among solutions to curb this problem, metal cation doping is versatile 

due to the numerous options of cations. Prior literature shows that Mn has not 

been explored in tin perovskites.   

In the traditional synthesis of tin perovskites, tin halide precursors, SnI2 

and SnCl2, are mostly used. SnI2 was shown to contain traces of Sn(IV) 

depending on its purity. Using high purity levels such as 99.999 % can mitigate 

this problem, however it comes at a high cost, especially considering large scale 

production. The application of non-halide tin precursors for the synthesis of tin 

perovskites is an alternative route for the synthesis of tin perovskite since these 

precursors are less expensive and can be stable sources of Sn(II).  

TiO2 is one of the most important components of tin perovskite solar cells 

and functions as a hole transport material. Oxygen defects in TiO2 materials 

improve visible light response, photocurrent, surface properties and carrier 
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lifetime. However, the role of oxygen-deficient TiO2 in perovskite solar cells is not 

clear. Thus, there is the need to apply these materials in tin perovskite solar cells.  

Oxygen-deficient TiO2 can be synthesized by oxidizing lower valent 

titanium precursors or reducing tetravalent titanium precursors including TiO2. 

The reduction approach is widely utilized due to easy access to tetravalent 

titanium precursors. Majority of these methods are expensive and energy 

intensive, requiring special synthesis atmospheres as well as complex 

equipments. In this regard, the synthesis of oxygen-deficient TiO2 based on 

calcination in air offers the possibility of using simple equipments and 

experimental conditions. 
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3 MATERIALS AND METHODS 

This section presents the reagents, methods and equipments utilized. Tin 

perovskites were synthesized using three tin precursors and the one-step 

method: tin(II) iodide, tin(II) octoate and tin(II) sulfate. The perovskite prepared 

with tin(II) iodide was doped with manganese (2% and 10% mol).  

The samples were characterized by various techniques: X-ray diffraction 

(XRD), diffuse reflectance spectroscopy (DRS), micro-Raman spectroscopy, 

photoluminescence spectroscopy, Fourier-transform infrared spectroscopy 

(FTIR)/attenuated total reflectance (ATR), scanning electron microscopy (SEM), 

Field emission gun scanning electron microscopy (FEG-SEM), cross-sectional 

scanning electron microscopy, transmission electron microscopy (TEM) and 

Energy-dispersive X-ray spectroscopy (EDX).  

The electrochemical properties of the tin perovskite (tin(II) iodide 

precursor) and Mn doped samples were verified in aqueous and non-aqueous 

media. The photovoltaic properties of the samples were measured. 

A part of the chapter covers the synthesis and characterization of oxygen-

deficient TiO2.  

 

3.1 Materials 

All the chemical reagents, solvents, substrate and tape were purchased. 

They were utilized without purification unless otherwise stated. Table 3.1 contains 

a list (alphabetical order) of the reagents, solvents and substrate as well as a 

summary of their properties. 

Table 3.1 - Reagents, solvents and substrate information. 

Reagent/Substrate/ 

Solvent/Tape 

Chemical 

formula 

Manufacturer  Properties  

Acetylacetone C5H8O2 Sigma-Aldrich ≥99.9% 

Amiloride 

hydrochloride hydrate 

C6H9Cl2N7O· 

2H2O 

Sigma-Aldrich Pharmaceutical 

Secondary 

Standard 
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Chlorobenzene 

 

C6H5Cl 

 

Sigma-Aldrich 

Anhydrous, 

99.8% 

Dichloromethane CH2Cl2 Synth  100% 

 

Dimethylformamide 

(DMF) 

 

C3H7NO 

 

Sigma-Aldrich; 

Panreac 

Anhydrous, 

99.8%; ASC, 

99.8% 

Dimethyl sulfoxide 

(DMSO) 

 

(CH₃)₂SO 

 

Sigma-Aldrich 

Anhydrous, 

≥99.9% 

Ethanol  C2H6O Synth 99% 

Extran detergent - Merck - 

 

Fluorine-doped tin 

oxide (FTO ) 

 

SnO2:F 

 

Sigma-Aldrich 

Surface 

resistivity  

~7 Ω/sq 

 

Hellmanex detergent 

 

- 

Hellma 

Analytics 

 

- 

Hydrochloric  acid HCl Sigma-Aldrich 37% 

Hydrogen peroxide H2O2 Synth 35% 

Iodine I2 Sigma-Aldrich ≥99.99% 

 

Isopropanol 

 

C3H7OH 

 

LCS 

 

100% 

 

Kapton polyimide tape 

 

C22H16N2O3 

 

Hikari 

Resistant to 

heat, acids and 

solvents  

Manganese chloride MnCl2 Sigma-Aldrich ≥99%  

Methylammonium 

iodide 

 

CH3NH3I 

 

Sigma-Aldrich 

 

98% 

Polylactic acid (PLA)         (C3H4O2)n Nature Works 66000g/mol 

Poly(3-hexylthiophene-

2,5-diyl) (P3HT) 

 

(C10H14S)n   

 

Sigma-Aldrich 

Mw=70,000  

kDa kegioregular 

Sodium sulfate Na2SO4 Dinamica  99% 

Sulfuric acid H2SO4 Synth  98% 
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3.1.1 Spin coater 

A home-made spin coater was designed and constructed to produce the 

perovskite films. The set-up consists of a 12 V DC motor, which runs up to 12500 

rpm. The motor was connected to an AC/DC convertor and a potentiometer to 

adjust the rotation speed.  

 

3.1.2 Conductive glass 

A glass slide coated with fluorine-doped tin oxide film (FTO) served as a 

substrate for the growth of the perovskite films. The size of the FTO substrates 

was 3 cm x 1 cm for general characterization. However, the active area was 

limited to 1 cm2  for electrochemical measurements. For the photovoltaic devices, 

a size of approximately 1.25 cm x 1.88 cm was adopted. Note that this area 

contains four cells. 

3.1.3 Amiloride Hydrochloride 

Amiloride hydrochloride dihydrate was utilized as a model pharmaceutical 

for the photocatalytic evaluation of the TiO2 samples under visible light irradiation. 

 

Tin(II) iodide 

 

SnI2 

 

Sigma-Aldrich 

Anhydrous, 

99.99%  

Tin(II) octoate   C16H30O4Sn  Sigma-Aldrich 92.5-100% 

Tin(II) sulfate SnSO4 Sigma-Aldrich 97% 

Titanium 

diisopropoxide 

bis(acetylacetonate) 

 

C16H28O6Ti 

 

Sigma-Aldrich 

 

75 wt. % 

 

Titanium dioxide  paste 

 

TiO2 

 

Dyesol 

Transparent, 

Mean particle 

size (20 nm) 

Titanium(IV) 

Isopropoxide 

 

Ti(OC3H7) 

 

Sigma-Aldrich 

 

97% 

 

Zinc powder 

 

Zn 

 

Sigma-Aldrich  

9.99% trace 

metals basis 
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Amiloride hydrochloride is a salt of amiloride in the class of medications called 

diuretics. They reduce water retention  through the excretion of water and sodium 

(urine). Accordingly, amiloride is prescribed for the treatment of high blood 

pressure, congestive heart disease and edema. The use of amiloride is bound to 

increase given the continuous increase in the prevalence of cardiovascular 

diseases. 

 Amiloride is not broken down by the liver, which in turn is excreted from 

the body in its original form [200]. When released into sewage, it can transform 

into various metabolites according to pH changes and photo-induced processes. 

Guanidine, a nitrogen-based metabolite, is known to be very stable and toxic 

[201]. This property increases the propensity of Amiloride to cause 

pharmaceutical pollution. Furthermore, in relation to aquatic risk, amiloride is 

considered harmful with long term effects (Category 3 Chronic Aquatic risk).   

The chemical structure of Amiloride is shown in Figure 3.1. It consists of a 

pyrazine ring with two attached amino groups, one chlorine atom and a 

acylguanidine side chain [202]. 

 

Figure 3.1 - The chemical structure of Amiloride [202].  

 

3.1.4 Tin(II) octoate  

Tin(II) octoate also known as tin(II) 2-ethylhexanoate, is an organo-tin(II) 

compound. It is mostly utilized as a polymerization catalyst for the ring opening 

of cyclic carboxylic esters (lactones) necessary for polyester formation [203]. In 

addition, it finds application in the polymer industry as a crosslinking catalyst for 

polyurethane production [204].  

Tin(II) octoate is commercially available as a viscous liquid. It is noted for 

its feasibility with non-aqueous medium. Therefore, it can be a useful source for 

the synthesis of tin perovskites.  Figure 3.2 shows the structure of tin(II) octoate 
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marked with tin(II) coordinated with 2-ethylhexanoates chains. 

 

Figure 3.2 - Chemical structure of  tin(II) octoate [205].   

With the use of adequate non-polar organic solvents, the chains dissociate 

into Sn(II) and 2-ethylhexanoates.  

 

3.1.5   Polylactic acid 

Polylactic acid (PLA) is a biodegradable aliphatic polyester. PLA is usually 

utilized for 3D printing and presents a relatively low glass transition temperature 

(60 oC). Figure 3.3 presents the structure of PLA. 

 

Figure 3.3 - Chemical structure of PLA [206]. 

PLA was chosen because of its high solubility in dichloromethane, ease of 

spin coating and crystallization without the need for high temperature. 

 

3.1.6 Substrate cleaning 

The cleaning process of the FTO substrates utilized for the films with the 

exception of the solar cells is presented here. The substrates were immersed in 

an alkaline detergent, Extran (10% V/V), and ultrasonicated for 15 min. After, they 

were thoroughly washed with distilled water and subsequently ultra-sonicated in 

distilled water for 15 min. The substrates were transferred for further sonication 

(15 min) in ethanol followed by distilled water. They were again ultrasonicated in 

isopropanol for another 15 min. Finally, the substrates were ultrasonicated in 

distilled water for 15 min. After, they were dried with nitrogen gas. 
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3.1.7 Preparation of perovskite solution 

Perovskites are sensitive to moisture and oxygen. Therefore, the films 

were prepared in a MBraun nitrogen filled-glovebox (Embrapa Instrumentation, 

São Carlos). 

The chemical equation governing the production of  MASnI3 is shown in 

Equation 3.1. The use of  tin(II) iodide is mostly preferred due to the 1:1 mole 

ratio of reagents, which eliminates residues. 

𝐶𝐻3𝑁𝐻3𝐼 + 𝑆𝑛𝐼2 → 𝐶𝐻3𝑁𝐻3𝑆𝑛𝐼3 

 

 

(3.1) 

To prepare the CH3NH3SnI3 solution, besides respecting a mole ratio of 

1:1, a 45% weight in 1 mL of DMF was considered. 232.40 mg of 

methylammonium iodide was dissolved in 0.7 mL DMF under magnetic stirring. 

After, 544.70 mg of anhydrous tin(II) iodide was dissolved in the 

methylammonium iodide solution under agitation and the remaining 0.3 mL of 

DMF was added.  

In a separate synthesis, Mn doped films were prepared. MnCl2 (Sigma-

Aldrich) was used as a source of Mn because it is cost-effective compared to 

MnI2. Two types of doped samples were synthesized: 2 mol % Mn and 10 mol % 

Mn.  

To dope the perovskite with 2% Mn, 232.40 mg of methylammonium iodide 

(CH3NH3I) was completely dissolved in 0.7 mL under magnetic stirring. Then, 

533.80 mg of anhydrous tin(II) iodide was dissolved in the solution under 

magnetic stirring. After the complete dissolution of tin(II) iodide, 3.68 mg of MnCl2 

was added followed by the addition of 0.3 mL DMF.   

For 10% Mn, 232.40 mg of methylammonium iodide (CH3NH3I) was 

dissolved in 0.7 mL under magnetic stirring. Then, 490.23 mg of anhydrous tin(II) 

iodide was dissolved in the solution under magnetic stirring. After the complete 

dissolution of tin(II) iodide, 18.40 mg of MnCl2 was added followed by the addition 

of 0.3 mL of DMF.   

MASnI3 solutions were prepared with two different precursors: tin(II) 

octoate and tin(II) sulfate. When using non-halide precursors, sufficient iodide 

ions must be provided through methylammonium iodide. Thus, usually the 

methylammonium content is relatively higher unlike halide tin precursors. Also, 
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there can be associated residues when using non-halide precursors.  

Equation 3.2 presents the chemical reaction governing the perovskite 

synthesis using tin octoate. 

    𝐶16𝐻30𝑂4𝑆𝑛 + 3𝐶𝐻3𝑁𝐻3𝐼 →   𝐶𝐻3𝑁𝐻3𝑆𝑛𝐼3 +  2(𝐶𝐻3𝑁𝐻3) + 𝐶16𝐻30𝑂4 

 

 

(3.2) 

Methylammonium iodide (700 mg) was dissolved in 0.8 mL of DMF. 

Subsequently, 0.5 mL of tin(II) octoate was added to the solution to form the 

precursor solution.  

  The preparation of the MASnI3 precursor containing SnSO4 followed 

Equation 3.3. Methylammonium iodide (500 mg) was dissolved in 1 mL DMF.  

Subsequently, 225 mg of SnSO4 was added to form the precursor solution. 

SnSO4 did not dissolve completely so the supernatant was utilized.  

𝑆𝑛𝑆𝑂4 + 3𝐶𝐻3𝑁𝐻3𝐼 → 𝐶𝐻3𝑁𝐻3𝑆𝑛𝐼3   + 2(𝐶𝐻3𝑁𝐻2) ↑  + 𝐻2𝑆𝑂4   
 

 

 

(3.3) 

 

 

 

 

          Figure 3.4 presents the freshly prepared solution from SnSO4. The solution 

changes to yellow after a day.  

 

Figure 3.4 - Freshly prepared solution showing undissolved SnSO4. 

 

3.1.8 Deposition of films 

The perovskite precursor solutions were deposited by the one-step 

deposition method. The solutions containing both methylammonium iodide and 

tin iodide precursors were deposited on previously cleaned FTO by spin coating. 

Figure 3.5 shows the sequence of the deposition process.  

 

Figure 3.5 - Sequence of film deposition by the one-step method (1000 rpm/30 s 

and temperatu150 oC /10 min) [207].  
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The solution was deposited on the FTO substrate and spun at 1000 rpm 

for 30 s. After, it was heated on a hotplate at 150 oC for 10 min. The color of the 

as-prepared film was black.  

Figure 3.6 shows a photograph of the tin perovskite films prepared with tin 

iodide precursor. The manganese doped films were deposited with the same 

deposition and annealing parameters. For the solar cells, a different condition 

was utilized and will be stated later.  

  

Figure 3.6 - Photograph of a tin perovskite sample (1 cm x 3 cm). 

The sample synthesized with tin iodide will be referred to as CH3NH3SnI3 

or MASnI3 throughout the thesis. The same applies to the doped samples 

prepared with tin iodide precursor: 2% Mn and 10% Mn. 

Variant tin perovskites films were prepared using two non-halide 

precursors: tin(II) sulfate and tin(II) octoate. They were deposited by drop casting. 

The reason for using drop casting was to ensure the stability of the films during 

calcination. It was observed that when the films were spin coated using the halide 

perovskite conditions, their thermal stability was poor. Thus, the effects of 

temperature and time on the properties of these perovskites were studied: 110 

oC/10 min, 150 oC/10 min and 150 oC/20 min.  

The samples were named CH3NH3SnI3 (sulfate) or MASnI3 (sulfate) and 

CH3NH3SnI3 (octoate) or MASnI3 (octoate).  

 

3.1.9 Preparation of  the perovskite electrodes  

For the electrochemical analysis of the Mn doped and pristine perovskite 

samples (tin iodide precursor), electrodes were prepared using one-step method 

(1000 rpm/ 30 s). The electrode area was limited to 1 cm2. Two types of 

electrodes were prepared according to type of electrochemical measurement 

(aqueous and non-aqueous).  

For aqueous medium, the films were protected by a polylactic acid film. 
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For this purpose, 245 mg of polylactic acid (PLA) was dissolved in 4 mL of 

dichloromethane at room temperature. This solvent was chosen because it 

dissolves PLA but does not dissolve the perovskite. The PLA solution was 

deposited and spin coated onto the perovskite film at 1000 rpm/30 s in a 

glovebox. In total, two layers were deposited and the films were dried at room 

temperature.  

No PLA solution was deposited on the films utilized for the non-aqueous 

test. The films for the non-aqueous electrochemical analysis were deposited by 

drop casting instead of spin coating due to their high susceptibility of dissolving 

when in contact with the electrolyte solution. Therefore, drop casting guarantees 

a greater film thickness and stability. To ensure that all the non-aqueous films 

present the same width, a constant volume was utilized. 

 

3.1.10   Fabrication of solar cells    

 Photovoltaic devices were fabricated in the Nanotechnology and Solar 

Energy Laboratory (LNES), University of Campinas. They were formed of multiple 

film layers: dense TiO2, mesoporous TiO2, perovskite layer, poly (3-

hexylthiophene) and gold contact. Figure 3.7 shows the configuration of the solar 

cell.  

 

 Figure 3.7 - Design of the photovoltaic cell. 

3.1.10.1 Etching of FTO  

A part of the conductive FTO film was etched to prevent direct contact 

between the anode and cathode contacts during device testing. When this 

happens, the cell is short-circuited. 

 In order to perform the etch, four-fifth of the conductive layer was masked 

with a Kapton tape known for its high chemical and heat resistance. One-fifth was 
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exposed for etching. Zinc powder was mixed with distilled water to form a paste, 

which facilitates painting of the desired area. The paste was spread on the 

exposed surface and 2 M of hydrochloric acid was dropped on the surface. The 

etching process produced visible bubbles (hydrogen). After the reaction was 

complete, the substrate was washed off any zinc powder residue with distilled 

water. Then, the etching process was confirmed by a voltmeter.  

The substrate was thoroughly cleaned by a soft bristle brush and 

Hellmanex detergent solution. A different procedure was adopted for the cleaning 

of the solar cell substrates because they are highly sensitive to residues. They 

were initially immersed in a piranha solution (3:1, H2SO4:H2O2) for 10 min to 

ensure the complete removal of organic residues. Although there exists a 

possibility of etching the FTO substrates, studies that used the method did not 

report any associated problems [208]–[210]. The substrate was washed with 

distilled water followed by ethanol and isopropanol. Finally, the cleaned substrate 

was submitted to UV-ozone cleaning for 30 min. 

 

3.1.10.2 Dense TiO2 layer   

The first layer of the electron transport layer was TiO2. Dense TiO2 films 

were deposited by spray pyrolysis (oxygen). The precursor solution was 

composed of acetylacetone, titanium diisopropoxide bis(acetylacetonate) and 

ethanol. For the preparation, acetylacetone (0.4 mL) was added to ethanol (9 

mL). Subsequently, titanium diisopropoxide bis(acetylacetonate) (0.6 mL) was 

added to the mixture to form the precursor solution [211]. After the precursor was 

deposited, a cotton swab soaked with isopropanol was swiped to remove a 

portion of the deposited film on the FTO glass. The as-prepared film was heated 

on a hotplate at 125 oC for 10 min, then cooled to room temperature.  

 

3.1.10.3 Porous TiO2 layer   

The second layer of the electron transport layer was mesoporous TiO2. To 

deposit the porous layer, a solution of 150 mg of titanium paste in 1 mL of ethanol 

was utilized. The solution was spin coated onto the dense TiO2 layer at 4000 rpm 

for 60 s. Once again, a portion of the deposited film was wiped off from the FTO 
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glass. The substrate was dried at 120 oC and was later calcined according to the 

conditions reported by Saliba et al. (2018) and are summarized in Table 3.2 [211]. 

Table 3.2 - Temperature and time conditions utilized for the calcination [211]. 

Ramp (min) 5 15 5 5 

Temperature (oC) 125 325 375 450 

Hold (min) 5 5 30 5 

 

3.1.10.4 Perovskite layer 

The films were deposited by the one-step method. The precursor solutions 

for the cells were modified compared to the original solutions. Instead of DMF, a 

mixture of DMF and DMSO (4:1) in volume was utilized in order to improve the 

morphology and coverage of the films. The prepared precursor solutions were 

deposited on the TiO2 assembly (porous and dense films) by spin coating.  

The parameters of the spin coating process were: a slow step (10 s at 1000 

rpm) which guarantees the coverage of the substrates and a fast step (20 s at 

6000 rpm). Chlorobenzene was dropped casted on the actively rotating substrate 

at 5 s into the end of the 6000 rpm rotation. The films were heated at 100 oC for 

5 min instead of 150 oC/10 min due to film degradation. Degradation was not 

previously observed for the condition of 150 oC/10 min in the films not utilized for 

the solar cells and prepared with low spin coating speed (1000 rpm). Thus, 

degradation could be associated with film thickness. 

 

3.1.10.5 Hole transport material 

Poly(3-hexylthiophene) was utilized as a hole transport material instead of 

spiro-OMeTAD because Li reagents used as dopants have been reported to 

degrade perovskites. The solution was prepared by dissolving 10 mg of P3HT in 

1 mL chlorobenzene. It was left overnight under agitation at 60 oC and was 

deposited at room temperature. The hole transport material was deposited 

following the same spin coating conditions of the perovskite films. A cotton swab 

soaked with isopropanol was employed to remove a portion of the deposited film 

on the FTO glass. 
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3.1.10.6 Anode 

Gold was used as a back contact to complete the device. The gold layer 

was deposited in two steps: the first was 2 nm layer at 0.1 Å/s, which was 

increased to 80 nm at 1.2 Å/s [211]. Figure 3.8 shows the as-prepared 

photovoltaic cell. 

 

 Figure 3.8 - The photograph of the as-prepared photovoltaic cell. 

 

3.1.11 Sythesis of oxygen-deficient  

The effect of titanium isopropoxide volume on the synthesis of oxygen-

deficient TiO2 was analyzed. For this purpose, 5 mL of titanium isopropoxide was 

dissolved in 60 mL of isopropanol under vigorous stirring at room temperature. 

Subsequently, 0.4 mL of 2 M HCl was added to the mixture and stirred for 20 min. 

The sample was designated 5Ti. The method was modified using 10 mL, 20 mL 

and 40 mL and the samples were named accordingly: 10Ti, 20Ti and 40Ti. Figure 

3.9 shows the dispersions containing different volumes of titanium isopropoxide. 

 

  

 

 

 

Figure 3.9 - Photograph of TiO2 dispersion in ascending order of titanium 

isopropoxide volume (5-40 mL).  

It can be seen that the samples undergo different degrees of 

hydrolysis/precipitation as the volume of titanium isopropoxide increases from 5 

mL to 40 mL. Each dispersion was calcined separately in air using a two-step 

program: 150 oC/4h and 500 oC/4h in air with a ramp of 2 oC/min. 

 Part of the as-prepared sample 40Ti was separated and additional 3 step 
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heat treatments were carried out: 300 oC/2h, 500 oC/2h and 800 oC/4h. This 

sample was named 40Ti_W due to its white color and served as a comparison.  

 

3.1.12  TiO2  electrodes 

In order to measure the electrochemical properties of the powders, 

electrodes were fabricated through electrophoretic deposition. In this method, 

particles are deposited on a conductive surface such as FTO substrate under the 

influence of an applied potential. A stock suspension was prepared containing 

TiO2  powder, ethanol and iodine with the proportion of  50 mg, 30 mL and 20 mg, 

respectively. Iodine increases the charge of the particles, facilitating deposition. 

Two FTO substrates were immersed in the stock solution, one connected 

as an anode and the other, a cathode. A voltage of 12 V was applied for 15 min 

and then the charged particles were deposited on the cathode. Figure 3.10 shows 

the electrodes prepared by electrophoretic deposition. 

 

Figure 3.10 - Photograph of the films deposited by electrophoresis. Left to right 

(5Ti-40Ti_W). 

 

3.1.13     Characterization of  perovskites and oxygen-deficient TiO2  

3.1.13.1 X-ray diffraction  

The structural phases of the perovskite films and TiO2 powders were 

identified by X-ray diffraction using a Shimadzu XRD 6000 diffractometer 

(Embrapa Instrumentation, São Carlos) equipped with a Cu anode (λCu-Kα = 

0.154 nm). The films were scanned in the 2theta range of 10-70 degrees at a 

scan rate of 2 degrees per minute. The patterns were indexed with the help of a 

crystallographic database (Joint Committee on Powder Diffraction Files-JCPDF), 

Match software and CIF files. The lattice parameters of the TiO2 samples were 

obtained through Rietveld analysis using the General Structure Analysis System 
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(GSAS) software [212] and the EXPGUI interface [213]. The data utilized for the 

analysis was obtained by a fixed time scan mode, a preset time of 4 s and scan 

rate of 2 degrees per minute. 

The as-synthesized samples (doped and pristine MASnI3) were left on a 

laboratory counter for 24 hours. The diffraction patterns of the samples were 

taken after this period to verify stability.  

 

3.1.13.2 Micro-Raman spectroscopy 

Micro-Raman spectra of all samples were collected with a Horiba Jobin 

Yvon HR550 model spectrometer (LIEC, UFSCar) whose wavelength and 

radiation power is 514 nm and 7 mW, respectively. This technique allows the 

chemical composition and identification of the samples through vibrational 

modes. 

 

3.1.13.3 Photoluminescence spectroscopy 

Photoluminescence provides information on defect states, recombination 

and bandgap of materials. The photoluminescence spectra of the perovskite 

samples were collected by Shimadzu RF-5301 PC spectrofluorophotometer 

(Embrapa Instrumentation) in the spectral range of 650 to 900 nm at an excitation 

wavelength of 550 nm. For the oxygen-deficient TiO2, a 355 nm laser beam 

(Cobolt/Zouk) was utilized. The luminescence of the samples were dispersed by 

a 19.3 cm spectrometer and analyzed by a Silicon Charged Coupled Deviced 

(Andor  Kymera) (Department of Physics, UFSCar). 

  

3.1.14 Fourier-transform  infrared spectroscopy/Attenuated total reflection 

The chemical properties of the surface of the perovskite samples were 

measured by Fourier transform infrared (FTIR) spectroscopy. The spectra were 

recorded from 4000 to 500 cm-1 range, at a resolution of 4 cm-1, using a Bruker 

Vertex 70 spectrophotometer (Embrapa Instrumentation).  

The susceptibility of the perovskite samples to degradation motivated the 

use of attenuated total reflectance (ATR) technique instead of KBr pellets.  
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For TiO2 samples, KBr pellets were prepared. One (1) mg of TiO2 powder 

was blended with 100 mg of KBr and the mixture was pressed into pellets for the 

measurements. 

 

3.1.14.1 Transmission electron microscopy  

Crystallographic, compositional and morphological information was 

obtained by Transmission electron microscopy (TEM), using a FEI Tecnai G2 F20 

microscope operated at 200 kV (LCE, UFSCar). The perovskites analyzed were 

MASnI3 and 10% Mn. For sample preparation, the prepared film on FTO glass 

was scrapped and dispersed in dichloromethane. Drops of the suspension were 

deposited on a copper grade followed by drying in a desiccator. High resolution 

transmission electron micrographs were obtained and Energy-dispersive X-ray 

analysis was performed. 

Given the high propensity of perovskites for degradation, an alternative 

deposition method was tested. Here, instead of dissolving the samples in 

dichloromethane, the films were scrapped and ground. After, the grid was placed 

in contact with the perovskite powder to pick debris for analysis. The new samples 

were analyzed in a Philip CM-120 transmission electron microscope. Selected 

area diffractions for crystallographic analysis were obtained. 

To prepare the TiO2 samples, they were dissolved in acetone and 

ultrassonicated for 10 min. The solution was then drop casted on the grid and 

dried. The d spacings were estimated with ImageJ software. 

 

3.1.14.2 Diffuse reflectance spectroscopy 

Diffuse reflectance spectroscopy (DRS) measurements were conducted 

with a UV-Vis spectrophotometer (UV-2700 Shimadzu, Embrapa Instrumentation 

and Department of Physics, UFSCar) in the range of 200 to 800 nm. MgO powder 

was used as a reflectance standard. The data were transformed to a Kubelka-

Munk function using the Shimadzu software. The function is represented in 

Equation 3.4: 

𝐹(𝑅) =
(1 − 𝑅)2

2𝑅
=

𝐾

𝑆  

 

   

(3.4) 
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where R = reflectance, K = absorption coefficient  and S = scattering factor. 

The Kubelka-Munk function is almost identical to absorbance. The function 

can be modified by exponents depending on type of bandgap, where direct and 

indirect types are defined as 2 and 0.5, respectively. The bandgap value can be 

extrapolated from the x intercept of the plot. 

 

3.1.14.3 Scanning electron microscopy 

The morphology of the perovskites and TiO2 samples was verified by 

Scanning electron microscopy (JEOL 6510, Embrapa Instrumentation) and Field 

Emission Gun Scanning microscopy (JEOL 6700, Embrapa Instrumentation), 

respectively. The TiO2 powders were deposited in acetone and ultrasonicated for 

10 min. After, an aliquot was dropped on the grid and dried.  

The perovskite films were analyzed directly on their substrates. EDX 

elemental analysis was conducted for the perovskites samples (MASnI3, 10% Mn, 

MASnI3(Octoate) and MASnI3(Sulfate)).The width of the 10% Mn/PLA film was 

measured by cross-sectional SEM using JSM7500F model microscope (Unesp, 

Araraquara).  

 

3.1.14.4 Electrochemical analysis  

A three-electrode system was utilized for the electrochemical tests, which  

consisted of a Pt counter electrode, Ag/AgCl/saturated KCl reference electrode 

and perovskite working electrodes (1 cm2). Figure 3.11 shows the 

electrochemical cell with a volume capacity of 8 mL.  

 

 

 

 

 

 

Figure 3.11 - Design of the photovoltaic cell and positions of the working, 

reference and counter electrodes. 
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Its configuration provides an air-tight environment. The electrolyte utilized 

was 0.1 M NaSO4 in distilled water. The experiments were run without a redox 

pair to facilitate the observation of the pristine character of the perovskite.  

For the non-aqueous measurements, a three-electrode system was 

utilized, however the reference electrode was a pseudo Ag wire immersed in  

tetrabutylammonium hexafluorophosphate (TBAPF6)/dichloromethane solution 

and the working electrode was perovskite electrodes without PLA coating (1 cm2). 

The electrolyte was 0.1 M TBAPF6 /dichloromethane solution. The electrolyte 

solution was nitrogen saturated before any experiment and the solutions were 

changed for each electrode.  

To determine the behavior of the samples under the application of different 

potentials as well as stability, cyclic voltammetry of the perovskite films was 

carried out from -0.8 V to 0.8 V at a rate of 0.1 V/s and -0.07 V applied potential. 

The measurement consisted of three cycles, however only the first cycle was 

analyzed as it truly represents the perovskite film. The IUPAC convention for 

oxidation and reduction was applied. 

To study the effect of Mn on electron transfer, impedance measurements 

in the range of 105 Hz to 1 Hz was conducted. The applied potential was selected 

from a region in the cyclic voltammetry graph where no oxidation and reduction 

processes took place. The light source was an Osram halogen lamp at 110 W. 

Figure 3.12 shows the spectrum of the lamp utilized for the experiments. 

 

Figure 3.12 - Emission spectrum of the halogen light source. 

The current and voltage needed for the analysis were provided by a 

potentiostat (AUTOLAB PGSTAT® 30) available at Embrapa Instrumentation. 
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Linear sweep voltammetry under dark and light conditions was conducted in two 

directions (negative and positive). Also, transient photocurrent measurements 

were conducted with intervals of 10 s for a period of 90 s. Finally, 

chronoamperometry measurements (300 s) were conducted to verify the stability 

of the films. 

For the TiO2 electrodes, impedance measurements  in the frequency range 

of 105 Hz to 0.1 Hz and transient photocurrent measurements (90 s) in light and 

dark conditions were carried. A three-electrode system was utilized consisting of 

a Pt counter electrode, Ag/AgCl/saturated KCl reference electrode and TiO2 

working electrodes (1 cm2). The electrolyte utilized was 0.1 M NaSO4 in distilled 

water. 

 

3.1.14.5 Contact angle  

The wettability of the PLA polymer was tested by contact angle 

measurement using water in a CAM 101 Optical Contact Meter (System 

(KSV Instruments, Embrapa Instrumentation). Five (5) µL of water was dropped 

onto the films and the contact angle was measured automatically at a time interval 

of 60 s.  

3.1.14.6 Electron paramagnetic Spectroscopy 

To verify the presence of paramagnetic species related to oxygen 

vacancies, EPR measurement were taken in a Bruker EMS EPR Spectrometer. 

The powder samples were placed in individual tubes and filled to the same 

volume. The microwave frequency and power utilized was 9.51 GHz and 1.01 

µW, respectively. 

 

3.1.14.7 X-ray photoelectron spectroscopy 

The surface chemical analyses of selected TiO2 samples (5Ti, 20Ti, 40Ti 

and 40Ti _W) were performed with a PHOIBOS 150 spectrometer equipped with 

a XR-50 twin anode X-ray source (Mg/AI, 1.2-1.4 KeV). Wide survey and high 

resolution spectra (C 1s, O 1s and Ti 2p) were recorded. Fifteen scans were used 

for the survey spectra, while high-resolution spectra were recorded with 25 scans. 
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They were fitted and quantified using Casa XPS software. The C1s peak at 286.4 

eV for hydrocarbon contamination was used as a reference. The measurement 

was carried out at INT Nanotechnology Characterization Center, Rio de Janeiro. 

 

3.1.14.8 J-V curves  

The J-V curves of the perovskite solar cells were obtained using a Keithley 

2400 SourceMeter under AM 1.5G (100 mW/cm2 ) illumination inside a glovebox 

maintained at room temperature. The illumination intensity was set with a 

Sciencetech Class AAA simulator and calibrated with a KG5 filtered silicon 

reference cell. The J-V curves were obtained in the forward and reverse modes 

with a step of 10 mV and delay time of 0.25 s. However, only the reverse scan 

was presented because of hysteresis. The values of the open-circuit voltage 

(Voc), current density (Jsc) and fill factor (FF) were extracted from the curves. 

After, the power conversion efficiency (PCE) was estimated. 

 

3.2 Photocatalytic test  

The TiO2 samples were tested for their ability to degrade aqueous 

Amiloride solution. All photocatalytic tests were conducted in a photocatalytic 

reactor available at Embrapa Instrumentation, São Carlos (Figure 3.13). The 

photoreactor is equipped with six lamps (interior) and connected to a thermostatic 

bath and fan for temperature regulation. The efficiency of the films in degrading 

Amiloride under visible light was evaluated. 

 

 

  

 

 

 

Figure 3.13 - Photoreactor A) closed and B) open. 

The test solution was Amiloride solution (5 mg/L). Each sample (10 mg) 

      A      B 



 
 
60 

 

 

was placed in a beaker containing 20 mL solution of Amiloride (5 mg/L). A similar 

solution was also prepared however without TiO2, which served as a blank.  

The solutions were placed in the photoreactor and irradiated with visible 

light (6 Quality 15 W lamps, with maximum intensity at 440 nm). The 

measurement time was 4 hours. Aliquots of 3 mL were taken from each solution 

in intervals of 1 hour for UV-vis measurements (Shimadzu-UV-1601 PC 

spectrophotometer). After the runs, the aliquots were returned into the beakers 

for further irradiation. Amiloride has three principal peaks and the peak at 363 nm 

was monitored. 

 

 

 

 

 

 

 

 

 

 



 
 

61 
 

 

4 RESULTS AND DISCUSSION 

4.1 Tin and Mn doped perovskites 

4.1.1 Phase analysis  

Figure 4.1 shows the X-ray diffraction patterns of FTO, CH3NH3SnI3 

(MASnI3), 2% and 10% Mn doped CH3NH3SnI3 and their respective precursors, 

CH3NH3I and MnCl2.  

Figure 4.1 - X-ray diffraction patterns of the precursors (MnCl2, CH3NH3I), FTO 

and  MASnI3, 2% and 10% Mn doped MASnI3  annealed  at 150 oC/ 10 min. 

The diffraction patterns reveal that MASnI3 is composed of the 

pseudocubic phase [3][94][214]. The intensities of the (001) and (002) peaks 

were higher as expected but that of the remaining peaks were distinctively low, 

which point to a form of preferential orientation parallel to the substrate surface, 

similar to other studies [163][29]. 

The deposition of the films on bare FTO substrate compared to TiO2 might 

favor specific planes [140]. Kim et al. (2016) found that annealing temperature 

and the amount of residual solvent after spin coating influenced the growth of 

(100)-oriented lead perovskite films [215]. Thus, it is possible that the low 

rotational speed used in the present experiment may be associated with the 

nature of the diffraction patterns. Minor traces of unreacted methylammonium 

iodide and SnI2 can be seen but did not affect phase formation.  The diffraction 

patterns of MASnI3 did not alter significantly with the incorporation of Mn. In fact, 
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the doped films were crystalline and the pseudocubic phase was retained. 

According to the XRD resolution, MnCl2 peaks or associated secondary phases 

were absent, strengthening the assumption that doping does not disrupt the 

stoichiometry and structure of the perovskite, considering the compositions 

studied.   

  To back this assumption, the Goldschmidt tolerance factor (Equation 4.1) 

was calculated using the weight fraction of the Mn and Sn constituents according 

to Equation 4.2, where rMA, rI, rSn and rMn represent the radius of methylammonium 

cation, iodide ion and B cations (Sn(II) and Mn(II)), respectively [216]. For the 

calculation, the following ionic radii were considered: Mn(II) (0.8 Å) [21], 

methylammonium  (1.80 Å) [217], iodide ion (2.2 Å) [83] and Sn(II) (1.18 Å) [20].   

𝑡 =  
𝑟𝑀𝐴 + 𝑟𝐼

√2(𝑟𝐵 + 𝑟𝐼)
 

 

(4.1) 

𝑟𝐵  = 𝑋𝑟𝑀𝑛 + (1 − 𝑋)𝑟𝑆𝑛  

 

(4.2) 

 The values were 0.84, 0.84 and 0.85 for MASnI3, 2% Mn and 10% Mn, 

respectively. In this range, the perovskite is stable. Also, there is a subtle increase 

in stability when MASnI3 is doped with 10 % Mn. To probe the effect of Mn doping 

on the octahedral structure of MASnI3, the octahedral factor was also calculated. 

The ratio of the ionic radius of the metal cation to halide, deduced by Equations 

4.3 and 4.4, must be equal or greater than 0.414 [88].  

  𝜇 =  
𝑟𝐵

𝑟𝐼
 

  

  

 

(4.3) 

𝑟𝐵  = 𝑋𝑟𝑀𝑛 + (1 − 𝑋)𝑟𝑆𝑛  

 

 

(4.4) 

From the calculations, the octahedral factors were 0.54, 0.53 and 0.52 for 

MASnI3, 2% and 10% Mn doped MASnI3, respectively. The octahedral factor 

decreases as Mn content increases from 2 to 10 mol% Mn, representing a 

distortion of the crystal structure. To analyze the distortion induced by Mn doping, 

the (001) plane was considered.  

Figure 4.1 B presents the (001) peak of the pristine and Mn doped 

perovskites. A negligible peak shift can be seen for 2% Mn compared to MASnI3, 

indicating subtle changes in crystal structure. For 10% Mn doped MASnI3, the 

(001) peak shifted to a lower theta value. A shift to lower theta angles implies 

increase in d spacing, in other words, lattice expansion. Lattice expansion in 

https://en.wikipedia.org/wiki/Goldschmidt_tolerance_factor
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some Mn doped lead perovskites was associated with Mn in interstitial positions 

[218][219]. A major source of unreliability as regards predicting the position of Mn 

(0.8 Å) is the rapid oxidation of Sn(II) (1.18 Å) to Sn(IV) (0.69 Å), which opens the 

possibility of Mn occupying both substitutional and interstitial positions. 

         In this work, X-ray diffraction patterns were taken of fresh and aged films 

(24 hours in air) (Figure 4.2). In general, the broadening of the peaks after 24 h 

depicts the loss of phase crystallinity associated with degradation. 

Figure 4.2 - X-ray diffraction patterns of the fresh and aged (24 hours) samples 

(MASnI3, 2% Mn and 10% Mn). 

         The main mechanism behind phase degradation among the samples is 

considered oxidation as evidenced by the presence of SnI4. After 24 h in air, there 

was a decrease in the intensity of the (001) peak for all samples: MASnI3 (~94 %), 

2% Mn (~80%) and 10% Mn (~74%). The reduction can be associated with the 

loss of crystallinity via phase degradation. Given that the main degradation 

mechanism of tin perovskites is Sn oxidation compared to methylammonium 

degradation, the reduction of the principal (001) and (002) peaks is presumed to 

be controlled by Sn oxidation. As a result of oxidation, tin vacancies can be 

formed to maintain charge balance [26][27]. The lower intensity of the (001) 

principal peak observed for MASnI3  compared to the Mn doped samples shows 

that Mn can improve phase stability through tin compensation [26][27]. For 2% 

Mn, (001) peak splitting is observed. It can be associated with changes in 

symmetry and phase transformation [220]–[222]. The result suggests that 2% Mn 
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adopts a lower symmetry phase to reduce the extent of degradation. 

In relation to the (002) peak, its intensity decreased in MASnI3 (~88%) and 

10% Mn (~54%), pointing to lower crystallinity due to phase degradation. In 

contrast, the intensity increased for 2% Mn (~82%) and peak splitting ( ) was 

observed. Assuming that the Mn content of the doped perovskites is maintained 

during degradation, it can aid in the formation of secondary phases and/or 

stabilization of some planes (002) as observed for 2% Mn compared to the 

pristine sample. The peak splitting of the (002) peak in 2% Mn reinforces changes 

in symmetry and possible phase transformation with degradation.  

The (001) and (002) peaks in 10% Mn did not undergo splitting compared 

to 2% Mn. It is probable that a higher level of MnCl2 may have compensated for 

tin vacancies, inhibiting the reduction of symmetry. Another possibility is the 

increased bond strength between methylammonium and the inorganic cage with 

increased Mn levels. 

 

4.1.2 Micro-Raman 

Figure 4.3 shows the micro-Raman spectra of MASnI3, 2% Mn and 10% 

Mn doped MASnI3.  

 

Figure 4.3 - Micro-Raman spectra of MASnI3, 2% and 10% Mn doped MASnI3.  

Peaks at 89, 96 and 98 cm-1 can be seen in MASnI3, 2% and 10% Mn, 

respectively. They were assigned to Sn-I vibration and the shift to higher 
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frequencies highlights the influence of Mn doping on the SnI6 octahedra 

[223][224]. The substitution of Sn for Mn, a lighter atom, tends to increase 

vibrational frequency. Alternatively, the shift could be related to compression of 

the inorganic cage, which supports distortion as predicted by the change in 

octahedral factor. 

Three peaks can be seen in the region above 120  to 350 cm- 1 and are 

ascribed to the librational and torsional modes of methylammonium cations 

[225][226]. For MASnI3 and 2% Mn, the methylammonium librational modes 

centered around 134 and 131 cm-1, respectively, are comparable [226]. This 

emphasizes that Mn doping at 2 mol% did not significantly modify the properties 

of the perovskite. However, the librational mode peak in 2% Mn perovskite 

appears broader than that of MASnI3, pointing to an increase in disorder. Thus, 

the presence of Mn can induce bond modification which may contribute to 

stability. 

For 10% Mn, the librational mode is at 150 cm-1, which is  higher compared 

to the MASnI3 and 2% Mn samples. Considering that methylammonium is 

connected to the inorganic Sn-I cage through N-H bonds, atoms such as Mn 

and/or chlorine  (from MnCl2) can cause the distortion of the Sn-I octahedral with 

consequent shift in the librational mode [85][227]. The regions above 200 cm-1 

are known for torsional modes of methylammonium [226]. In general, the modes 

shift to higher frequencies with Mn doping. The broader nature of the peaks in 

the doped samples compared to the pristine perovskite highlights higher disorder 

due to Mn doping. 

 

4.1.3 Fourier-transform  infrared spectroscopy/Attenuated total reflection 

Figure 4.4 shows the spectra of MASnI3, Mn doped MASnI3 (2 and 10% 

Mn) and methylammonium iodide (CH3NH3I) in the range of 400-4000 cm-1 . All 

the vibrational modes were associated with the organic component of the 

perovskite. The bands corresponding to the inorganic component appear at very 

low wavelengths, below 100 cm−1, which were not covered in the analysis [224].  

In the functional region, three main bands were identified for MASnI3: two 

broad peaks (3421 and 3088 cm-1) and a sharp peak (1645 cm-1). They were 
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assigned to symmetric N-H stretching and/or O-H stretching, asymmetric N-H 

stretching and NH2 bending, respectively [224][228][229].  

 Figure 4.4 - A) FTIR-ATR spectra of methylammonium iodide (CH3NH3I, MASnI3, 

2% and 10% Mn doped MASnI3 and B) Extended view of the region from 2000 

and 500 cm-1. 

The N-H and/or O-H stretch band shifts to lower values with increase in 

Mn doping, a sign of changes in hydrogen bond. The presence  of these bands 

in the perovskites compared to methylammonium iodide suggests changes in 

bonding associated with perovskite formation. The assymetric N-H and/or O-H 

band is located at a lower and higher frequency for 2 and 10% Mn, respectively, 

compared to the undoped perovskite. The shift to a higher frequency with 10% 

Mn can be correlated with increase in bond strength. The N-H bending band 

(1645 cm-1) in both the pristine and doped samples is absent in methylammonium 

iodide, indicating its association with perovskite formation.  

In the fingerprint region (1500-400 cm-1), both the pristine and Mn doped 

perovskites have similar vibrational modes suggesting minimal changes in the 

with Mn doping: C-H deformation (1487 cm-1), NH3 bending (1462 and 1425 cm-

1), CH3 bending (1383 and 1352 cm-1), CH3NH3 rocking (1247 and  907 cm-1), C-

H wagging (1101 cm-1) and N-H wagging (669 cm-1)[224][230]–[232]. Bands such 

as 1462 and 1425 cm-1 can be related to perovskite formation because they are 

absent in methylammonium iodide. The peaks and their respective assignments 

are presented in Table 4.1. 
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Table 4.1 - List of principal  peaks and assignment. 

Band (cm-1) Assignment 

3428 Symmetric N-H stretching and/or O-H stretching  [228][229] 

3088 Asymmetric N-H stretching [224] 

1647 NH2 bending [229] 

1487 C-H deformation [231] 

1462 Symmetric NH3 bending [230][231] 

1425 Symmetric NH3 bending [224] 

      1383 Asymmetric CH3 bending [224] 

      1352 Symmetric CH3 bending [224] 

      1247 CH3NH3 rocking [224] 

      1106 C-H wagging  [232] 

      907 CH3NH3 rocking [224] 

      667 N-H wagging [232] 

The characteristic peaks in the fingerprint region were more pronounced 

for methylammonium iodide compared to the samples, once again demonstrating 

changes in surface bonds with perovskite formation. In general, the vibrational 

modes of the pristine perovskite were not significantly altered with doping. 

  

4.1.4 Scanning electron microscopy 

Figure 4.5 shows the morphology of MASnI3 deposited by spin coating and 

annealed at 150 oC/10 min. 

Figure 4.5 - A) SEM micrograph of MASnI3 and B) Higher magnification. 

A B
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          The morphology is undefined and is composed of circular (bleached), cubic 

and cross-like grains. A reason for the undefined morphology is the inherent rapid 

crystallization of tin perovskites. The use of the one-step method without 

antisolvent dripping can accelerate the nucleation and crystallization of the 

perovskite from solution, leading to the formation of individual particles instead of 

grains. Grain boundaries are one of the main scattering point of charge carries, 

thus large grains are desired [233]. Figure 4.6 shows the EDX elemental mapping 

of the bleached region in the micrograph. 

Figure 4.6 - EDX elemental mapping of MASnI3 indicating the distribution of  Sn, 

I and C at a selected region suspected of degradation. 

The regions of the micrograph that appear bleached were investigated by 

energy dispersive X-ray (EDX) mapping. The distribution of Sn and I is 

satisfactory but carbon distribution is sparse, which can be related to the loss of 

the same.This shows that electron beams can induce perovskite degradation 

through carbon loss. Electron irradiation during TEM experiments was reported 

to cause the loss of halides [234]. 

 Figure 4.7 presents  the morphology of the 2% Mn doped perovskite. The 

morphology of MASnI3 appear to improve with Mn doping because the cross-like 

morphology is visible but they are broader, resulting in grain boundaries. Thus, 

Mn may play a role in controlling nucleation and growth. The cross-like grains 

C

Sn I
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appear to grow until they touch each other, intertwining into grain boundaries. It 

is interesting to note that the cross-like grains are formed by dentrite growth as 

shown in Figure 4.7 B.  

Figure 4.7 - A) Micrograph of 2% Mn doped MASnI3 and  B) magnification 

showing dendrites. 

Dendrite formation have been observed in perovskites synthesized with 

the one-step synthesis method [235] and for conditions where solvent  

evaporation was slow [139][236]. The distribution of  I, Sn and Mn in 2% Mn as 

per EDX mapping was satisfactory, highlighting the efficiency of the doping 

method (Figure 4.8). Furthermore, there was no apparent phase segregation. 

Figure 4.8 - Elemental mapping of 2% Mn doped perovskite showing the 

distribution of Sn, Mn and I.  
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The morphology of 10% Mn is shown in Figure 4.9. Similar to the 

micrograph of 2% Mn, the cross-like morphology is  dominant but an increased 

number of dendrites can be seen, which implies that Mn may induce dendrite 

formation. The dendrites can be detrimental to efficiency since they can scatter 

electrons or serve as recombination centers. 

Figure 4.9 - A) Micrograph of 10% Mn doped MASnI3 B) magnification showing 

dendrites. 

An EDX mapping of the sample was performed to verify the distribution of  

Sn, I, C, Mn, I  and Cl (Figure 4.10). 

Figure 4.10 - Elemental mapping of 10% Mn doped perovskite showing the 

distribution of Sn, I, C, Mn and Cl.  
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The distribution of Sn, Mn, C and I is satisfactory despite the increase in Mn 

content. The absence of Mn segregation in the grain boundaries reinforce the 

doping method as simple and efficient. For chlorine, it was found that the same 

was not completely eliminated with the annealing conditions employed. 

Furthermore, it segregated around the grain boundaries. It is important to note 

that the level of Cl deemed detrimental or beneficial was not within the scope of 

the thesis. Thus, it is important to consider this fact when opting for MnCl2 as a 

precursor for Mn doping.  

 

4.1.5 Transmission electron microscopy 

Figure 4.11 presents a dark field scanning transmission electron 

micrograph, high resolution transmission electron micrograph (HRTEM) and EDX 

spectrum of MASnI3 prepared using dispersed powder in dichloromethane. 

Figure 4.11 - A) Dark field image B) HRTEM image and C) EDX of MASnI3.  

The dark field image shows that the MASnI3 powder is composed of 

A

C
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agglomerates of different sizes, ranging from as small as 30 nm to as large as 

200 nm. The sample is considered partially crystalline due to the lattice fringes in 

Figure 4.11 A. The d spacing of the marked lattice fringe corresponds to 0.205 

nm which is closer in value (0.208 nm) to the (122) plane [28]. The result confirms 

that the perovskite analyzed is not completely degraded by the electron beam.  

From the EDX analysis, the presence of Sn and I atoms can be verified, 

however it is not a guarantee of the integrity of the perovskite. Although the 

sensitivity of EDX for quantification is limited, the atomic mass % of Sn and I was 

17.32% and 3.39%, respectively, which suggests that the ratio of Sn: I is far from 

1:3 as expected (CH3NH3SnI3). In this case, there is the loss of I and Sn. 

        Figure 4.12 A shows the TEM micrograph of 10% Mn, where a contrast of 

tone can be observed.  

Figure 4.12 - A) Bright field image of 10% Mn,  B) Bright field image with selected 

areas for EDX analysis, C) EDX spectrum of 10% Mn (Area 1) and D) EDX 

spectrum  of  10% Mn (Area 2). 

Figure 4.12 C and D presents the EDX of 10% Mn. The presence of Cu is 
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associated with copper from the TEM support grid. As can be seen from the 

spectra, both Sn and Mn are present in areas 1 and 2. The difference in contrast 

can be associated with crystallinity and/or thickness variation. The quantification 

(atomic %) of the elements shows that the bright region contains 4.17% of Mn, 

while the dark region contains no Mn atoms despite its presence in the spectrum.  

This discrepancy is associated with the semi-quantitative nature of the 

technique. The quantity of Sn and I in atomic% is 41.48 and 54.35%, respectively. 

Thus, the ratio of Sn:I  is 1:1.3. Contrary to the Sn perovskite, the loss of I and 

Sn  seems to be closer in magnitude. Therefore, Mn could have a positive effect 

on the binding of Sn to I. 

Diffraction images of the samples (MASnI3 and 10% Mn) were obtained in 

a second attempt to analyze them by TEM. This time, the grid was passed over 

a ground powder sample to pick debris which can be analyzed.  

Figure 4.13 shows the bright field image and diffraction image of MASnI3. 

The morphology of the sample is more uniform with dispersed particles compared 

to when prepared with dichloromethane as previously shown in Figure 4.12. This 

could be because the powder was ground. A selected area diffraction of MASnI3 

presents rings indicative of  a crystalline sample composed of many particles.  

Figure 4.13 - A) Bright-field image  and B) Ring diffraction pattern of MASnI3. 

The rings were indexed to the following planes in the order of decreasing 

d spacing according to specific crystallographic Information Files (CIF) of tin 

perovskites [3]: 0.36, 0.31, 0.22, 0.19, 0.17, 0.14 nm associated with (111), (002), 

(022), (113), (023) and (024), respectively. The unidentified rings had d spacings 

outside the range provided by the CIF documents.  Based on the identified rings, 

it is plausible that the dry method of sample preparation contributes to sample 
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preservation. 

Sample 10% Mn was analyzed by TEM. The bright field and diffraction 

images of 10% Mn are presented in Figure 4.14. The morphology of 10% Mn is 

different from the pristine perovskite, presenting a branch-like morphology 

(Figure 4.14 B). It is possible that Mn induces some form of directional growth of 

tin as speculated from the SEM images. The diffraction ring of the sample is 

presented in Figure 4.14 B. 

Figure 4.14 - A) Bright-field image and B) Ring diffraction pattern of the 10% Mn 

perovskite.  

The image shows diffused rings as well as rings formed of particles. 

Therefore, the material is semicrystalline compared to the pristine perovskite. A 

d spacing of 0.29 nm was estimated from the first inner ring. It is closest in value 

to the (002) plane with a d spacing of 0.31 nm [3]. The second diffused ring was 

estimated to have a d spacing of 0.20 nm closest in value to the (113) plane with 

a d spacing of 0.19 nm [3].  

The identified planes in the doped sample (10% Mn) are also present in 

the pristine sample. Thus, Mn doping does not disrupt the perovskite structure 

but modifies the d spacing of the planes. 

 

4.1.6 Diffuse Reflectance  

To study the optical properties of the samples, reflectance data were 

obtained by diffuse reflectance spectroscopy. Subsequently, they were 

transformed into Kubelka-Munk function which allows the extrapolation of 

(113)

(002)

A B
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bandgaps. Figure 4.15 A and B shows the maximum absorption of the samples 

and their extrapolated bandgaps based on Kubelka-Munk plots, respectively. 

Figure 4.15 - A) Absorption spectra of the perovskites (MASnI3 and Mn doped) 

and B) Kubelka-Munk function plots (direct bandgap). Extrapolation of bandgap 

based on the intersection of the linear part of the absorption edge with the x-axis. 

From the absorption spectra, all the samples can absorb light in the visible 

and infra-red regions. Since the infra-red region of the solar spectrum is broad, 

extension into this region is advantageous. On the other hand, a high absorption 

of above-band photons can generate excess electrons which are lost through 

heat and lattice vibration.  

The bandgaps of MASnI3, 2% Mn and 10% Mn doped MASnI3 were 

determined to be 1.29, 1.38 and 1.31 eV, respectively, and are typical of tin 

perovskites [3][30]. MASnI3 had the lowest bandgap which is expected because 

of the precursor utilized (tin iodide) and the intrinsic properties of its band 

structure. The valence band is composed of Sn 5s and I 5p anti-bonding orbitals 

while the conduction band is made up of Sn 5p orbitals [28].  

In general, the valence electrons in the 5s orbital of tin have a greater 

tendency to participate in bonding and as a consequence, there is greater 

interaction between the 5s and I 5p orbitals, shifting the valence band upwards, 

which reflects in the lower bandgap of tin perovskites compared to lead 

perovskites [95][8]. Thus, it is assumed that the replacement of a fraction of Sn 

atoms with Mn can reduce the orbital overlap of the Sn-I bonds, which lowers the 
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valence band energy and consequently, increases the bandgap compared to the 

pristine sample [95].  

 In general, the bandgaps of the Mn doped samples were higher compared 

to the pristine perovskite, being 1.38 eV for 2% Mn and 1.31 eV for 10% Mn. For 

higher Mn levels (10% Mn), discrete levels can be formed, which may contribute 

to the lower bandgap of 10% Mn compared to 2% Mn [237]. 

The contribution of chlorine from the MnCl2 dopant can not be ignored. 

Castelli et al. (2014) found a correlation between increase in the electronegativity 

of halides and increase in bandgap [105]. From the Pauling´s scale, the 

electronegativity of Cl is 3.16 compared to 2.66 for I, which is consistent with the 

increase in bandgap observed for the doped samples compared to pristine 

MASnI3.  

The increase in bandgap of the doped samples can be beneficial since 

thermalization from excess electrons may be reduced and most importantly, 

open-circuit voltage can be improved [238]. On the other hand, the short circuit 

current decreases when the bandgap increases due to reduced absorption of 

photons.  

 

4.1.7 Photoluminescence  

Figure 4.16 presents the room temperature emission spectra of the pristine 

and doped samples (excitation wavelength 550 nm). 

Figure 4.16 - Emission spectra of the pristine and Mn doped samples (550 nm).  
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All the samples present an emission centered at 831 nm (1.49 eV), which 

is not close to the bandgap values measured for the samples in the range of 1.29 

to 1.38 eV. In direct bandgap semiconductors such as MASnI3, defects, film 

quality among others can be responsible for shifts in expected PL values. For the 

samples, the observed emission can be ascribed to traps in the form of tin 

vacancies due to their low formation energy compared to other defects such as 

halide vacancies and anti-sites, where Sn occupies an iodide position or vice 

versa [239]. 

Since the doped samples presented identical emission values as the 

pristine sample, it can be presumed that they present defects intrinsic to the 

pristine perovskite.  

 

4.1.8 Contact angle  

For the electrochemical analysis of the perovskite samples, electrodes 

were prepared using PLA as a protective layer. To prove that the PLA film is to 

some extent permeable to water, its contact angle was measured. Figure 4.17 

shows the water droplet on the PLA film at  first contact and  60 s.  

The average contact angle at the first drop and 60 s is 79 and 78 o, 

respectively. Since the angles are lower than 90 o and happen to decrease with 

time, the PLA film is hydrophilic and prone to water absorption with time. These 

properties can aid in electrochemical analysis. 

Figure 4.17 - A) Photo of water droplet in the beginning of test and  B) at 60 s. 

Figure 4.18 A shows the cross-section of the stripped PLA/10% Mn doped 

perovskite film. The width of both components (PLA plus perovskite) is 33 µm. 
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Figure 4.18 - A) Stripped PLA/10% Mn perovskite film indicating width and B) 

blending of perovskite with PLA. 

Although one can see the PLA plane, it is difficult to demarcate its width. 

A closer look at the cross-section of the PLA/10% Mn doped film (Figure 4.18 B)  

shows that the polymer does not only cover the perovskite but blends with it. The 

large particles are the perovskite while the strand-like morphology is of PLA.      

         Figure 4.19 A shows the cross-sectional SEM-FEG image of a cut section 

of 10% Mn film on FTO substrate. Curling of the perovskite film is evident due to 

poor fracture. 

 Figure 4.19 - A) Cross-section of PLA/10%Mn perovskite film indicating curling 

of the film and B) Cross-sectional image showing the 10% Mn perovskite/PLA 

layer. 

Despite the top layer in Figure 4.19 B being marked as PLA, a closer look 

at the left corner (marked by an arrow) shows perovskite particles. This suggests 

that the area contains both materials but is on another plane. Thus, the film is not 

uniform due to poor fracture and its width (PLA/perovskite) was estimated as a 
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single entity. The width of the PLA/perovskite was estimated to be 30.25 μm 

based on the average of four different sections located above the FTO glass.  

 

4.1.9 Electrochemical analysis 

4.1.9.1 Aqueous measurements 

Figure 4.20 shows the cyclic voltammograms of MASnI3 and the Mn doped 

MASnI3 electrodes (3 scans). The arrows represent the direction of the scans for 

conversion. It is possible to see that the samples suffer significant changes as 

the number of scan increases. Thus, the analysis of the samples was based on 

the first cycle. 

 

Figure 4.20 - Cyclic voltammogram of MASnI3 and the Mn doped MASnI3 

electrodes obtained in 0.1 M aqueous Na2SO4 solution (0.1 V/s). 

The first scans of the samples and PLA are shown in Figure 4.21. It can 

be seen that PLA presents negligible faradic events in the electrochemical 
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window analyzed and its profile is distinct. In other words, the properties of the 

measured samples can be considered as intrinsic of the perovskites. 

Figure 4.21 - Cyclic voltammogram of PLA, MASnI3 and the Mn doped MASnI3 

electrodes obtained in 0.1 M aqueous Na2SO4 solution (0.1 V/s). 

Faradic events of interest are observed in all the voltammograms 

indicating that the potential range adopted (-0.8 V to 0.8 V vs Ag/AgCl) is 

sufficient for the analysis. The forward scan highlights oxidation events (position 

1) at 0.41 V, 0.52 V and 0.44 V vs Ag/AgCl for MASnI3, 2% and 10% Mn 

electrodes, respectively. The event can be assigned to the oxidation of iodide ion 

(Equation 4.5) [240].  

3𝐼− →  𝐼3
− + 2𝑒 (4.5) 

The doped samples present higher oxidation potentials compared to 

MASnI3, which shows that Mn increases resistance to oxidation. By comparing 

the peak current of the samples, MASnI3 presented the highest current (1.08 mA) 

followed by 10% Mn doped (0.33 mA) and 2% Mn doped (0.30 mA). The high 

peak current of MASnI3 may be related to the facile reaction of iodide ions in the 

MASnI3 structure either due to the applied potential or contact with water. The 

doped samples were more resistive as seen from their low peak currents. Thus, 

although the oxidation potential of 10% Mn was slightly higher than 2% Mn, both 

samples have comparable resistance to oxidation.  

A reduction peak was found at position (2) of Figure 4.21 corresponding to 

-0.20 V, -0.37 V and -0.37 V for MASnI3, 2% and 10% Mn doped MASnI3, 
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respectively. The peak can be assigned to the reduction of triiodide ions, Equation 

4.6 [241]. 

𝐼3
− + 2𝑒 →  3𝐼− (4.6) 

The reduction potentials shift to lower values with doping, which mean 

lower potentials are needed for reduction. A crossover (position 3) between the 

anodic and cathodic sweeps is observed for MASnI3. This feature was observed 

by Yang et al. (2018) when they performed cyclic voltammetry of lead perovskite 

crystals in non-aqueous media [242]. This striking similarity is an indication that 

the PLA layer does not mask the properties of the perovskite.  

A possible cause of the crossover is the nucleation or deposition of a new 

compound due to the degradation of the perovskite structure [243][244]. Thus, 

the absence of the event in the doped samples may suggest that Mn has a 

protective function. A second oxidation event at position (3) is evident in all 

samples at -0.44 V, -0.45 V and -0.46 V for MASnI3, 2% and 10% Mn doped 

MASnI3, respectively. The event was associated with the re-oxidation of iodide 

ions (Equation 4.7) [240].  

 3𝐼− →  𝐼3
− + 2𝑒 (4.7) 

The effect of doping on charge transfer mechanisms was evaluated by 

electrochemical impedance spectroscopy. The resultant Nyquist plot is shown in 

Figure 4.22.  

Figure 4.22 - Nyquist plot of MASnI3 and the Mn doped MASnI3 electrodes 

obtained in 0.1 M aqueous Na2SO4 solution (applied potential -0.15 V). 
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The resistance to charge transfer is affected by the PLA layer and the 

properties of the perovskite. In order to analyze the electrochemical properties of 

the samples, the Nyquist data were fitted using Nova software for the best 

Randles circuit which represents the profile of the samples. The Randles circuit 

for MASnI3 was a RCW model, where R, C, W is solution resistance (48.1 Ω), 

capacitance (11.5 µF) and Warburg impedance (admittance (Yo) = 1.24 

mMho*s0.5), respectively. In relation to 2% Mn, its Randles circuit was [R(CRct)W] 

where R, C, Rct is solution resistance (81.1 Ω), capacitance (952 nF), charge 

transfer resistance (1.80 kΩ) and Warburg impedance (admittance (Yo) = 66 

µMho*s0.5), respectively. 

For 10% Mn, the same circuit [R(CRct)W] for 2% Mn was utilized, where 

R, C, Rct  is solution resistance (79 Ω), capacitance (469 nF), charge transfer 

resistance (1.55 kΩ) and Warburg impedance (admittance (Yo) = 41 µMho*s0.5). 

The Randels circuits for all the samples are presented in Figure 4.23. 

Figure 4.23 - Randles circuit of A) MASnI3 (RCW), B) 2% Mn [R(CRct)W] and C) 

10% Mn [R(CRct)W]. 

           The solution resistance of MASnI3 differed significantly from the doped 

samples although the electrolyte solutions were similar. Thus, it is presumed that 

the use of different models may have affected this parameter. Processes that 
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occur in the high frequency region (low to intermediate Z´ values) can be used to 

probe the kinetics of charge transfer at the surface of an electrode. MASnI3 was 

considered to have negligible resistance to the transfer of electrons due to its 

profile and mainly because this parameter was not in the fitted model. This result 

is in agreement with the cyclic voltammetry results. The doped samples present 

semicircles, whose diameters determine the degree of resistance to the flow of 

electrons in general. From the Randles circuits, the resistance of 2% Mn was 

higher than 10% Mn, thus Mn at a higher level could improve electron transfer.  

At low frequencies (high Z´ values), the behavior of the samples is 

controlled by diffusive processes and these processes are modelled by the 

Warburg element. Based on Equation 4.8 and the admittance (Yo) values, the 

Warburg coefficient (σ) can be calculated: 

𝜎 =
1

𝑌𝑜√2
  

(4.8) 

where σ is the Warburg coefficient and Yo is admittance. 

It was 0.57, 10.71 and 17.25 kohm·s-0.5 respectively, for MASnI3, 2% and 

10% Mn. The Warburg coefficient can be related to ion diffusion coefficient (D) 

through Equation 4.9 [245]: 

𝜎 =  
𝑅𝑇

𝐹2𝐴𝐶√2𝐷0.5
 

(4.9) 

where R is the gas constant, T is the absolute temperature, F is the Faraday 

constant, A is electrode surface area, C is electrolyte concentration and D is 

diffusion coefficient. 

Therefore, the higher the Warburg coefficient (σ), the lower the diffusion 

coefficient. Given that hysteresis in perovskites is associated with the migration 

of ions, the lower diffusion coefficients of the doped samples can be associated 

with stability [246]. Furthermore, a higher level of Mn (10%) seems to be 

beneficial for stability.  

Figure 4.24 A shows the linear sweep voltammograms of the samples 

under dark and light conditions. From the cathodic sweep, the dark current of the 

samples was higher than the photocurrent, which is common for p 

semiconductors [247][248]. This means that the perovskite may be partially 

oxidized.  



 
 
84 

 

 

Figure 4.24 - A) Linear sweep voltammograms of MASnI3, 2% and 10% Mn 

electrodes obtained in 0.1 M aqueous Na2SO4 under a negative starting potential 

(-0.08 V) and B) under a positive starting potential (0.02 V). 

Thus, under negative potential and dark conditions, the concentration of 

holes surpasses electrons such that the conduction of the latter are suppressed 

with illumination. The difference between the light and dark current was more 

accentuated for MASnI3 compared to the doped samples, suggesting that the 

concentration of holes could be lowered with doping. The variation among the 

doped samples was similar.  

Figure 4.24 B shows the linear sweep voltammogram under dark and light 

conditions when a positive potential was used as a starting potential. Here, the 

samples behaved as photoactive semiconductors, where the photocurrent is 

greater than the dark current. As expected, MASnI3 presented the highest 

photocurrent (0.62 mA) followed by 2% Mn doped (0.49 mA) and 10% Mn doped 

(0.43 mA). Mn appears to reduce the photocurrent of the perovskites, which 

implies lower reactivity and higher stability. On the other hand, this property is not 

beneficial for photovoltaic  applications.  

Figure 4.25 shows the photocurrent of the samples under negative and 

positive applied potentials. Similar to the linear sweep measurements, MASnI3 

presented the highest photocurrent under a negative applied potential. The 

photocurrents were negative indicating conduction was induced by holes. Among 

the doped samples, 10% Mn doped presented the second highest photocurrent 
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and 2% Mn doped presented the least current. 

Figure 4.25 - A) Photocurrent of MASnI3 and the Mn doped MASnI3 electrodes in 

0.1 M aqueous Na2SO4 under a negative applied potential (-0.45 V) and B) under 

positive applied potential (0.1 V). 

The variation of photocurrent with time point to the poor photostability of 

the samples, especially the pristine perovskite. When a positive potential was 

applied as presented in Figure 4.25 B, the samples presented positive 

photocurrent but underwent severe photodegradation. This could be related to  

ionic migration induced by light [249]. 

Chronoamperometry measurements were conducted for 300 s under a 

positive potential (0.1 V) and the results are shown in Figure 4.26. 

Figure 4.26 - Chronoamperometry curves of MASnI3, 2% Mn and 10% Mn 

electrodes in 0.1 M aqueous Na2SO4 under positive applied potential (0.1 V). 
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The initial current of MASnI3 (0.17 mA) was slighty higher than the 2% Mn 

(0.16 mA) and 10% Mn (0.16 mA) doped samples, which can be associated with 

higher reactivity at the electrode interface. All the samples present a current 

decay, where at 300 s, the current of MASnI3 (0.05 mA) is the lowest followed by 

2% Mn (0.07 mA) and 10% Mn (0.09 mA). The values demonstrate that the 

stability of MASnI3 was improved with increase in Mn levels [250][251].  

 

4.1.9.2 Non-aqueous measurements 

Figure 4.27 shows the profile of the voltammograms obtained in non-

aqueous medium (dichloromethane) with a concentration of 0.1 M of 

tetrabutylammonium hexafluorophosphate. It can be seen that MASnI3 presents 

some properties observed in the aqueous analysis such as a crossover and clear 

oxidation and reduction peaks. 

 

Figure 4.27 - Voltammograms of MASnI3, 2% Mn and 10%  Mn electrodes 

obtained in 0.1 M tetrabutylammonium hexafluorophosphate (dichloromethane). 

The Mn doped samples have a higher resistance in accordance with the 

aqueous analysis, but possible oxidation and reduction peaks are not observed. 

MASnI3 presents a crossover (point 1) at -0.69 V. A study reported a similar 

feature at -0.70 and -0.55 V [242]. As mentioned earlier, it can be associated with 

the formation of new phases.   

When the potential is increased to more positive values, oxidation occurs 

at -0.39 V (position 2). It is difficult to assign a specific reaction since reactions 
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before the crossover determine which species can be oxidized. However, the 

oxidation of iodide species is highly speculated (Equation 4.10) [240]. 

3𝐼− →  𝐼3
− + 2𝑒 (4.10) 

          With a reverse scan, a reduction peak can be found at position 3 (-0.30 V) 

and the reaction is presented in Equation 4.11 [241]. 

𝐼3
− + 2𝑒 →  3𝐼− (4.11) 

The samples were further analyzed by electrochemical impedance. The 

impedance measurement shows that the samples present a far lower resistance 

(order of 102 compared to 103 (PLA)) to the flow of electrons due to the absence 

of the PLA layer impedance. The results are summarized in the Nyquist plot 

(Figure 4.28). 

 

Figure 4.28 - Nyquist plots of MASnI3 and the Mn doped MASnI3 electrodes 

obtained in 0.1 M tetrabutylammonium hexafluorophosphate (dichloromethane). 

The samples show what appears to be a loop at higher frequencies. Loops 

have been observed in perovskite/TiO2 scaffolds but at intermediate and lower 

frequencies, and were linked to the number of interfaces in the scaffold [252]. 

Another possibility is the connection of the electrodes, which was not the case 

here. Based on these speculations, it is believed that the dissolution of the 

perovskite in the electrolyte solution and possible formation of other compounds 

could interfere with the impedance measurements. Thus, should be considered 

in the interpretation of this result. Figure 4.29 shows the dissolution of the 

perovskite film as the analysis proceeded. 
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Figure 4.29 - Photograph of degradation of MASnI3 electrode in 0.1 M 

tetrabutylammonium hexafluorophosphate (dichloromethane). 

         The clear solution turned yellow as the experiments were conducted, thus 

further experiments were not considered. 

 

4.1.10 Photovoltaic properties 

Figure 4.30 shows the J−V curves of the best devices (MASnI3 and Mn 

doped perovskites) and band alignment of the electron (TiO2) and hole transport 

(P3HT) materials with the perovskites [253][30]. 

 

Figure 4.30 - J-V plots of MASnI3 and Mn doped samples as well as band 

alignment. Insert: Summary of best cell results and PCE (power conversion 

efficiency). 

The performance of the perovskite cells was not satisfactory because of 

low open-circuit voltage, current density and fill factor. However, they are not 

atypical of tin perovskites with P3HT [110]. For the MASnI3 perovskite, the Voc, 
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Jsc, fill factor and PCE was 0.18 V, 3.67 mA/cm2, 34.45% and 0.23%, 

respectively. In general, all the parameters associated with efficiency decreased 

upon Mn doping (2% and 10% Mn), which consequently decreased the efficiency 

of MASnI3 from 0.23% to 0.06% (2% Mn) and 0.02% (10% Mn).  A similar trend 

was seen in lead perovskites doped with Mn above 1%, suggesting that a small 

amount of Mn is adequate for the improvement of efficiency [219]. Table 4.2 

presents a summary of the performance of the devices based on the best device 

and the mean of the batch containing the best device. 

Table 4.2 - Performance of  best devices and mean of best batch. 

Sample Voc (V) Jsc (mA/cm2) FF(%) PCE (%) 

MASnI3 (Best) 0.18 3.67 35.45 0.23 

MASnI3 (mean best batch) 0.17±0.01 2.88±0.33 34.36±0.53 0.16±0.03 

2% Mn (Best) 0.07 3.06 26.49 0.06 

2% Mn (mean best batch) 0.07±0.00 2.62±0.22 26.61±0.25 0.05±0.00 

10% Mn (Best) 0.08 0.99 27.40 0.02 

10% Mn (mean best batch) 0.08±0.00 0.86±0.10 26.37±0.37 0.02±0.00 

The maximum short circuit current density  (Jsc) that can be obtained from 

the device when voltage is null depends on the optical properties of the 

perovskite. The highest Jsc of MASnI3 was associated with high light absorption 

presented by its low bandgap of 1.29 eV. This means that the generation of free 

electrons and holes is facilitated compared to the Mn doped samples. With 

doping, there was a slight increase in bandgap, which can reduce short circuit 

current density (Jsc). The trend of Jsc coincides with the electrochemical 

measurements where the doped samples presented lower photocurrents and 

higher resistance to the flow of electrons. Also, factors such as film quality and 

degree of recombination can interfere with the overall properties of the devices. 

The effect of Mn on the open-circuit voltage (Voc) can be depicted from 

the decrease of the same. The maximum voltage shown by MASnI3 decreased 

with Mn doping, from 0.18 V to 0.07 V (2% Mn) and 0.08 V (10% Mn). It was 

expected that doping should increase the Voc due to the slightly higher bandgap 

of the doped samples. As this did not occur, other factors that reduce the open-

circuit can be considered.  

Firstly, voltage losses through recombination is a plausible reason. 

Another factor could be the misalignment of the perovskite with the hole and 
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transport materials [254]. Theoretically, the selected electron transport material 

should be effective for charge transfer at the interfaces of the perovskite due to     

lower offsets with the hole and electron transport materials. However, during  the 

operation of  the solar cell, the real energy levels of the perovskite can change 

due to oxidation which can decrease the open-circuit voltage.  

The fill factor of MASnI3 decreased from 35.45 to 26.49 and 27.40%  with 

Mn doping, which can be associated with high shunt resistance, poor quality of 

the perovskite cells and Mn. From the photovoltaic performance of the 

perovskites, it can be deduced that the photovoltaic properties of tin perovskite 

reduced with the incorporation of manganese. However, this finding is dependent 

on unoptimized devices. Thus, the potential of tin perovskites as well as Mn 

doping can be improved with optimization.  

 

4.2 Tin perovskites synthesized with tin octoate and tin sulfate 

4.2.1 Phase analysis  

Figure 4.31 shows the diffraction patterns of the tin perovskites 

synthesized with tin(II) octoate at different temperature and time conditions. 

Figure 4.31 - A) Diffractograms of tin perovskite synthesized using tin octoate 

according to different temperature and time conditions and B) expanded view of 

(001) peak. 

The patterns can be indexed to the pseudocubic phase, confirming the 

synthesis of tin perovskite using tin(II) octoate [3][16][97]. The (001) peak shifts 
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to a lower theta value with increase in temperature (110 oC to 150 oC). With 

increase in annealing time at 150 oC, the (001) peaks shift  to a higher theta value. 

Since a shift to higher theta values is related to lattice contraction, it is propably 

due to the loss of carbon residues from tin octoate with prolonged annealing (20 

min) at high temperature (150 oC). 

 Traces of methylammonium iodide can be seen in all samples.The sample 

annealed at 110 oC presents a higher level of residual methylammonium iodide 

compared to the samples annealed at 150 oC. However, increasing the annealing 

time (20 min) at 150 oC was not beneficial to phase formation. The intensity of 

the perovskite peaks was reduced except for the (002) peak. Increasing the 

annealing time may not necessarily increase crystallinity since organic contents 

such as methylammonium might lose stability. Thus, the optimum condition is 

150 oC/10 min similar to the perovskite produced from tin iodide.  

No secondary phase related to tin(II) octoate was identified, thus it is either 

incorporated into the perovskite structure or in the form of dangling bonds. All the 

peaks were more pronounced, suggesting non-preferential growth. This growth 

can be associated with the generation of dispersed nuclei due to steric 

hinderance caused by the octoate structure. 

Figure 4.32 shows the diffraction patterns of the samples synthesized with 

SnSO4 precursor.  

Figure 4.32 - Diffractograms of tin perovskite synthesized using tin sulfate and 

annealed at different temperature and time conditions and B) (001) peak. 
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Contrary to the tin octoate-derived perovskites, some form of preferential 

growth is apparent. It is believed that sulfur from the precursor can bind to iodide 

ions, affecting the crystallization energy of some planes. At 110 oC, traces of 

methylammonium iodide can be seen in the sample. When the temperature was 

increased to 150 oC, these traces decreased and the intensity of the (001) peak 

was not modified. With increase in annealing time, the traces of methylammonium 

iodide reappeared but the (001) peak was enhanced, which is contrary to  the 

octoate-derived perovskites, where the intensity of the (001) peak as well as other 

perovskite peaks reduced with increase in temperature. This shows that tin 

perovskites derived from tin sulfate can withstand prolonged heat treatments, 

possibly due to sulfur.  

 

4.2.2 Micro-Raman  

Figure 4.33 presents the Raman spectra of tin perovskites synthesized 

using tin(II) octoate and tin(II) sulfate (150 oC/10 min). 

 

Figure 4.33 - Micro-Raman spectra of MASnI3(Octoate) and MASnI3(Sulfate) 

synthesized at 150 oC for 10 min. 

A vibrational mode at 112 cm-1 and 113 cm-1 can be observed for MASnI3 

(Octoate) and MASnI3 (Sulfate), respectively, and was assigned to the Sn-I 

inorganic cage [255]. This mode is associated with perovskite formation and the 

successful reaction of iodide ions from methylammonium iodide with Sn from the 
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non-halide precursors. Thus, these perovskites have similar properties as those 

prepared from tin iodide. 

 In the 150 to 240 cm-1  regions, two bulges can be seen for all samples. 

They are assigned to the librational and torsion modes of methylammonium 

cation in ascending order [255][226], which confirm perovskite formation. The 

broader aspect of the bands, especially for MASnI3 (Octoate) suggests a greater 

interferance of ethylhexanoate cations with the organic cage of the perovskite. 

 

4.2.3 Fourier-transform infrared spectroscopy/Attenuated total reflection 

Figure 4.34 shows the FTIR (ATR) spectra of methylammonium iodide and 

tin perovskites synthesized with tin octoate at different temperature and time 

conditions.  

 

Figure 4.34 - FTIR (ATR)  spectra of methylammonium iodide, tin octoate and tin 

octoate-derived tin perovskite synthesized at different temperature and time 

conditions.  

The predominant vibrations in the samples were associated with organic 

species from the perovskite precursors.  

    In the functional group region, asymmetric N-H and symmetric C-H stretch 

bands at 3089 and 2961 cm-1 [224], respectively, are present in all samples as 

well as asymmetric N-H bending bands at 1563 cm-1 [224][256]. The NH2 bending 

band at 1656 cm-1 is only present in the sample annealed at 110 oC/10 min [229].  
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        The aforementioned bands are typical of organic species from the 

precursors (methylammonium iodide and tin octoate). They tend to have lower 

intensities with increase in annealing temperature (110 to 150 oC). The sample 

calcined at 110 oC presented N-H and C-H band intensities similar to 

methylammonium iodide and tin octoate. However, the intensity of the bands 

decreases with increase in temperature, pointing to intimate reaction between the 

reagents as temperature increases. With an increase in temperature and 

annealing time, the NH2 bending band  at 1656 cm-1 disappears, suggesting that 

these conditions may affect some bands [229]. 

In the fingerprint region, the bands at 1482, 1402 and 907  cm-1 assigned 

to C-H deformation [231], symmetric NH3 bending [224] and CH3NH3 rocking 

[224], respectively, are present in all samples. However, the bands at 1247, 1101 

and 989 cm-1  corresponding to CH3NH3 rocking [224], C-H wagging [232], and 

CH2 rocking [257], respectively, are almost absent at high temperature (150 oC). 

Thus, prolonged heating of the perovskite can be detrimental.  

Figure 4.35 shows the FTIR spectra of the perovskites prepared with 

SnSO4 and annealed at different temperature and time conditions. The 

precursors, SnSO4 and methylammonium iodide, are also shown. 

 

Figure 4.35 - FTIR (ATR) spectra of tin sulfate-derived tin perovskite synthesized 

at different temperature and time conditions.  

As can be seen, tin sulfate contains no bands in the functional group region 
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(4000-1500 cm-1) known for symmetric N-H stretching and/or O-H stretching 

(3448 cm-1) [228][229], asymmetric N-H stretching (3082 cm-1) [224], symmetric 

C-H stretching (2960 cm-1) [224], NH2 bending (1635 cm-1) [229] and asymmetric 

N-H bending 1561 cm-1 [224]. However, the perovskite samples contain N-H and 

C-H bonds, which confirm the interaction of methylammonium iodide with tin 

sulfate. The vibrational mode at 1635 cm-1 assigned to NH2 bending band is 

present in 110 oC/10 min and 150 oC/10 min but not in 150 oC/20 min  [229].  

The intensity of the same decreases with increase in temperature (110 to 

150 oC) and completely disappears with prolonged heating (20 min).  Thus, this 

band can be eliminated with prolonged heating. On the contrary, the asymmetric 

N-H bending band at 1561 cm-1 is enhanced with increase in temperature (110 to 

150 oC). Vibrational modes at 1485, 1402, 1352, 1239, 1118, 988 and 906 cm-1 

were present in all samples irrespective of annealing time and temperature and 

were assigned to C-H deformation, symmetric NH3 bending, symmetric CH3 

bending, CH3NH3 rocking, C-H wagging, CH2 rocking and CH3NH3 rocking, 

respectively [224][256][257]. The vibrational modes confirm the ability to form 

perovskites from tin sulfate. 

Sulfur-related vibrations at  687 and 585 cm-1 were found in the samples 

and were attributed to CH3-S and C-S stretching modes, respectively [258][259]. 

The intensity of the bands decreases with increase in temperature, pointing to a 

reduction in the level of dangling sulfur bonds.  

 

4.2.4 Photoluminescence 

Figure 4.36 presents the emission spectra of the tin octoate-derived 

perovskite treated at different calcination and time conditions. When the sample 

was treated at 150 oC for 20 min, the PL intensity decreased possibly due to the 

reduction of some planes evidenced by XRD analysis. Therefore, it can be 

assumed that the higher the crystallinity, the higher the PL intensity.  

As regards sample 110 oC/10 min, its intensity was lower than the sample 

annealed at 150 oC/10 min. Since this particular sample supposingly had a 

greater level of dangling atoms (FTIR) associated with tin octoate, it is plausible 

that they passivate surface defects [260][261]. 
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Figure 4.36 - A) Room temperature emission PL spectra of tin perovskites 

prepared from tin octoate. Excitation wavelength 550 nm.  

Figure 4.37 shows the PL spectra of the tin perovskite produced with 

SnSO4 precursor. The emission of the samples derived  from  tin sulfate  occurred 

at 831 nm as the tin octoate samples. The PL intensity of the 150 oC/20 min was 

greater than its 110 oC and 150 oC/10 min counterparts. 

 

Figure 4.37 - A) Room temperature emission PL spectra of tin perovskites 

prepared from tin sulfate. Excitation wavelength 550 nm.  

From the FTIR analysis, this sample appear to have minimal residual 

sulfur, thus dangling sulfur atoms may possibly contribute to recombination. Also, 

the diffraction patterns of the perovskite treated to the condition of 150 oC/20 min 
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were very pronounced, indicating that greater crystallinity is associated with 

greater luminescence.  

 

4.2.5 UV-Vis Diffuse Reflectance Spectroscopy 

Figure 4.38 presents the absorption spectra and the Kulbelka-Munk 

function of the samples prepared with tin octoate. 

 

 

 

 

 

 

 

 

Figure 4.38 - A) Absorption of the perovskites in the visible region and B) 

Kubelka-Munk function for a direct bandgap with extrapolation of bandgap based 

on the intersection of the linear part of the absorption edge with the x-axis. 

The samples show absorption in the visible region and near infra-red 

regions. The bandgaps observed (1.38 and 1.4 eV) were higher than the halide-

derived perovskites (1.29 eV). From Figure 4.38 B, the bandgap of the tin octoate 

perovskites decreased from 1.4 eV to 1.38 eV with an increase in temperature 

from 110 oC to 150 oC. However, the decrease was only observed for the sample 

annealed at 150 oC for 20 min.  

Given the size of the organic cations in tin octoate compared to 

methylammonium, there can be distortion of the Sn-I octahedra leading to 

changes in bandgap according to annealing temperature and time [262]. Note 

that organic cations from tin octoate can cause bandgap increase by distorting 

the Sn-I octahedra and/or perovskite lattice [28][86]. Some authors have also 

linked lattice expansion to bandgap increase [263]. From the XRD analysis of the 

samples, annealing at 150 oC for 20 min caused a significant shift in the (001) 

peak to higher theta values, pointing to lattice contraction associated with 
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bandgap reduction. Based on these assumptions, an increase in temperature 

from 110 oC to 150 oC will reduce organic residuals, which can cause bandgap 

reduction, especially when the annealing temperature is maintained for 20 min.  

Figure 4.39 shows the absorption spectra of the tin perovskites derived 

from tin sulfate and the extrapolation of their bandgaps. 

Figure 4.39 - A) Absorption of the perovskites in the visible region and B) 

Kubelka-Munk function for a direct bandgap material with bandgap extrapolation 

based on the intersection of the linear part of the absorption edge with the x-axis. 

The samples present absorption in the visible region as expected, 

however, the bandgaps are higher than their iodide counterpart, MASnI3 (1.29 

eV). MASnI3 (1.29 eV) annealed at 150 oC/10 min has a lower bandgap than 

MASnI3 derived from SnSO4 (1.43 eV). The presence of sulfur may shift the 

valence band energy downwards (higher bandgap) if it increases antibonding 

between Sn 5s and I 5p orbitals [95][8].  

The effect of temperature on the bandgaps of the samples was significant, 

being that increasing the annealing temperature (110 oC to 150 oC) caused the 

bandgap to decrease (1.59 to 1.43 eV). Also, prolonged heating (20 min) at 150 

oC had a decreasing effect on the bandgap (1.43 to 1.37 eV). It is believed that 

increasing the annealing temperature as well as prolonging annealing time can 

contribute to the reduction of sulfur in the samples, thus reducing the bandgap. 

4.2.6 Scanning electron microscopy  

The effect of tin octoate on the morphology of the perovskites was  probed 
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by SEM (Figure 4.40). 

 

Figure 4.40 - A) SEM micrograph of MASnI3 (Octoate) synthesized at 150 oC/10 

min and B) Higher magnification of micrograph. 

          The morphology of MASnI3 (octoate) consists of neddle-like structures, 

which form part of a continous film. This type of morphology can be associated 

with rapid nucleation at inhomogeneous sites due to high residual carbon and 

consequent poor growth [264]. Crystallization from DMF without solvent 

engineering can also be cited [264][149]. As the film was deposited by drop 

casting, its morphology can be improved by solvent engineering and other 

deposition methods such as spin coating. 

The morphology of MASnI3 (Sulfate) is shown in Figure 4.41. The 

migrograph shows that MASnI3 (Sulfate) is formed of well-defined grains with 

some pinholes. 

Figure 4.41 - SEM image of MASnI3 (Sulfate) synthesized at 150 oC/10 min. 

A B



 
 
100 

 

 

Grains are desirable for good carrier transport and low recombination. The 

formation of large grains can be associated with sulfate ions. Sulfur can bind 

strongly to tin atoms forming adducts which can slow down crystallization. It is 

expected that sulfur is not entirely removed from the perovskite, similar to chlorine 

as observed for the perovskite doped with MnCl2. It is emphasized that the film 

quality can be improved by choice of solvents and deposition.  

The distribution of Sn, C and I in MASnI3 (Octoate) was verified by EDX 

and is presented in Figure 4.42.   

Figure 4.42 - EDX mapping of MASnI3 (sulfate) synthesized at 150 oC/10 min. 

It can be seen that the distribution of Sn is satisfactory. The neddle-like 

regions were mainly formed of  iodine and carbon, suggesting that excess carbon 

from tin octaoate and excess iodine from methylammonium iodide may be 

responsible for the observed morphology. The challenge of using non-halide 

precursors involves the elimination of these byproducts. 

The distribution of  Sn, S and I was probed by EDX mapping and is  shown 

in Figure 4.43. From EDX mapping, the distribution of Sn and I is satisfactory. 

Sulfur is not completely removed and its distribution is acceptable, depicting a 

lower tendency of segregation. Thus, ions such as sulfur or chlorine in the 

precursors become part of the perovskite chemical composition and can 
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contribute to the properties of the same.  

 

Figure 4.43 - EDX mapping of MASnI3 (sulfate) synthesized at 150 oC/10 min. 

 

4.3 Oxygen-deficient TiO2 

In order to study the potential of oxygen-deficient TiO2 as an electron 

transport material in perovskite cells, a general characterization of the same was 

conducted. Also, the effects of titanium isopropoxide concentration on the 

synthesis and characteristics of oxygen-deficient TiO2 were analyzed.  

 

4.3.1  Electron paramagnetic resonance 

Electron paramagnetic resonance (EPR) is a useful technique for 

characterizing paramagnetic species associated with oxygen vacancies. The 

removal of an oxygen atom from the lattice disrupts the electroneutrality of the 

crystal. In this case, two electrons are bound to the vacant position to restore 

neutrality as expressed in Equation 4.13. This type of vacancy is known as neutral 

oxygen vacancy (F).  

𝑉0 + 𝑒− → 𝐹+ 

 

  

 

 

(4.12) 

 𝑉0 + 2𝑒− → 𝐹 

  

 

(4.13) 

S

Sn

I
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𝑉0 → 𝐹2+ 

 

  

  

(4.14) 

The electrons bound to the neutral vacancy can be ionized, generating 

single positively (F+ center) charged oxygen vacancy (Equation 4.12) or double 

positively charged oxygen vacancy (F2+ center) (Equation 4.14) [265]. Also, the 

electrons can reduce Ti(IV) species to Ti(III) [265]. Both F+ and Ti(III) species are 

paramagnetic and detectable by EPR technique. 

Figure 4.44 presents the EPR spectra and their double integration. 

Figure 4.44 - A) Room temperature EPR spectra of samples (5Ti-40Ti) containing 

different volumes of Ti-isopropoxide (5 mL to 40 mL) and 40Ti powder (40Ti_W) 

calcined at 800 oC and B) double integration of the EPR signal. 

The estimated g-factors of the samples were 2.0035, 2.0035, 2.0077 and 

2.0056 for 5Ti, 10Ti, 20Ti and 40Ti, respectively. They confirm the presence of 

oxygen vacancy with a trapped electron or single positively charged oxygen 

vacancy (F+ center) [266][267], regardless of volume of titanium isopropoxide. 

Variations in g-factors indicate different local environment of the unpaired 

electrons related to strain and long/short range disorder [268].  

Sample 40Ti_W did not present any paramagnetic species indicating the 

absence of oxygen vacancies (F+). Given that 40Ti has oxygen vacancies, their 

absence in 40Ti_W suggests that calcination at 800 oC may have annihilated 

them. It should be emphasized that other forms of diamagnetic defects related to 

oxygen vacancies are not accounted for by this technique.  

Although the quantification of oxygen vacancies is beyond the scope of 

the study, a double integration of the signal provides a gross estimation based on 
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area. From Figure 4.44 B, sample 20Ti has the highest level of charged oxygen 

vacancies followed by 10Ti, 40Ti and 5Ti. Apparently, the level of charged oxygen 

vacancies increased from 5Ti to 20Ti with increase in the volume of Ti-

isopropoxide, but decreased for 40Ti when the volume was increased beyond 20 

mL. The absence of Ti(III) species in the samples can be attributed to the mild 

reducing conditions of the experiment. 

 

4.3.2 X-ray diffraction  

The diffraction patterns of the samples (5Ti, 10Ti, 20Ti, 40Ti and 40Ti_W) 

are shown in Figure 4.45. 

 

Figure 4.45 - X-ray diffraction patterns of samples containing different volumes of 

titanium isopropoxide (5-40Ti) and white 40Ti powder (40Ti_W) obtained by 

calcining 40Ti powder at 800 oC.  

They were indexed to anatase phase (PDF#04-0477) with the exception 

of Ti40_W which contains both rutile (60%) and anatase (40%) due to its high 

calcination temperature (800 oC). The lattice parameters of the samples are 

presented in Table 4.3.  

A subtle variation of the a=b lattice parameters is observed. The c lattice 

parameter and lattice volume underwent significant changes, where the lattice 

volume decreased in the order: 5Ti, 10Ti and 20Ti but increased for 40Ti. The 

order coincides with increase in singly charged oxygen vacancies and decrease 

in the same for sample 40Ti. This trend suggests that charged oxygen vacancies 
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can cause lattice contraction. Dang et al. (2019) reported the lattice contraction 

of rutile with greater loss of oxygen vacancies [269]. Naldino et al. (2012) also 

observed lattice contraction associated with oxygen vacancies [270].  

Table 4.3 - Lattice parameters of 5Ti, 10Ti, 20Ti, 40Ti and 40Ti_W. 

Sample a=b (Å)      c (Å) Volume 

(Å³) 

5Ti 3.787       9.524     136.602 

10Ti 3.787       9.508      136.383 

20Ti 3.786       9.504      136.222 

40Ti 3.788       9.516      136.528 

           40Ti_W 

(Anatase 39.6 wt%) 

 

3.783 

      

       9.521 

      

      136.252 

40Ti_W 

(Rutile 60.4 wt%) 

 

4.593 

        

       2.960 

 

      62.442 

 

 

4.3.3 Micro-Raman 

Figure 4.46 shows the micro-Raman spectra of the samples. All the 

samples present modes corresponding to anatase whereas 40Ti_W presents 

additional modes related to rutile phase, in agreement with the XRD results. 

Figure 4.46 - A) Micro-Raman spectra of TiO2 samples (5Ti, 10Ti, 20Ti, 40Ti and 

40Ti_W) and B) Eg mode of all samples. 
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The Eg mode is characteristic of symmetric stretching of Ti-O-Ti bonds, 

thus it was analyzed for any apparent shift related to oxygen vacancies (Figure 

4.46 B)[271][272]. In general, a shift to higher frequencies was observed (5Ti to 

40Ti). A shift to higher frequencies can be associated with contraction of the 

lattice due to the presence of oxygen vacancies as indicated by XRD and EPR. 

According to Hooke´s law, vibration frequency is directly proportional to 

bond strength (force constant) and inversely proportional to reduced mass 

(Equation 4.15): 

𝑣 =  
1

2𝜋𝑐
 √

𝑘

𝜇
  

 

(4.15) 

where 𝑣  is vibration frequency, k is force constant, c is the speed of light and µ 

is reduced mass.  

         The reduced mass (µ) is  
𝑚1.𝑚2

𝑚1+𝑚2
 where m1 and m2 is the mass of elements 

1 and 2, respectively. Thus, oxygen vacancies will act to decrease the reduced 

mass, resulting in shifts to higher frequencies. The shift to lower frequency shown 

by 40Ti_W compared to 40Ti highlights the effect of heat treatment on the 

reduction of oxygen vacancies. When 40Ti is heat-treated at 800 oC in air, the 

reducing environment provided by the initial synthesis may be limited, which can 

reduce the level of oxygen vacancies.  

 

4.3.4 Transmission Electron Microscopy 

The high resolution transmission micrographs of selected samples are 

presented in Figure 4.47: 5Ti, 20Ti, 40Ti and 40Ti_W. Oxygen-deficient TiO2 has 

been shown to have a peculiar morphology consisting of a disordered outer layer 

and crystalline core [270]. Samples 5Ti, 20Ti and 40Ti have both crystalline and 

amorphous regions discriminated by the presence and absence of lattice fringes, 

respectively.  

Note that 40Ti_W has no amorphous layer, thus it can inferred that the 

sample contains less oxygen vacancies and higher crystallinity at the surface 

associated with higher calcination temperature (800 oC). In general, the widths of 

the amorphous layers in the samples are not homogenous which could affect 
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surface properties. Sample 5Ti contains dislocations, suggestive of defects in the 

lattice as well as on the surface.  

 

Figure 4.47 - High resolution transmission micrographs of A) 5Ti B) 20Ti C) 40Ti 

and D) 40Ti_W. 

The d spacing marked for samples 5Ti, 20Ti, 40Ti are 0.350 nm, 0.235 

nm, 0.130 nm corresponding to the (101), (004) and (220) planes of TiO2 anatase 

phase, respectively [273]. For 40Ti_W, the d spacing was 0.209 nm equivalent to 

the (210) rutile plane [273]. The results highlight the phase composition of the 

samples and are in agreement with the XRD and micro-Raman analyses. 

 

4.3.5 Field Emission Gun Scanning  Electron Microscopy 

The SEM-FEG micrographs of 5Ti, 10Ti, 20Ti, 40Ti and 40Ti_W are shown 

in Figure 4.48. They reveal that the samples are predominantly formed of 

micrometric agglomerates. The micrometric nature of the samples could be 

attributed to the fact that surfactants were not utilized. Sample 5Ti and 10Ti 

presented similar morphologies in the form of micrometric agglomerates 

composed of nanometric particles.  
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As regards the samples synthesized with 20 mL (Figure 4.48 C and D) and 

40 mL (Figure 4.48 E) of titanium isopropoxide, the concentrations of Ti(IV) 

species are higher compared to 5Ti (Figure 4.48 A) and 10Ti (Figure 4.48 B). 

Figure 4.48 - Field emission gun (FEG)-SEM micrographs of A) 5Ti, B) 10Ti, C) 

20Ti, D) 20Ti (Magnification), E) 40Ti and F) 40Ti_W. 

Thus, upon the addition of HCl, the precipitation of titanium hydroxide 

species occurs due to higher reactivity. Given the higher quantity of precipitates, 

they assembly into microspheres and are maintained apart by electrostatic 

repulsion [274]. 

Figure 4.48 D shows the internal structure of the agglomerates in sample 

20Ti. It shares some similarity with 5Ti and 10Ti, confirming them as building 

blocks of the microspheres. The size of the largest microsphere in 20Ti was 4.8 

µm compared to 3.9 µm for 40Ti, the latter corresponding to a higher degree of 

ordering due to a higher number of small precipitates. The microspheres are 

maintained after heat treatment as shown by 40Ti_W, however, there is a clear 

formation of grain boundaries due to coalescence of particles during sintering. 

 

4.3.6 X-ray photoelectron spectroscopy 

The surface composition and states of selected samples (40Ti, 20Ti, 5Ti 

and 40Ti_W) were investigated by X-ray photoelectron spectroscopy (XPS). 
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Figure 4.49 presents the high resolution Ti2p spectra of the samples. The Ti 2p3/2 

peak for the oxidation state of +4 is located at 458.61 eV, 458.47 eV, 458.44 eV 

and 458.39 eV for 5Ti, 20Ti, 40Ti and 40Ti_W, respectively [275][276]. 

    

Figure 4.49 - Ti2p spectra of 5Ti, 20Ti, 40Ti and 40Ti_W. 

The splitting energy between the Ti 2p3/2 and Ti 2p1/2 doublet was 5.7 eV 

in agreement with compiled data [277]. The binding energies of Ti(IV) (2p1/2 and 

2p3/2) shift slightly to lower values as the volume of titanium isopropoxide 

precursor increases, which point to reduction [278][279]. The quantification of 

Ti(IV) in the samples did not present a trend with volume of titanium isopropoxide 

precursor, 40Ti (92.6%) and 5Ti (92.3%) presented higher Ti(IV) quantities 

followed by 40Ti_W (91.6%) and 20Ti (90.9%). It is speculated that the degree of 

reduction of Ti(IV) species at the surface may determine the levels of Ti(IV), being 

higher for samples with lower degrees of reduction.      

Although Ti(III) species were not identified by EPR, all the samples contain 

Ti(III) species as evidenced by the Ti(III) (2p1/2 and 2p3/2) doublet (Figure 4.60). 
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This shows that EPR is more sensitive to the bulk region. The Ti (2p3/2) peak for 

the oxidation state of +3 is present at 456.91 eV, 456.77 eV, 456.74 eV and 

456.69 eV for samples 5Ti, 20Ti, 40Ti and 40Ti_W, respectively. The splitting 

energy between the Ti (2p3/2) and Ti (2p1/2) doublet was found to be 5 eV. Similar 

to the Ti(IV) analysis, a slight shift to lower binding energies was observed for the 

Ti(III) doublet (2p1/2 and 2p3/2) indicating a reducing effect associated with an 

increase in titanium isopropoxide precursor. Apparently, the synthesis method 

has a potential of reducing Ti(IV) species.  

The quantity of Ti(III) increases from 5Ti (2.9%) to 20Ti (3.5%) and then 

decreases from 40Ti (2.3%) to 40Ti_W (2.1%). Comparing this result to that of 

EPR, it is evident that the surface composition of the samples differs from the 

bulk. Thus, sample properties and performance will be defined by the synergism 

between surface and bulk oxygen vacancies.   

Titanium satellites were present in the samples. They are formed when 

departing photoelectrons lose kinetic energy through the excitation of a valence 

electron to a higher bound state. According to Jonnard et al. (2005), satellites 

indicate double or multiply ionization of atoms [280]. The mechanisms behind 

satellite formation are summarized in Equations 4.16 and 4.17 [281]: 

𝑂(2𝑝) → 𝑇𝑖(4𝑠)    

 

(4.16) 

𝑂(2𝑠) → 𝑇𝑖(3𝑑) 

 

(4.17) 

Sen et al. (1976) reported a separation energy of 5 eV between Ti 2p1/2   

and Ti satellite peak [282]. In this thesis, the satellites of 5Ti, 20Ti, 40Ti and 

40Ti_W are respectively centered at 460.31 eV, 460.02 eV, 460.14 eV and 

460.15 eV corresponding to separation energies of 4 eV, 4.17 eV, 4 eV and 3.94 

eV. Sample 40Ti_W has the highest level of Ti satellite (6.3%) followed by 20Ti 

(5.6%), 40Ti (5.4%) and 5Ti (4.8%). Since satellites are associated with multiple 

ionization, it is presumed that 40Ti_W is easily ionized compared to 5Ti. 

Figure 4.50 presents the high resolution O 1s spectra of the samples. 

Three components are identified: O-Ti bonds (lattice oxygen), non-lattice oxygen 

bonds or Ti-OH and surface H2O, in ascending order of energy [265][283]–[285]. 

Lattice oxygen bonds equivalent to O-Ti bonds occur at 529.86 eV, 529.69 eV, 

529.74 eV and 529.62 eV for 5Ti, 20Ti, 40Ti and 40Ti_W, respectively. Samples 
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5Ti (54.48%) and 40Ti (55.85%) have the highest lattice oxygen whereas 

samples 20Ti (53.05%) and 40Ti_W (52.76%) have the lowest. The trend 

coincides with that of the Ti(IV) bonds, suggestive of lower surface reduction for 

samples with higher Ti(IV)  and higher lattice oxygen levels. 

Figure 4.50 - O 1s spectra of 5Ti, 20Ti, 40Ti and 40Ti_W. 

The peaks pertaining to non-lattice oxygen occur at 530.94 eV, 530.76 eV, 

530.97 eV and 530.95 eV for 5Ti, 20Ti, 40Ti and 40Ti_W, respectively [286]. Non-

lattice oxygen bonds can be described as oxygen atoms on hollow sites, thus 

their concentration can be linked to defects such as oxygen vacancies and/or 

dangling bonds [287].  

Samples 40Ti_W (46.66%) and 20Ti (45.54%) presented higher levels of 

non-lattice oxygen while 40Ti (42.97%) and 5Ti (41.52%) presented lower levels, 

which is directly opposite to the trend found for lattice oxygen. This means that 

samples 40Ti_W and 20Ti have higher concentrations of oxygen vacancies 

and/or dangling bonds on the surface and consequently, lower surface Ti(IV). 
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Figure 4.51 presents the high resolution C1s spectra of the samples. For 

5Ti, four components were identified. Adventitious carbon (284.60 eV), 

chemisorped CO2 (286.02 eV), CO (288.64 eV) and TiC (282.81 eV) [288]. 

Figure 4.51 -  C 1s  spectra of 5Ti, 20Ti, 40Ti and 40Ti_W. 

All the samples except 40Ti had titanium carbide. The contribution of 

carbon to the formation of surface oxygen vacancies is shown by the presence 

of titanium carbide. Accordingly, some oxygen atoms were substituted by carbon, 

causing the formation of oxygen vacancies. It also supports the hypothesis that 

carbon sources can provide a reducing environment during calcination. 

Samples 5Ti (2.53%) presented the highest levels of TiC followed by 20Ti 

(1.18%) and 40Ti_W (0.94%). In general, the quantity of TiC decreased with 

increasing titanium precursor, which suggests that the level of carbon on the 

surface decreases with an increase in precipitation/hydrolysis. The precipitates 

can serve as nucleation sites, reducing the number of unreacted alkoxides.   
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It is rather strange that 40Ti did not have TiC on the surface although 

40Ti_W was prepared from the same. A possible reason could be the further 

replacement of oxygen atoms with carbon trapped between particles during 

additional calcination. It is difficult to pinpoint the mechanism of carbide formation 

(500 oC) and its stability at high temperature (800 oC) given the synthesis 

conditions.  

 

4.3.7 Photoluminescence 

The effect of oxygen vacancies on the luminescence properties can be 

investigated by photoluminescence spectroscopy. The room temperature PL 

(355 nm excitation) spectra of the samples are presented in Figure 4.52. Due to 

the lack of emission around 378 nm characteristic of anatase bandgap, it is 

concluded that the emissions are not near band emissions [143]. Emissions 

centered at 512 nm (40Ti_W), 550 nm (40Ti), 580 nm (10Ti), 601 nm (5Ti) and 

620 nm (20Ti) are present. 

 

Figure 4.52 - Room temperature emission of 5Ti, 10Ti, 20Ti, 40Ti and 40Ti_W.  

Emissions from 512 to 580 nm, also known as green emissions, are related 

to oxygen vacancies specifically F+ centers (singly charged oxygen vacancy) 

[289]–[292]. It can also be understood as the recombination of conduction band 

(cb) electrons with trapped (tr) holes, resulting in green emissions (Equation 4.18) 
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[291]. 

𝑒𝑐𝑏
−   + ℎ𝑡𝑟

+   → ℎ𝑣𝑔𝑟𝑒𝑒𝑛  

 

  

(4.18) 

In general, the increase in non-radioactive contributions, that is, defects 

such as oxygen vacancies, quenches the PL intensity. This trend was shown by 

the decrease in green emissions (40Ti_W > 40Ti >10Ti)  in line with the increase 

in oxygen vacancies as per EPR analysis. Because green emissions can be 

related to the recombination of conduction band electrons with trapped holes, a 

reduction in this emission can be associated with efficient charge separation with 

increase in oxygen vacancies.  

Samples 5Ti (601 nm) and 20Ti (620 nm) presented red emissions. These 

emissions are suggestive of Ti(III) species and can be associated with the 

recombination of holes in the valence band (vb) with trapped (tr) electrons 

(Equation 4.19) [291]. 

ℎ𝑣𝑏
+   + 𝑒𝑡𝑟

−   → ℎ𝑣𝑟𝑒𝑑 

 

 

(4.19) 

Based on the PL intensity, 5Ti presents a greater recombination and lower 

levels of Ti(III) defects associated with oxygen vacancies when compared with 

20Ti. This argument is backed by XPS analysis as well, where 20Ti presented 

higher levels of Ti(III) compared to 5Ti. Since all the samples contain Ti(III) 

species and oxygen vacancies, it is believed that the emissions observed are 

from the most dominant species. 

In general, oxygen vacancies and Ti(III) species act as traps, reducing the 

recombination of charge carriers. Thus, an optimum level of both defects and 

synergism among them are important factors for efficient properties. 

 

4.3.8  Fourier transform infrared (FTIR) spectroscopy 

The FTIR spectra of the samples are shown in Figure 4.53. Subtle OH 

bands associated with water absorption can be observed. The formation of TiO2 

is confirmed through vibrations at 480 cm-1, characteristic of Ti-O [293]. The band 

at 1384 cm-1 present in all samples is assigned to C-H bending related to the Ti-

isopropoxide precursor [294]. Its intensity decreased with increasing volume of 

Ti-isopropoxide, suggesting a decrease in surface residual carbon. 
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Figure 4.53 - FTIR spectra of 5Ti, 10Ti, 20Ti, 40Ti and 40Ti_W.  

From the trend observed, the samples containing mostly microspheres 

such as 20Ti and 40Ti (FEG-SEM images) had lower surface C-H bonds while 

5Ti and 10Ti with agglomerates presented higher surface C-H bonds. Increasing 

the volume of Ti precursor while maintaining the quantity of HCl and isopropanol 

reduces the stability of the sol through rapid precipitation/hydrolysis of titanium 

hydroxide particles. In this case, unreacted alkoxy groups can be greater in lower 

volumes of titanium isopropoxide, resulting in higher C-H bonds on the surface. 

 

4.3.9 Bandgap  

           The presence of oxygen defects can create local states within the bandgap 

of the samples, which extend absorption into the visible region. Figure 4.54 A and 

B presents the absorption spectra and bandgap extrapolation of the samples 

based on the Kubelka-Munk function for an indirect bandgap material, 

respectively.  

Figure 4.54 B shows the bandgaps of the samples extrapolated from the 

Kubelka-Munk function graphs for an indirect bandgap material. The samples 

with lower volumes of titanium isopropoxide had lower bandgaps, 10Ti (2.72 eV) 

and 5Ti (2.94 eV), and those with higher volumes presented higher bandgaps, 

20Ti (3.01 eV) and 40Ti (3.08 eV). 40Ti_W calcined at a higher temperature 
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presents a lower bandgap (2.91 eV) compared to 40Ti (3.08 eV). 

Figure 4.54 - A) Kubelka-Munk function derived from diffuse reflectance 

measurements and  B)  extrapolation of  bandgap from Kubelka-Munk function 

for an indirect bandgap material.  

The valence band maximum and conduction band minimum of TiO2 are 

derived mainly from the O 2p and Ti 3d orbitals, respectively [295]. Thus, the 

increase or decrease in bandgap can be attributed to the combined contribution 

of Ti(III) species and oxygen vacancies in the samples.  

The absorption at 450 nm increases in this trend, 40Ti_W, 40Ti, 5Ti, 20Ti 

and 10Ti, which is in agreement with decrease in PL intensity associated with 

defects. This means oxygen vacancies/Ti(III) enhance absorption in the visible 

region and lower PL intensity. Clearly, oxygen vacancies can aid the visible 

response of TiO2 and their optimum level is important for effective reduction of 

recombination.  

 

4.3.10 Photoactivity 

The photocatalytic activity of the samples was tested under visible light for 

4 hours using Amiloride solution (5 mg/L). Figure 4.55 shows the reduction of the 

concentration of Amiloride under visible light irradiation in the presence of the 

oxygen-deficient TiO2 samples. The pure Amiloride solution with no sample 

showed insignificant activity, indicating negligible photolysis. The reduction of 

Amiloride concentration is then related to sample properties and irradiation.  
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Figure 4.55 - Photodegradation of Amiloride in the presence of  5Ti, 10Ti,  20Ti, 

40Ti and 40Ti_W. 

In general, the samples exhibited low activity with a reduction of 12.2%, 

10.8%, 12.4%, 19.4% and 8.8% for sample 5Ti, 10Ti, 20Ti, 40Ti and 40Ti_W, 

respectively. A possible reason could be the low stability of surface oxygen 

vacancies. The micrometric nature of the powders may have interfered with 

photoactivity since the reactivity of nanometric powders are superior. 

When the activity of 40Ti and 40Ti_W is compared, it can be seen that the 

sample with greater oxygen vacancies (40Ti) as per EPR presents a higher 

photoactivity. Oxygen vacancies can influence visible light response, charge 

separation and/or recombination. From the PL analysis, 40Ti_W presents the 

highest intensity which is translated as lower density of defects that can 

participate in charge separation mechanisms. Despite the lower bandgap of 

40Ti_W, its activity was not comparable to 40Ti. This suggests that the excess 

photons absorbed do not effectively contribute to photoactivity.  

For the samples with different volumes of titanium isopropoxide, 40Ti 

presented the highest activity followed by 20Ti, 5Ti and 10Ti. The trend is 

consistent with high volume of titanium isopropoxide except for 5Ti and 10Ti, 

which indicates an important influence of titanium ions irrespective of defects. 

Considering the levels of oxygen defects, 10Ti and 20Ti were expected to have 

higher activities compared to 40Ti and 5Ti. However, since the samples contain 
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both surface and bulk oxygen vacancies, the synergy between them should be 

considered. According to Pan et al. (2013), surface oxygen vacancies are not 

stable and susceptible to oxidation through dissolved oxygen in water  [188]. In 

contrast, bulk oxygen vacancies are more stable but can serve as recombination 

sites. 

 Among the samples, the higher the bandgap, the lower the photocatalytic 

activity. Although a lower bandgap is beneficial for visible activity, recombination 

can be promoted as the potential energy of charge carriers are lower. Thus, 

absorption in the visible region alone is not sufficient for the improvement of 

photoactivity. Other factors such as recombination and trapping dynamics are 

equally important.  

 

4.3.11 Electrochemical analysis 

To study the charge separation of the samples, impedance and transient 

photocurrent measurements under visible illumination were conducted. Figure 

4.56 presents the Nyquist plots and Randles circuit (Insert) of the samples.  

 

Figure 4.56 - Nyquist plot of 5Ti, 10Ti, 20Ti, 40Ti and 40Ti_W. Insert: Randles 

circuit. 

             The circuit includes a solution resistance (Rs), a double layer capacitor 

(C) and a charge transfer resistance (Rt). The values of the circuit elements are 

shown in Table 4.4.  
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Table 4.4 - Lattice parameters of 5Ti, 10Ti, 20Ti, 40Ti and 40Ti_W. 

Sample Rs(Ω) Rt(kΩ) C(µF) 

5Ti 52.3 117 10.6 

10Ti 52.6 266 7.5 

20Ti 49.9 130 10.9 

40Ti 48.3 281 11.4 

40Ti_W 52.5 129 11.0 

           Since the electrolyte utilized was equivalent for all samples, the solution 

resistance was expected to be within the same range. For charge transfer 

resistance, the trend was as follows: 40Ti > 10Ti > 20Ti > 40Ti_W > 5Ti. From 

the EPR, XPS and PL analyses, the samples present a mixture of defects (Ti(III) 

and oxygen vacancies) and they vary in the bulk and surface. Thus, an optimum 

combination is beneficial for electron transfer. 

Double layer capacitance describes the system's ability to store charges 

at the electrode/electrolyte interface. This storage can be related to oxygen 

vacancies on the surface which can participate in current generation when 

appropriate voltage is applied [296]. The sample with the highest capacitance 

was 40Ti followed by 40Ti_W, 20Ti, 5Ti and 10Ti. With the exception of 40Ti_W, 

the trend is in agreement with photocatalytic activity. It emphasizes the role of 

surface charges on adsorption and consequently, photocatalytic activity.  

Photocurrent under light and dark cycles for all samples is presented in 

Figure 4.57. 

 Figure 4.57 - A) Photocurrent response of 5Ti, 10Ti, 20Ti, 40Ti and 40Ti_W and 

B) photocurrent response translated to facilitate the analysis of current variation. 
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The photocurrent responses of the samples were probed under light and 

dark cycles with a bias potential of 1.2 V. To facilitate the analysis of the samples, 

they were all translated to the value of sample 40Ti_W. Thus, the variation of 

photocurrent was considered. The responses of samples 5Ti, 40Ti and 40Ti_W 

were consistent with time compared to 20Ti and 10Ti, which can be associated 

with better chemical and photo-stability. A slow decay of the dark current is 

observed for all samples, indicating the effect of trapped charge carriers on carrier 

lifetime [297]. 

With regard to 40Ti and 40Ti_W, the photocurrent of the latter is lower 

despite having a lower charge transfer resistance, suggesting that the presence 

of oxygen vacancies improves charge separation and lifetime of photogenerated 

carriers. In this case, there is a variation in charge transfer resistance under 

illumination associated with limited number of defects for charge separation. The 

finding is also consistent with the photocatalytic trend.  

For the samples with different volumes of Ti isopropoxide, 40Ti presented 

the highest photocurrent followed by 5Ti, 20Ti and 10Ti. The samples with the 

highest levels of defects as per EPR analysis (20Ti and 10Ti) had lower 

photocurrents. The sequence of photocurrent reduction follows a decrease in PL 

intensity. The PL analysis showed a predominance of Ti(III) (20Ti and 5Ti) and 

oxygen vacancy (40Ti and 10Ti) in emission quenching. The decrease in PL 

indicates efficient separation of charges through defects. Therefore, it is expected 

that the samples with the lowest PL intensity would have the highest 

photocurrent. As this did not occur, we assume that in addition to charge 

separation, the number of free electrons (not trapped) and the half-life of charges 

before recombination can be influential factors. With these considerations, an 

increase in the density of the traps can decrease the number of free electrons 

which in turn reduces photocurrent. Therefore, there is an optimum level of 

defects for efficient separation for photocurrent production as well as optimum 

free electrons. Among the samples, 40Ti and 5Ti appear to have a good 

combination of these properties.  
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5 CONCLUSION  

5.1 Tin perovskites 

Based upon the experimental conditions adopted in this thesis, it is possible 

to conclude that tin perovskites can be doped with Mn in a proportion of up to 

10% mol without disrupting the perovskite structure. The bandgap of tin 

perovskite can be modified with Mn doping either through formation of discrete 

levels or changes in valence band energy. Doping tin perovskites with chlorine 

containing precursors can result in unintentional residual chlorine. Doping tin 

perovskite with 10% Mn can partially improve stability according to X-ray 

diffraction patterns collected after 24 h. Although Mn improves stability, the 

photovoltaic parameters of  tin perovskite reduced with Mn doping. It is important 

to note that  the solar cells were not optimized, thus Mn doping alone cannot be 

blamed for the poor performance. 

The electrochemical properties of tin perovskites can be investigated in 

aqueous media with the help of a PLA layer, however the method must be 

complemented with other techniques. From the electrochemical analysis, Mn 

increases the resistance of tin perovskite, which is detrimental to photovoltaic 

properties. According to chronoamperometry measurements, 10% Mn and 2% 

Mn improve the stability of  tin perovskite.  

             Tin (II) octoate and SnSO4 can be used as alternative tin precursors for 

the synthesis of tin perovskites, provided the mole ratio of methylammonium 

iodide to non-halide precursor is at least 3:1, respectively. A temperature of 110 

oC/10 min is sufficient for the formation of  tin perovskites derived from non-halide 

precursors, but a higher temperature (150 oC) aids in crystallization and reduction 

of residues associated with the precursors. 

SnSO4 appears to slow the crystallization of tin perovskite as evidenced by 

large grains. Sulfur can unintentionally dope the perovskite, which can affect the 

properties of the perovskite. The use of tin octoate containing carbon atoms can 

cause segregation.  

Residues are always present when non-halide tin precursors are utilized, 

thus their effects should be taken into consideration.  
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5.2     Oxygen-deficient TiO2 

The synthesis of oxygen-deficient TiO2 based on calcination in air requires 

a localized reducing atmosphere. A combination of Isopropanol, Ti-isopropoxide 

and HCl can provide an in-situ reducing atmosphere for the formation of oxygen 

vacancies through unreacted alkoxides and/or CH3 species. 

 The concentration of titanium isopropoxide controls precipitation/ 

hydrolysis as well as particle assembly, factors which directly affect the level of 

unreacted alkoxides and/or CH3 species. 

Carbon atoms can replace oxygen atoms on the surface during calcination 

to form TiC, contributing to the formation of oxygen vacancies. The contribution 

of TiC increases with increase in titanium isopropoxide concentration. 

There exists an optimum level of oxygen vacancies, above which 

recombination becomes dominant, reducing photocatalytic activity and 

photocurrent.  Poor photocatalytic activity of oxygen-deficient TiO2 can be 

associated with size factors and stability of the oxygen vacancies. 
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6 SUGGESTIONS FOR FUTURE STUDIES 

The thesis presented the synthesis and characterization of tin perovskites 

and Mn doped tin perovskites. Futhermore, it presented the potential of tin 

octoate and tin sulfate as precursors for the synthesis of tin perovskites.  

 A future research project  is  the development of tin perovskite solar cells 

based on halide and non-halide tin precursors. For instance, improving efficiency 

through the control and optimization of morphology and testing of alternative hole 

transport materials.  

Manganese as a dopant of tin perovskites was shown to reduce the 

efficiency of tin perovskite solar cells. However, emphasis was not laid on the 

development of Mn doped tin perovskite solar cell, thus necessary optimization 

of the solar cell components was not conducted. In this case, one can investigate 

the optimum concentration of Mn for both efficiency and stability.  

A new method for the electrochemical measurement of perovskites using a 

polymer layer was introduced. It should be possible to realize electrochemical 

measurements using different polymers.  

As regards the synthesis of oxygen-deficient TiO2 materials, the effect of 

varying HCl concentration as well as the use of other titanium dioxide precursors 

can be investigated. 

Finally, future efforts can be directed towards integrating oxygen-deficient 

TiO2 and selected Sn perovskites, aiming to increase performance.  
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