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Here's to the mess we make 

La La Land 

 

 

 



 
Master’s Dissertation 

Passini, L. N 
 

Abstract 

The research developed in this project seeks to synthesize lead-free undoped, Bi- and Ln3+-
doped In-based halide double perovskites, in order to understand and investigate their 
optoelectronic properties searching for the development of new materials for the photonics 
field. Both these perovskites, Bi- and In-based, exhibit different optical properties being 
suitable for distinct applications. Bi-based perovskites show a very promising photocatalytic 
activity desirable for photocatalysis while In-based perovskites are more appropriate for 
photoluminescent purposes, such as light-emission-diodes (LEDs), optical thermometry and 
photovoltaics. Furthermore, this present work intends to incorporate lanthanide ions into In-
based double perovskite matrix, scoping the enhancement of In-perovskite optical properties. 
Lanthanide ions are well-known for their unique spectroscopic properties being able to 
expand In-based perovskite applications. Ln3+ ions are capable of emitting photons in UV-
Vis-IR range as well as participate in some energy conversion processes like upconversion, 
downshifting and downconversion mechanism, broadening and improving its application. To 
synthesize both perovskites, a wet chemical route was adopted, resulting in perovskite 
microcrystals. After the synthesis was completed, these obtained microcrystals were washed 
with isopropyl alcohol then centrifugated at 8000 rpm for 10 minutes, posteriorly they were 
dried in an oven at 110 ºC for 24h. Both lead-free double halide perovskites were analyzed 
using several characterization techniques in order to fully understand its structure, chemical 
and optical characteristics. Beyond that, was evaluated the photocatalysis performance and the 
photoluminescence properties of Bi- and In-based perovskite, respectively. For Bi-based 
perovskite, the influence of silver and halides (Cl and Br) on its photocatalysis was 
investigated leading to some interesting insights correlating these elements and perovskite 
photocatalytic performance. Besides, an investigation of undoped and Ln3+-doped In-based 
perovskite showed new photoluminescent properties for the doped samples being able to 
expand even more their application. In that sense, this work had centralized efforts in 
photocatalysis and optical thermometry fields contributing with insights about its 
optoelectronic properties as well as extending its application. 

Keywords: Perovskites; Bi- and In-based perovskites; photonics; photocatalysis; solid-state 

chemistry; lanthanides; optical thermometry. 
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Resumo 

A pesquisa desenvolvida neste projeto, procura sintetizar haletos de perovskitas duplas sem 
chumbo, tanto a base de bismuto quanto de índio dopadas com íons lantanídeos, procurando 
entender e investigar suas propriedades optoeletrônicas, almejando o desenvolvimento de 
novos materiais para o campo da fotônica. Ambas as perovskitas, tanto a base de índio quanto 
de bismuto, apresentam propriedades óticas distintas sendo adequadas para diferentes 
aplicações. As perovskitas de bismuto possuem uma atividade fotocatalítica promissora sendo 
interessantes no campo da fotocatálise, enquanto as perovskitas de índio são mais apropriadas 
para fins fotoluminescentes, como para diodos emissores de luz (LEDs), termometria ótica e 
fotovoltaicos. Além do mais, neste trabalho foram incorporados íons lantanídeos na matriz 
das perovskitas de índio, visando o melhoramento das propriedades óticas da perovskita de In. 
Os íons lantanídeos são reconhecidos por suas propriedades espectroscópicas únicas, tornando 
possível expandir as aplicações das perovskitas de índio. Os íons Ln3+ são capazes de emitir 
fótons nas regiões do UV-Vis-IV, bem como participar de processos de transferência de 
energia como os mecanismos de conversão ascendente, conversão descendente e 
downshifting, ampliando a aplicação do material. Para sintetizar as perovskitas propostas, foi 
adotado uma síntese em um meio aquoso, gerando micro cristais das perovskitas. Após o 
término da síntese, os micro cristais obtidos foram então lavados com álcool isopropílico, 
centrifugado à 8000 rpm por 10 minutos e por fim, foram levados à uma estufa aquecida à 
110 ºC por 24h. Ambas perovskitas duplas sem chumbo foram submetidas à várias técnicas de 
caracterização, almejando entender por completo sua estrutura, química e propriedades óticas. 
Além das caracterizações, foram avaliados sua atividade fotocatalítica e suas propriedades 
fotoluminescentes, para as perovskitas de bismuto e índio, respectivamente. Para a perovskita 
de bismuto, foram investigadas as influências dos haletos (Cl e Br) e da prata em sua 
fotocatálise, resultando em dados interessantes relacionando esses elementos e a atividade 
fotocatalítica da perovskita. Por fim, foram investigadas as propriedades óticas para as 
perovskitas de In não dopadas e as dopadas, e os resultados de luminescência mostraram a 
possibilidade de expandir ainda mais a aplicabilidade desse material. Nesse sentido, este 
trabalho está focando no campo da fotocatálise e da termometria ótica, contribuindo com os 
dados obtidos sobre suas propriedades optoeletrônicas bem como ampliando a aplicação 
desses materiais. 

Palavras-chave: Perovskitas; perovskitas a base de bismuto e índio; fotônica; fotocatálise; 

química do estado sólido; lantanídeos; termometria ótica. 
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Perovskites in photonics: State-of-the-art 

Perovskites refers to a mineral generally composed by calcium, titanium and oxygen 

as calcium titanate, CaTiO3. Nonetheless, the term perovskite also describes materials which 

presents ABX3 stoichiometry as CsPbX3 (X = Cl-, Br- or I-).1 In particular, lead-halide 

perovskites (LHPs) have attracted attention owing to their great optoelectronic properties such 

as high absorption coefficient, low exciton binding energy, tunable bandgap, high charge-

carrier mobility, and low trap densities.1–3 These properties make LHPs great materials for 

LEDs,4,5 lasers,6,7 photodetectors,8,9 photocatalysts10 and especially for photovoltaic (PV) 

applications.11,12  

Despite the outstanding properties of LHPs for optoelectronic applications, Pb element 

present in its composition limits LHPs usage in optoelectronic devices. Pb-based perovskite 

displays of poor stability under ambient conditions, and high toxicity.3,13 Lead-free double 

perovskite (A2B’B”X6), in special Cs2AgBiX6 (X = Cl- and Br-) have attracted attention due 

to its high stability under ambient conditions, because they are environment friendly, and the 

capacity of absorbing light all over the visible range.14 However, Bi-based perovskite exhibits 

an intrinsic indirect bandgap which is not suitable for LEDs, lasers and photovoltaics 

applications, but is an interesting characteristic for photocatalysis.15,16 Cs2AgBiBr6 perovskite 

has shown a promising photocatalytic behavior, in hydrogen evolution15 and photocatalytic 

reduction of CO2,17 for example. 

Fortunately, replacing Bi3+ for In3+ it is possible to achieve direct bandgap18 leading to 

a suitable perovskite for photoluminescent applications. There are some works which 

incorporates lanthanide ions into Cs2AgInxBi1-xCl6 lattice broadening its application.19–21 As 

far as we known, there are no Ln3+-doped In-based perovskite material scoping optical 

thermometry applications. The development of luminescent ratiometric thermometers is 

significantly important task since conventional thermometers do not satisfy every need.22 

In this sense, the main motivation of this master’s dissertation was to study and synthesize 

Bi-based perovskite for photocatalytic applications since this field is still incipient explored 

by using such type of material. Furthermore, the work aims to produce RE-doped In-based 

perovskite for optical thermometry applications, contributing with the development of a novel 

Ln3+-based luminescent thermometer. 
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1. Lead-free Halide Double Perovskites 

1.1. Perovskites: An introduction  

Calcium titanium oxide mineral or just calcium titanate (CaTiO3) was discovered by 

Gustav Rose in the Ural Mounts of Russia (1839) and named after Lev A. Perovski (1792-

1856).23,24 The name perovskite does not only describes calcium titanate mineral, although it 

describes all compounds that exhibit the same crystal structure as CaTiO3 i.e., ABX3 chemical 

formula.24 Perovskite materials are abundant in nature and it is believed that MgSiO3 

composes the largest amount in the mantle of the earth than any other mineral.25 In general, 

ABX3 structures are composed by three sites, in which A and B are cations, being A-cations 

larger than B-cations, and X being an anion, where X is octahedrally coordinated to B, 

resulting in BX6 octahedra.1,26 The [BX6] octahedra shapes in an extended 3D network by 

sharing its corners with A cations situated in its cavity.1,26 The perovskite crystallographic 

structure is presented in Figure 1. 

 

Figure 1. Representation of perovskite crystal structure.27 

  An ideal crystalline perovskite shows a cubic structure phase having Pm3m as its 

space group. Moreover, the ions in your network are considered to be perfectly packed and 

their ionic radii follow a geometrical ratio.1,26 To predict the stability of perovskite structure is 

widely used two parameters proposed by GOLDSCHMIDT, 1926.28 The tolerance factor (t) 

which indicates the state of distortion and the octahedral factor (µ), the ratio of atomic radii B 

to X for the BX6 octahedron. These parameters are presented in equation (1) and equation (2), 

respectively.29–31 
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t = 
 

√  (  )
 ; where rA, rB and rX are ionic radii of A, B and X.                                                   

(1) 

µ = ; where rB and rX are ionic radii of B and X.                                                                             

(2) 

The range of t for perovskites materials is generally 0.81 < t < 1.11, whereas the range 

of µ aiming a stable perovskite is usually 0.44 < µ < 0.90.30 

These parameters show some predictions for perovskites stability according to their 

composition. However, its inefficient accuracy has been shown in recent studies31 and a new 

tolerance factor have been proposed. The  new tolerance factor proposed by BARTEL et al., 

2019 exhibits an overall better accuracy,29 which is presented in equation (3). So, stable 

perovskites are found when τ < 4.18.29 

τ = − 𝑛  𝑛 −
 

; where nA is the oxidation state of A, ri indicates the ionic radius of 

ion i.                                                                                                                       

(3) 

Another essential parameter dictates the perovskite properties, the structural distortion. 

Distortions can affect perovskite properties such as ferroelectricity and play an essential role 

in structural transformation. Therefore, partial or full cation/anion replacement needs to be 

carefully planned in order to be a key tool to tune the physical properties, while undesired 

phase transformations are avoided.1 Various perovskite compounds show some intriguing 

properties, ferroelectricity, magnetoresistance, and superconductivity are some of these 

properties.1 Beyond that, a particular perovskite-type material is being broadly studied aiming 

at optical applications due to its incredible optoelectronic properties, the metal halide 

perovskites (MHPs). They present several characteristics very suitable for photovoltaics,32,33 

light-emitting diodes,34,35 lasing,6,34 photodetectors36 and etc. that will be discussed on the 

next topics. 

1.2. Metal halide perovskites 

In general, perovskite presents ABX3 structure, however, for MHP the A-site in MHPs is 

a monovalent cation, usually Cs+, CH3NH3
+ or CH(NH2)2

+, in the B-site a divalent cation e.g., 
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Pb2+, Ni2+, Cu2+, Sn2+ etc. and halide as Cl-, Br- and I- occupies the X-site.1,37 MHPs are very 

promising materials in photonics owing to their outstanding intrinsic characteristics such as 

high absorption efficiency in the range of UV-Vis light, low exciton-binding energy, bright 

photoluminescence, and tunable bandgap by changing the elements present in A,B and/or X-

site.1,2,37 Despite the several options for the B-site, Pb2+ is the most chosen ion because of its 

better optoelectronic properties than any other possible metal.1 Lead halide perovskites 

(LHPs) can be categorized as hybrid (organic-inorganic) or all-inorganic perovskite, just 

depending on if A is an organic molecule as methylammonium (MA, CH3NH3
+) or inorganic 

cation as Cs+.38 LHPs bright luminescence over the visible range are represented in Figure 2, 

noticed by Protesescu, L et al.39 These luminescence tunability property will be discussed in 

detail on the next topic. 

 

Figure 2. CsPbX3 (X = Cl, Br or I) nanocrystals colloidal solution under UV light (a); 
representative photoluminescence spectra (b) and absorption and photoluminescence 
spectra.39   

1.2.1. Electronic structure of perovskite materials 

Luminescence property is established by the electronic structure of the material which is 

highly dependent on the chemical composition and crystal structure, including perovskite 

ones.40. For instance, in hybrid perovskites the inorganic layer dominates its luminescence 

property.40 [BX6] octahedra have more influence in perovskite electronic structure than the 

monovalent cation A. In MAPbI3 structures, p-electrons of lead are the electrons that mostly 

affect conduction band minimum (CBM) while the s orbital of Pb and p orbital of I compose 
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the valence band maximum (VBM).40 In Figure 2 is possible to observe the influence of B 

metal (Pb) and the halide X (x = Cl, Br and I) on the luminescent properties. As an example, 

MAPbX3 and CsPbX3 perovskites present the same electronic structure, furthermore, MASnI3 

and FASnI3 exhibit a bandgap similar to the hypothetical CsSnI3, considering the same 

particle dimension.41 Nevertheless, A cations are able to tune the band structure by modifying 

the stretching and bending of Pb-X linkage in the octahedra.41,42 

The perovskite luminescence properties becomes from the radiative processes, containing 

band-to-band transitions, transitions between sub-band levels, and electron-hole pair 

recombination.40 The typical radiative transitions in semiconductor materials are illustrated in 

Figure 3. 

 

Figure 3. Radiative processes of a semiconductor solids.43 

Processes A and B refer to a thermalization of an excited electron from the CB to the 

bottom of the CB (CBM). This thermalization occurs by a phonon emission, sometimes by 

nonradiative-assisted photon emission.43 These photons can be reabsorbed leading other 

electron to CB if they display energy higher than the bandgap.43 Process C is assigned to the 

electron-hole recombination generating the emission of a photon, it happens only in high 

purity single crystals.43 Process D is the decay of a free exciton (FE) or the decay of a self-

trapped exciton (STE). This process occurs in pure crystals at low temperature, and the decay 

of a free exciton can produce a sharp emission.43 F and G processes are related to transitions 

between VBM and CBM with acceptors and donors. Transitions from the CB to a neutral 

acceptor (F) and neutral donor to the VB are represented by F and G, respectively.43 In 

process H the donor and the acceptor are ionized due to the migration of an electron from the 

neutral donor to the neutral acceptor.43 
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Octahedral tilting distortion plays the main role in crystal structure, thus decreasing the 

size of the monovalent cation will lead to a decrease in the CBM width, providing distance 

increase between CBM and VBM, raising the bandgap energy.44 In addition, despite chemical 

composition also being the cause of a structure distortion they will contribute as much as the 

crystal structure does. Changing the halide  ratio in CsPbX3 could allow the achievement of a 

broad luminescence spectrum from 400 to 700 nm,39,40 as presented in Figure 2. Besides the 

crystal structure and composition factor, dimension is another important factor. As reported 

by D’INNOCENZO, Valerio et al., tuning the average size of MAPbX3 as thin films from 

nanometers to micrometers, larger crystals exhibit a smaller bandgap and a longer lifetime.45 

It is possible to observe the quantum-size effects in perovskites absorption and emission 

spectra (Figure 4), as CsPbBr3 crystallite size increases both absorption and emission band 

shifts for longer wavelengths.39 

 

Figure 4. Absorption and PL spectra of different CsPbBr3 perovskite size (4 – 12 nm).39 

Luminescence in perovskite materials could be comprehended by studying the inductive 

effect and charge transfer. When one electron is excited from VBM to CBM upon the 

bandgap energy it could be understood as a charge transfer from the orbital which composes 

the valence band to that which composes the conduction band40. Charge transfer is often 

attributed to the transfer of charge from a ligand anion (halide or oxygen) into B cation (Pb2+, 

Ti4+) in the [BX6] octahedra. Thereby, the electron-hole pair produced by the absorption of a 

photon, induce an electron migration from VBM to CBM leaving a hole in the valence band. 

Thus, the charge transfer process can be analyzed considering the inductive effect.46 For 
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instance, in ABO3-type perovskite the metal B needs a small amount of energy to transfer an 

electron from the ligand since the O-ligand is less attracted by the metal A. Taking CsPbX3 as 

an example, by decreasing the electronegativity changing from Cl- to I- blue to red excitonic 

emission could be acquired.40  

Defects and impurities also can generate luminescence. Despite those defects and 

impurities that might act as a quenching center for the light emission process, they also can 

act as a luminescent nucleus. They will provide the formation of a sub-bandgap state in the 

forbidden gap inducing radiative transitions.40 Transition metals as Cr or Mn and lanthanide 

as Er, Nd, or Yb, are broadly used as luminescent centers. The luminescence from lanthanide 

ions can involve two types of transitions: intra-4fn transition well known as f-f transition and 

4fn-4fn-15d transitions or just f-d transition.40 However, lanthanide luminescence properties 

and processes are discussed further, in the topic 3.3.  

1.2.2. Main concerns of lead-based perovskites 

There is a need of finding new elements that can replace Pb in the B-site of perovskite 

crystal owing to its degradation and toxicity, limiting its large-scale commercial application. 

Lead-based perovskites present a low concentration of lead which is soluble in water causing 

environmental hazards and are harmful  to human health as potential carcinogens.47–49 In the 

future, it might be the decommissioning of lead-based perovskites for electronic devices 

because of Pb element, some protective actions as European Union already restricted the use 

of toxic and heavy metals, more countries probably will adopt the same rules.3,50 Beyond that, 

LHPs are unstable even under an inert atmosphere due to their intrinsic degradation.51 In 

addition, even higher temperatures, moisture, and/or light accelerate perovskite 

decomposition.40 For instance, MAPbX3 compounds present some issues about structural 

phase transition at 55 ºC52. FAPbI3 suffers structural instability at room temperature, 

crystallizing into a photoactive perovskite α-phase. well known as black phase or into 

photoinactive, non-perovskite hexagonal δ-phase also known as a yellow phase.2 Moreover, 

CsPbI3 also lacks structural stability crystallizing into orthorhombic δ-phase at room 

temperature, known as a yellow phase, which is photoinactive and perovskite black phase 

which is photoactive but only stable at a temperature above 300 ºC. 2 Under these 

circumstances, it is of utmost importance to look for different strategies and elements for the 

replacement of lead in metal halide perovskite formula to reach more stability under heat and 
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moisture. Likewise, it is needed an environment-friendly option allowing its large-scale 

commercial manufacturing. 

1.3. Lead-free perovskites  

The replacement of lead for a non-toxic metal can be accomplished in general by two 

pathways, homovalent and heterovalent substitutions.27 Homovalent substitution consists in 

replacing Pb for an isovalent cation such as elements from group14, transition metals, 

alkaline-earth, and lanthanide ions.27 Heterovalent substitution use elements with different 

oxidation states (aliovalent) such as the elements Te, Sb, Bi, and Tl, transition metals, and 

lanthanides.27 Heterovalent substitution does not result in ABX3 structure owing to the 

impossibility to acquire charge neutrality. In order to obtain charge neutrality, mixing an 

identical portion of mono- and trivalent metal cations may give an utter divalent state, leading 

to a double perovskite structure (A2B+B3+X6) and the successful replacement of lead.53,54 

Figure 5 illustrate some candidates for Pb substitution. 

 

Figure 5. Periodic table containing the candidate cations for lead-free perovskite type 
compounds.27 

The elements extensively used for Pb homovalent replacement are those belonging to the 

group 14, such as Sn2+ and Ge2+ cations, which show similar electronic configuration of Pb2+ 

(6s2 6p0).50 Sn-based perovskite was the first explored candidate for LHPs replacement, 
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because of both similar electronic configuration and similar ionic radii, avoiding lattice 

perturbation.50 Sn-based perovskites usually present a ASnX3 structure, exhibiting more 

narrow bandgaps and higher charge mobilities than Pb-based perovskites.52 The 3D 

orthorhombic CsSnI3 perovskite, presents a high optical absorption coefficient,55 high charge-

carrier mobility,56 a favorable bandgap of 1.3 eV56, and low exciton binding energy,57 for 

instance. Although, Sn- and Ge-based perovskite presents an air sensitivity disadvantage 

compared to LHPs. Both Sn2+ and Ge2+ tend to oxidate into its higher oxidation states Sn4+ 

and Ge4+, respectively, resulting in faster degradation of their perovskites.27,50 Despite being 

other divalent possible candidates for lead replacement, theoretical calculations reported that 

divalent cations outside group-14 would negatively impact perovskite optoelectronic 

properties.58 

1.3.1. Lead-free Double Halide Perovskites 

A second possible pathway is to consider heterovalent substitution aiming to the 

development of lead-free perovskites. Heterovalent replacement will lead to the formation of 

a double perovskite structure with general chemical formula A2B’B”X6.58 There are a plenty of 

double perovskite compositions and they are well-known for their ferromagnetic, 

ferroelectric, and multiferroic properties.59 For halide double perovskites, A-site is commonly 

a monovalent cation as Cs+, MA or FA; B’ is a Cu+, Ag+ or Au+; B” is a trivalent cation, 

usually Bi3+, Sb3+ or In3+ and finally, X-site, halide elements as Cl-, Br- or I-.60 Bi-based 

double perovskites are promising candidates due to some similarities with Pb2+. Bismuth 

trivalent ion is isoelectronic compared to Pb with [Xe]6s26p0 electronic configuration, they 

display almost the same electronegativity and Bi3+ has an ionic radius similar to Pb2+ and Sb2+ 

of 103 pm.61–63 Cs2AgBiX6 materials exhibits an elpasolite structure, consisting of corner-

sharing B’X6 and B”X6 octahedra alternatively along with the 3D network, presenting a 

highly symmetric Fm3m double perovskite structure as shown in Figure 6. Furthermore, they 

present incredible stability under ambient conditions (i.e.) stability under light, humidity and 

heat; and absorbs light all over the visible range.64 
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Figure 6. Lead-free halide double perovskite unit cell.60 

Moreover, there are some works reporting the photocatalytic activity of Cs2AgBiX6 (X 

= Cl and Br) perovskite, turning these compounds interesting for photocatalysis 

applications.16,17 Although, Bi-based perovskites present an indirect bandgap that limits their 

application for photovoltaics and light emission materials.1,18 

The direct bandgap possesses a coincident wave-vector for the valence band maximum 

(VBM) and conduction band minimum (CBM), allowing a direct electronic transition by 

absorption/emission of photons.65 There are cases in which the VBM and CBM do not present 

the same momentum, needing an electron-phonon interaction on the photoexcitation 

process.65 This electron-phonon interaction will provide a transfer of momentum making the 

electronic transition possible, but with less energy compared with the direct bandgap 

transition due to this electron-phonon interaction.65 The electronic transition process from 

CBM to VBM is illustrated in Figure 7 and the photon energy (hν) of both direct and indirect 

bandgaps are presented in the following equations: direct bandgap (4) and indirect bandgap 

(5). 

hν = Eg                                                             (4) 

hν = Eg - Ep                                                                                    (5) 

Where h is the Planck’s constant, ν is the frequency of the electromagnetic radiation, 

Eg is the gap energy and Ep is energy of the phonon. 
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Figure 7.  Illustration of light emission process for (a) direct, and (b) indirect bandgaps. 

As shown in Figure 7, even with the same bandgap energy in the indirect bandgap 

semiconductor, it will involve the emission and/or absorption of a phonon. As a result, 

radiative recombination will have less probability to happen and when it occurs will present 

less photon energy than when direct bandgap is the case, with a reduced quantum yield.65 For 

instance, YANG Bin et al., showed Cs2AgInxBi1-xCl6 nanocrystals with indirect bandgap 

displaying photoluminescence quantum efficiency (PLQE) around 10%, and direct bandgap 

reaching 36.6%.66 

The replacement of Bi3+ by In3+ in the perovskite lattice allow direct bandgap, being 

more suitable for photovoltaics and light emission applications.18 Cs2AgInCl6 perovskites 

exhibit a cubic crystal structure with Fm3m space group and a direct bandgap between the 

visible and ultraviolet spectral range.18,67 Despite the direct bandgap, In-based halide double 

perovskites exhibit a parity-forbidden transition, leading to a low photoluminescence quantum 

yield (PLQY) less than 0.1%.67 The light emission of Cs2AgInX6 comes from self-trapped 

excitons (STEs) which arise from a strong Jahn-Teller distortion of [AgCl6] octahedron.68 In 

order to enhance PLQY, it is necessary to break the parity-forbidden transition. A strategy is 

to partially replace Ag atoms by a suitable element that presents different electronic 

configuration, such as alkali metal. Partially replacing Ag by Na, it will manipulate the 

symmetry of STEs wavefunction, breaking the parity-forbidden transition improving the 

PLQY. 68 Luo J. et al reported Cs2Ag0.6Na0.4InCl6 doped with 0.04% of Bi and achieved a 

warm-white light emission with PLQY of 86% for over 1,000 h.68 Moreover, 

stoichiometrically mixing Bi and In in perovskite will also break the parity-forbidden 
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transitions. Cs2AgInxBi1-xCl6 (x = 0.75 to 0.9) will present allowed transitions improving the 

PLQY as shown by Yang and co-workers, reaching 36.6% using 90% of In and 10% of Bi.66 

Therefore, this work aimed on the development of Bi- and Ln3+-doped In-based 

perovskites materials for photocatalysis and optical thermometry applications, respectively. 

2. Photocatalysis and perovskites  

Textile dyes, insecticides, surfactants, pesticides, and heavy metals are hazardous 

compounds to the environment and with the development of new industries and the increase 

of population, these organic pollutants and heavy metals become a serious problem all over 

the world.69,70 There are some conventional treatment methods to remove these compounds 

from water sources, although, highly toxic anthropogenic organic pollutants, especially those 

in very low concentration, demands novel techniques to be degraded.70 This desired technique 

ideally should be inexpensive, green, and efficient to remove organic pollutants without 

generating toxic byproducts. Photocatalysis is one of the most promising solution against this 

environmental issue owing to its capacity to use naturally available and renewable solar 

energy to degrade organic pollutants, classifying the photocatalysis process as green and 

sustainable.69,71 A lot of effort is being doing in photocatalysis, such as self-cleaning surfaces 

and water or air decontamination applications.71 However, the scientific community is doing a 

lot of efforts to improve the photocatalysis capacity to satisfy the global demands by 

developing new techniques and advanced materials.69 

Semiconductor photocatalysis, different from photo-Fenton process (homogeneous 

photocatalysis), is interesting due to its heterogeneous nature. It allows reusing the catalyst 

and due to the possibility of acting in a wide pH range, differently for the photo-Fenton 

process.71 Heterogeneous photocatalysis reaction happens at the semiconductor surface and 

the process initiates when the photocatalyst is exposed to light.71 The light source could be 

either from artificial source, as UV lamps, or solar light. When the photocatalyst material is 

illuminated with photons exhibiting equal or greater energy than their bandgap energy (Eg), it 

will excite electrons from VB to CB hence leaving a hole in the valence band.69 These 

photoexcited electron-hole pairs can release their energy as heat if they recombine or they can 

move to the semiconductor surface. Once on the semiconductor surface, without any 

recombination they can induce redox reactions with the electrons (e-) at the CB and the 

positive holes (h+) in the VB.72 A scheme of a common photocatalysis process is presented in 
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Figure 8, where A and D are the acceptor and donor species, respectively. The knowledge of 

the conduction band minimum energy and valence band maximum positions are very 

important since they define the reduction and oxidation ability caused by the photoexcited e- 

and h+.73 Thereby, the photocatalysis reaction will occur when the redox potential of the 

substrate to be reduced is lower than the CBM, while the redox potential of the substrate to be 

oxidized is higher than de VBM.73 

 

Figure 8.  Scheme of a semiconductor photocatalysis process. 

An ideal photocatalyst must show some characteristics as high carrier mobility, high 

surface area, correct bandgap edge position, suitable bandgap, and high visible light 

absorption.69 There are numerous semiconductors photocatalysts that can be used in the 

organic pollutant degradation i.e. ZnO, CdS, MoS2, WO3, etc., but the most efficient one is 

TiO2.69 TiO2 photocatalyst property was related approximately at 1920s and titania has been 

the most studied material for photocatalysis applications owing to its characteristics as 

chemically stable, environment-friendly, regeneration ability, cost-effectiveness and great 

photocatalytic efficiency.69,71 TiO2 presents three principal phases, anatase, brookite, and 

rutile, in which anatase phase is the most photocatalytic active phase because of its bandgap 

energy.71 When TiO2 are bombarded with photons (equal or greater than its bandgap energy) 

it will excite an electron to CB (e-
CB) leaving a hole in VB (h+

VB), as presented in equation 6. 

These electrons in the CB will react with O2 producing superoxide radicals (O2
-) or 

hydroperoxide radicals (HO2). On the other hand, the positive hole in VB will oxidate the 

water, resulting on the generation of hydroxyl radicals (OH-) and hydrogen ions (H+).71 All 

these radicals produced will react with the pollutants forming H2O and CO2 and, the 

production of O2
•- and OH- plus H+ are presented in equations 7 and 8, respectively.71 
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TiO2 + hν → e-
CB + h+

VB                                                        (6) 

e-
CB

 + O2 → O2
●-                                                               (7) 

h+
VB + H2O → OH● + H+                                                       (8) 

However, even though TiO2 being the most interesting material in photocatalysis 

application, there is still a problem: it only uses UV light from solar light due to its high 

energy bandgap (3.2 eV, anatase).74 UV light composes only 4% of the solar spectrum, 

although visible light contributes nearly with 42% of the solar light,75 being a much more 

interesting option using photocatalysts which utilize the visible light portion. There are a few 

possibilities to solve this problem, e.g. using another semiconductor as ZnO, which in certain 

experiments proved to be a better option than TiO2.69 WO3 presents higher visible light 

absorption than TiO2 and ZnO but, unfortunately, WO3 exhibits a low potential reduction 

leading to a smaller light conversion compared to TiO2.69 The modification of bandgap 

structure and its surface area is required to enhance the semiconductor solar sensitivity and 

photolysis potential. Therefore, using dye sensitization, semiconductor coupling, quantum dot 

sensitization, semiconductor doping, plasmonic enhanced photocatalysis and etc.,69 to provide 

these desired modifications is a good way to improve semiconductor photocatalytic potential. 

Cs2AgBiBr6 perovskite has shown a promising photocatalytic behavior, in hydrogen 

evolution15 and photocatalytic reduction of CO2,17 for example. Wang T. et al., synthesized 

Cs2AgBiBr6 perovskite mixed with reduced graphene oxide (RGO) displaying high stability 

for 120 h of continuous H2 evolution under visible light.15 Zhang Z. et al., showed a alcohol-

based photocatalysis for metal deposited (Au and Pt) Cs2AgBiBr6 perovskite comparable with 

CdS photocatalytic activity.16 Furthermore, photocatalytic reduction of CO2 was recorded for 

Cs2AgBiBr6 NCs by Zhou L. et al.17  

 In this sense, this work aims to produce lead-free halide double perovskites and 

evaluate its photocatalyst properties, mainly on the study of the elements influence on their 

photocatalytic activity. 

3. The light emission process and lanthanide ions 

3.1. Luminescence 

In 1888, the German physicist Eilhard Wiedemann defined luminescence as all light 

phenomena that are not conditioned by a temperature increase only, this definition provides 
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good knowledge in relation to luminescence.76 At the present time, IUPAC has determined 

that luminescence is spontaneous emission of radiation from an electronically or 

vibrationally excited species not in thermal equilibrium with its environment.77  

Luminescence process depends on the nature of excitation energy,76 thus there are several 

types of luminescence. However, this project focuses on the photoluminescence processes. 

The emission of light originated from an excited electronic state by the radiative decay of an 

electron, is classified as photoluminescence.78,79 In other words, following the IUPAC’s 

definition77, photoluminescence is luminescence from direct photoexcitation of the emitting 

species. Fluorescence, delayed fluorescence and phosphorescence are different processes of 

photoluminescence which will be detailed further in this topic.79 

Luminescent materials have an essential role in humankind life and, this importance 

increased and are increasing over the years. Since the middle ages in Europe and around the 

tenth century in China and Japan, luminescent materials were known by humankind.80 In 

1603 was reported the first artificial phosphor. An Italian alchemist, Vincenzo Cascariolo, 

trying to produce gold utilized the natural mineral barite, BaSO4. Beyond the obtention of 

gold by heating the mineral, he generated a persistent luminescent material, which emits a 

yellow to orange light.81 This Bolognian stone had attracted even the interest of Galilei due to 

its intriguing property. Although was in 1671 that was revealed the origin of its luminescence. 

Kirchner showed that the impurity BaS is the reason for this light emission and not BaSO4, by 

heating the barite among carbon black, intensifying its luminescence.80 Back then, 

luminescent materials were just used for decoration purposes, although, the development of 

gas discharges and electron beams and the acknowledgment of X-rays, was a milestone at the 

end of 19th century.80 A few years later, the cathode-rays tube, X-ray intensifying screens, and 

fluorescent lamps development had marked the first luminescent materials manufactured. 

Moreover, the extensive usage of X-rays for medical applications likewise the usage of 

fluorescent lamps for illumination purposes induced a greater effort in the exploration of 

novel luminescent devices in the half of the 20th century.80 Since then, many great inventions 

have been achieved like the remarkable invention of white LED, which in 2014 could be built 

after the development of blue LED,  an invention that awarded the physics Nobel prize to 

three Japanese researchers.82 Combining blue LED with YAG:Ce3+ phosphor results in the 

creation of w-LED. Luminescent materials are essential for human being lives, thus 

understanding light emission processes are necessary needed scoping the fabrication of new 

luminescent products. 
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3.2. Jablonski diagram: Photoluminescence mechanisms 

To understand the photoluminescence process, as fluorescence, delayed fluorescence, and 

phosphorescence which were previously mentioned, it is fundamentally important studying 

the well-known Jablonski diagram, presented in Figure 9. The Jablonski diagram describes the 

organic molecules photochemistry and may also use for inorganic compounds. This diagram 

is a graphical representation of the molecule electronic states along with the transitions that 

occur among these states.83 The energy increases along the vertical axis, where the ground 

state or S0 goes from the bottom to the excited states, singlet (Sn) or triplets (Tn), at the top of 

the graph. Between these states, it is possible to occur some characteristic transition, such as 

fluorescence, phosphorescence, internal conversion (IC), intersystem crossing (ISC), 

absorption, etc., which is represented by arrows. As a general rule, radiative transitions are 

pictured by straight arrows and non-radiative transitions by wavy ones.83   

 

Figure 9. Generic Jablonski diagram along with the possible depiction transitions.83 

Where VR means vibrational relaxation, IC means internal conversion and ISC 

implies an intersystem crossing. So, what is the difference between fluorescence and 

phosphorescence? The difference between those two emission processes is basically the spin 

multiplicity.  In the case of fluorescence, the energy absorption leads the molecule into an 

excited electronic state without any spin change. When excited, the molecule suffers 

collisions with the neighboring molecules hence losing energy in a non-radiative manner until 

reaching the lowest vibrational level of the molecule excited electronic state. After that, the 

compound is able to experience a spontaneous emission by emitting the remaining energy as 

radiation.84 Since the involved transitions do not need to change the spin multiplicity, like the 
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transition S0 ← S1 presented in Figure 9, this process is denominated fluorescence. For the 

phosphorescence, the initial steps are the same, however, the presence of an excited state with 

different spin multiplicity, as singlets and triplets showed in the example in Figure 9, provides 

a different pathway. The molecule may do an intersystem crossing, a non-radiative transition 

involving electron spin change that converts ↑↓ to ↑↑ between different multiplicity states, 

going from a singlet state to a triplet, as an example.84 Singlet-triplet transition, despite being 

forbidden could happen in the presence of spin-orbit coupling. After the ISC, the excited 

triplet state loses vibrational energy until its lowest level. The same spin-orbit coupling breaks 

the selection rule, making possible the radiative transition between S0 ← T1 (for example).84 

Because of the fact that phosphorescence must change the spin multiplicity to happen, this 

process generally possesses a higher lifetime than fluorescence. In other words, basically, 

fluorescence is a spin-allowed transition (∆S = 0) that displays low lifetimes (<10-8 s). 

Meanwhile, phosphorescence exhibits spin-forbidden transitions (∆S ≠ 0) showing a long 

lifetime (>10-6 s), owing to the low probability of decay.76 

3.3. Photoluminescence in phosphors: The case of perovskites 

There are many different phosphors in literature commonly composed by a host material 

embedded with activator (dopant) ions.85 Lanthanide ion and transition metals are usually 

chosen as activator ions,  ZnS-type semiconductors and electron-hole centers are also 

activator candidates.85 These impurities are responsible to provide an efficient fluorescence 

for many materials.86 At low dopant content, these luminescent centers are considered to be 

isolated.86. The influence on phosphor’s absorption and emission can be described utilizing a 

configurational coordinate diagram,85 presented in Figure 10. This scheme is simplistic, the 

parabolic shape of the potential energy curves is not parabolic. This potential energy curve 

represents the function of a configuration coordinate. Beyond that, this model displays many 

characteristics from Jablonski diagram (Figure 9), being able to illustrate many physical 

phenoms even Stokes shift.85 Therefore, horizontal lines represents energy potentials and 

vibrational energy levels, correspondingly, vertical lines describes absorption an emission 

transitions.85 
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Figure 10. Scheme of coordinate diagram.85 

The excited electrons from the ground state equilibrium (A) will populate an upper 

vibrational level of an excited state (B).85 By emission of phonon, these excited electrons 

release its energy hence relaxing to the ground vibrational level of the excited state (C). 

Finally, they reach the highest vibrational level of the ground state (D) by a radiative 

emission, in sequence they return to their initial point (A) via phonon emission.85 Electronic 

transition are much faster than vibrational relaxation, hence electronic transitions occur 

vertically.85 

Luminescence is not a particular property of a certain compound, element, molecule, etc., 

this phenomenon can be present in different materials. In this work, beyond studying the 

intrinsic perovskite luminescence, studies about the photoluminescence of lanthanide ions 

using lead-free double halide perovskite as a host material were made and the optical 

thermometry application exploited.  

3.3. Lanthanide ions 

The term rare earth (RE) refers to a group of elements containing scandium (Sc), yttrium 

(Y), and the lanthanide ions (Ln). The lanthanide ions are exhibited at the sixth period of the 

periodic table and, display a total of 15 elements going from lanthanum (La) to lutetium 

(Lu).87 The lanthanide ions and RE elements are illustrated in Figure 11. These RE elements, 

Ln ions accompanied by Sc and Y, exhibits a very similar chemical properties, as oxidation 
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state 3+ in the most cases, and similar ionic radii,  resulting in a simultaneous occurrence in 

nature with various RE elements in the same mineral.87 

 

Figure 11. Periodic table highlighting lanthanide ion and rare earth elements. 

Rare earth elements were first reported in 1751 when Axel F. Cronstedt discovered the 

mineral cerite, although, the beginning of RE’s chemistry studies is attributed to the Swedish 

Carl Axel Arrhenius, which in 1787 discovered the mineral known as gadolinite. However, 

was in 1794 when the Finnish Johan Gadolin had separated the yttrium oxide from the 

gadolinite, recognizing yttrium as a new element and hence J. Gadolin was named after 

“Father of Rare Earths”.87 The separation of lanthanide ions from the mineral found in nature 

is not a simple task to do due to lanthanides high chemical similarity, in other words, they 

exhibit similar physical-chemistry properties among lanthanide ions and scandium and 

yttrium i.e. rare earth. Thus, their occurrence in nature usually happens in form of trivalent 

cations presenting very close ionic radii allowing a free replacement between them and 

consequently emerging mineral containing several rare earth elements in its composition.87 

These resembling properties comes from their electronic distribution, in which for the 

neutral fundamental state they exhibit [Xe] 4fn, 6s2, 5dx as their electronic distribution, with n 

increasing from 0 to 14 and, x = 1 for La, Ce, Gd, and Lu and x = 0 for the rest. The 

predominant trivalent state for the elements La, Ce, Gd and Lu which presents electronic 

configuration of [Xe] 4fn, 5d1, 6s2 is clear and logically. Although, for the rest elements the 

trivalent state occurs by losing two electrons from 6s2 and one electron from 4f.87 This 

preference for losing the 4f electron instead of losing a 5s or 5p is easy to understand looking 

at their radial distribution function, illustrated in Figure 12. Even though 5s and 5p being a 
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more external shells, they possess a higher penetrability than 4f, turning the 4f electrons more 

available to contribute for the trivalent cation state.87 

 

Figure 12. Representation of RE radial distribution function for the 4f, 5s and 5p orbitals of 

Nd3+ free ion.88 

Another consequence of the radial distribution function and the electronic distribution 

is the well-known lanthanide contraction. Lanthanide contraction consists of a progressive 

decrease of the atomic and ionic radii with the increase of atomic number. The 4f orbitals 

exhibit less shielding capacity than any other orbital so, because of that, filling in the 4f 

orbitals, the external electrons (5s and 5p) will suffer a higher attraction due to the high 

effective nuclear charge leading to a contraction of the atomic/ionic radii, the lanthanide 

contraction. In addition, they are classified as hard acids by Pearson showing a preference to 

bond with hard bases, because of their elevated charge/radius ratio.89 

This 4f internal position compared to 5s and 5p orbitals result into an external 

environment protection for 4f orbitals, thus 4f electrons are poorly affected by the ligand 

field. Therefore, the effects of ligand field over the lanthanide electronic properties are much 

less significant than in the case of transition metals (d orbitals), for instance. In light of this, 

lanthanide ions will present a narrow absorption and emission bands from f-f transitions with 

a really minor influence from the ligands.87 Besides, they show electronic transitions with 

high lifetimes, about microseconds and milliseconds, owing to the forbidden aspect of f-f 

transitions.89 

The 4fn degeneracy can be broken with several disturbs at Ln3+ ion and can be 

described by three quantum numbers, total orbital angular momentum (L), total spin angular 
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momentum (S) and total angular momentum (J).76 The energy level for lanthanide free ions 

are described by a Hamiltonian (HFI) and, this Hamiltonian is constituted by the interaction 

with the central field (H0), interelectronic repulsion (He-e) and affected by spin-orbit 

interaction (HSO).90 First, free ions are affected by the central field, which separates the 

electronic configuration of each element in 105 cm-1 in energy. Besides, since H0 possesses a 

spherical symmetry, the central field will not remove 4f configuration degeneracy.76 On the 

other hand, the degeneracy of 4f configuration will be lost by the interelectronic repulsion. 

Higher energies are separated from lower energy levels by 104 cm-1, in which low multiplicity 
(2S+1)L levels present lower energies and, all these levels will be disturbed by the spin-orbit 

interaction term.76 HSO
 removes the degeneracy of (2S+1)L levels in relation to 2S+1 

components, resulting in a (2S+1)LJ levels, where they are separated by 103 cm-1 in energy. The 

equation describing the Hamiltonian free ion is presented in equation 9.90 

HFI = H0 + He-e
 + HSO                                                 (9) 

The loss of symmetry from the spherical field (free ion) to a non-spherical crystal field 

(HCF) will lead to a loss of degeneracy of (2S+1)LJ levels, leading to 2J + 1 Stark components, 

depending on the crystal field symmetry, and energetically separated by 102 cm-1.76 The total 

Hamiltonian is presented at equation 10,90 and the effects of intra-atomic and crystal field 

interactions are schematized in Figure 13. 

H = HFI + HCF                                                                               (10) 
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Figure 13. Scheme of intra-atomic and crystal field effects which leads into a loss of 4f 

configuration degeneracy.76 

Since the nature of the crystal field exerts a weak effect on (2S+1)LJ
 energy levels, f-f 

transitions will slightly vary in relation to the crystal field in which they are inserted. 

Therefore, any trivalent lanthanide ion can be described in a universal scheme appropriate for 

any chemical environment.76 This diagram is presented in Figure 14 and is well-known as 

Dieke diagram. 

Lanthanum and lutecium elements are not presented in the Dieke diagram, in their 

electronic configuration either the orbital f is empty (La) or orbital f is full (Lu), hence not 

exhibiting any f-f transition.76 Beyond the f-f intraconfigurational transitions, 4fn ↔ 4fn5d, 

and charge transfers transitions can be noticed. 

 

Figure 14. Diagram of the energy levels for trivalent lanthanide ions in LaCl3 host with C3v 

symmetry .91 

Thereby, this present work has aimed the researching and development of In/Bi-based 

perovskites doped with lanthanide ions, searching for some optimum Ln3+ doping that 
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contributes and enhances perovskite photoluminescent properties. Beyond the characteristic 

emission of lanthanide ions, it is desired the visualization of energy transfer between the 

lanthanide ion and the perovskite, and energy transfer process such as upconversion. Through 

upconversion mechanism it was aimed the study and development of a lanthanide-based 

thermometer 

3.3.1. Energy transfer in lanthanides: Upconversion  

When absorption and emission of light do not occur in the same system, an energy 

transfer happens.92 Usually, this energy transfer takes place when the active ions 

concentration is increased, and happens before any variation in radiative transition 

probability.92 There are three energy transfer processes: downshifting (DS), downconversion 

(DC), and upconversion (UP). Downshifting or photoluminescence process, consists in the 

absorption of one photon followed by the emission of a lower energy photon. Generally, in 

this process, a higher energy photon is absorbed, resulting in a lower energy photon emitted.93 

An example of this process is the absorption of UV light followed by the emission at visible 

range. For Eu3+, a UV photon is absorbed, and then a photon in the red region is emitted  

(~590 nm) by 7F1 → 5D0 transition.93 Downconversion, also known as quantum cutting, 

comprehended by the energy transfer of a high energy photon from an excited ion (sensitizer) 

to two adjacent ions (acceptors), both of them receiving half the energy of the absorbed 

photon and emitting 2 low energy photons.93 The quantum efficiency of DC is above 100%, 

owing to the capacity of one photon turn into two lower energy photons.94 Downconversion 

materials has been proven to be promising for the increase of solar cells efficiency since 

2002,95 and the most Ln3+ ions studied for this purpose are  Pr3+, Tb3+, Er3+, Yb3+, Ce3+ and 

Eu2+.93 Finally, upconversion is a nonlinear process that consists in a sequential absorption of 

two or more photons resulting into a emission of one shorter wavelength photon.92,93,96 UC 

was discovered and proposed in the mid-sixties by Auzel,97 and Ovsyankin and Feofilov.98 

Since then, a great variety works studying theoretical and practically applications have been 

done. Several distinct UC mechanism are well-stablished, and they were summarized by 

Auzel.92,99 Fundamentally, there are three distinct UC processes for lanthanide-doped 

materials: excited state absorption (ESA), energy transfer upconversion (ETU) and photon 

avalanche (PA).93,96 Every pointed mechanism assume the successive absorption of two or 

more photons.96 
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 In the first case, occurs a ground state absorption (GSA) followed by ESA in a single ion, 

this is the simplest UC process.93,96 GSA step happens when the ion is excited from the 

ground state (G) to an intermediate excited state (E1). Once E1 state is populated, ESA step 

takes place promoting the electron to a higher excited state (E2), followed by emission by 

decay from E2 to G.93,96 The commonly energy diagram to illustrate ESA mechanism is 

presented in Figure 15(a). APTE (addition de photon par transferts d’energie) or ETU, is 

considered to be the most efficient UC process.93 In its GSA step, two neighboring ions are 

excited to their intermediate excited state (E1) by the consecutive absorption of two photons. 

One of the ions is promoted to the upper excited state (E2) by a non-radiative energy transfer 

process, while the other relaxes to the ground state (G).93,96 The general energy diagram 

illustrating ETU process is exhibited in Figure 15(b). ESA and ETU are similar processes, 

both processes require a consecutive absorption of two photon to populate a higher energy 

level, although, ETU excitation occurs among two neighboring ions, in which one ion 

transfers energy to another one.93,96 Energy transfer upconversion is strongly influenced by 

the dopant concentration, since it stablish the average distance between the two neighboring 

ions.96 

 

Figure 15. The three main upconversion (UC) processes for lanthanide materials. Excited 

state absorption (a), energy transfer upconversion (b), and photon avalanche (c). The full, 

dashed/dotted, and dashed arrow perform light emission, photon excitation and energy 

transfer.96  

Photon avalanche (PA) presents an unusual pump mechanism, needing a pump amount 

higher than a specifically threshold value.96 PA initiates with a non-resonant weak GSA 

populating the energy level E1. In sequence, the upper emitting state E2 is populated by a 

resonant ESA.96 Posteriorly, ion pair relaxation (energy transfer) occurs among the ground 

state ion and the neighboring excited ion, leading to the occupation of E1 level by both. These 
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two ions promptly occupies E2 level to induce cross-relaxation and exponentially increase of 

E2 level by ESA mechanism, resulting in a powerful UC emission.96 Figure 15(c) shows the 

PA process scheme. The upconversion efficiency is considerably different between these 

processes. ESA exhibits the least efficiency UC, while ETU is the most efficient displaying 

approximately two orders of magnitude higher than ESA, 10-3 for ETU and 10-5 cm2W-1 for 

ESA.92,93,96 PA process can also present an efficient UC, yet it suffers from several drawbacks 

limiting its efficiency.96 

Choosing the host, dopant/activators and sensitizers is a fundamental task. Ideally, the 

host presents low lattice phonon energies to minimize non-radiative losses and maximize the 

radiative emissions.96 Generally, matrixes as heavy halides (chlorides, bromides and iodides) 

exhibits low phonon energies (< 300 cm-1).96 Lanthanide ions act as good activators, because 

of the shielding of 4f electrons, they also presents a weak electron-phonon coupling.96 Not 

only, Ln3+ exhibits more than one excited 4f energy level, hence upconversion light emission 

can theoretically happen in almost every Ln3+. Although,  the energy difference between each 

excited state and its ground state should be adjacent to easily allow photon absorption and 

energy transfer of UC processes, resulting in a functional UC emission.96 Er3+, Tm3+ and Ho3+ 

are often used as activators. Low concentration of activator ions are desirable to avoid cross-

relaxation, hence to prevent quenching of the excitation energy.96 The sensitizer is used to 

enhance UC luminescence efficiency. Sensitizer with a large absorption cross-section, and a 

resonant excited state with several f-f transitions of other Ln3+ are essential. Yb3+ is well-

known sensitizer for Er3+,100 Pr3+,101 Nd3+102 and Tm3+.103  

Upconverting materials can improve and enhance several existing materials for many 

applications, such as solar cells,93 lasers,104 photocatalysis,105 bio-applications,106,107 

thermometry,108–110 etc. In this present master’s project, it will be focused upconversion 

process for optical thermometry application. 

3.4. Luminescence thermometry: The case of Er3+ 

Temperature, a thermodynamic state variant, measures the thermal energy of a certain 

body,111,112 and its variation is crucial for innumerable natural and artificial processes108 such 

as biomedicine and nanomedicine, climate, metrology, electronics, devices temperature 

management,  food storage, etc.85,86,113–118 It’s vital the knowledge and measurement of a 

precise and accurate temperature. Time-response thermometers are limited by its size, thus 



 
Master’s Dissertation 

42 
Passini, L. N 
 

measuring temperature at the microscopic scale is a tricky task for conventional 

thermometers.108 The development of thermometers capable of real-time measurement at 

submicron scale is essential110 for several applications, e.g.  in photonics, micro/nano-

electronics and nanomedicine.110,119  

Thermometers can be categorized in respect to their physical interaction. The interaction 

between the thermometer and the target is sorted as contact (evasive), e.g., thermistors, and as 

noncontact (minimally evasive), e.g., pyrometers.109 Semi-evasive thermometers presents 

physical interaction between the thermal probe and the measurand.109 Not only, thermometric 

systems are sorted as primary and secondary. Primary thermometers measure the temperature 

by using well-established equations, in other words, utilizing thermodynamic laws and 

quantities without any calibration. Meanwhile, secondary thermometers needs a reference 

thermal probe and by comparison, hence requiring a calibration process, it is possible the 

temperature measurement.109,110 Primary thermometers are more complex than secondary, 

however secondary thermometers requires regular calibration, especially when the medium in 

which this thermometer was calibrated changes.109 Moreover, this uninteresting and time-

consuming job cannot be accomplished in many cases. Thermometer’s efficiency can be 

estimated by some parameters, as (relative) thermal sensitivity (Sr) which is the rate of the 

thermometric parameter (∆) in response to temperature oscilation.109 Sr can be expressed by 

equation 11. 

Sr = 
∆

 |
∆

|                                                              (11) 

Uncertainty in temperature (δT), refers to the smallest temperature detectable by the 

thermometer, and it depends on both material and experimental setup.109 Temperature 

uncertainty follows  equation 12. 

δT = 
∆

∆
                                                               (12) 

Repeatability is the ability to generate the same result, under same conditions, repeatedly. 

Resolution evaluates temporal (∂t) and spatial (∂x) resolutions assigned as the minimal time 

interval and distance between measurements, respectively. Finally, reproducibility of the 

thermometer is the change of the same measurement executed under different situation.109 

There are some non-contact thermometry techniques being developed with high spatial 

resolution for micro- and nanometric scale, as Raman spectroscopy,120 optical 
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interferometry,121 infrared thermography,122 thermoreflectance123 and luminescence.22,124 In 

this work, it will be focused on lanthanides luminescent thermometry. 

Luminescence thermometry is a noninvasive technique which exploits the thermal 

dependence of a luminescent material. Differences in excited states lifetimes, peak energy and 

intensity, and bandshape are observed for different temperatures making possible temperature 

measurement.22,110,119 Temperature possible effects on luminescence are illustrated in Figure 

16. This technique presents a remote high relative thermal sensitivity (>1%  K-1) and spatial 

resolution (<10 μm) in short acquisition times (<1 ms),109,125 being suitable for applications as 

fast-moving objects, biological fluids, and strong electromagnetic fields.22,119,126 The most 

used method to determine temperature by luminescence is the fluorescence intensity ratio 

(FIR) between two independent emission lines or bands (thermally coupled energy levels, 

Boltzmann statistics).109,112 These emission lines can arise from a single-center thermometer, 

where there is a single luminescent center. When there are two different emitting centers, it is 

denominated dual-center thermometers.109 Single-center thermometers of two thermally 

couples levels are naturally also primary thermometers.100 Measuring temperature by 

analyzing the intensity ratio of two energy-close levels in thermal equilibrium is an interesting 

choice, since it can be explained by the Boltzmann thermal equilibrium between these states.22 

The less and the most energetic emission state is commonly represented as |1 > and |2 >, 

respectively. The population of |1 > and |2 > states are denoted as N1 and N2, and they can be 

associated by equation 14. 

𝑁 = 𝑁
𝑔

𝑔 𝑒𝑥𝑝 −∆𝐸
𝑘 𝑇                                              (14) 

Where g1 and g2 represents the degeneracies of its respective level, ∆E being the energy 

difference among these states and kB Boltzmann constant.22 The intensity ratio (∆), in other 

words, the thermometric parameter of 2 → 0 (I2) and 1 → 0 (I1) transitions is exhibited in 

equation 15. 

∆=
𝐼

𝐼 = 𝐵 𝑒𝑥𝑝 −∆𝐸
𝑘 𝑇                                               (15) 

Unfortunately, these emission states cannot be too much separated from each other. To be 

considered as two thermally coupled levels, they must present an energy difference (∆E) 
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between the barycenters ranging from 200 to 2000 cm-1.22 Therefore, using equation 15 it is 

possible to dictate absolute temperature. 

 Ratiometric thermometers are very reliable temperature sensors, simple instrumentation is 

enough, and are not influenced by local intensity variation (e.g., emitting centers 

concentration and/or excitation source oscillation).125 Every luminescent thermometer based 

on FIR of two thermally coupled energy level, do not need any calibration process to 

determine temperature.100 However,  working lower or higher than the range of Boltzmann 

equilibrium validity and sensitivity can imply in some erroneous temperature readout.125  

  

 

Figure 16. Scheme of possible effects in a phosphor’s luminescence proportioned by 

temperature change.109 

Among several different thermal probes, such as organic dyes,127 proteins,128 polymers,129 

Cr3+-based materials,130 and semiconductor quantum dots (QDs),131 is the interest of this work 

to develop and study lanthanides-doped perovskites luminescent thermometry.22 Ln3+ 

luminescent materials are versatile, stable and presents  narrow emission bands (<10 nm) 

covering UV-Vis-NIR spectrum, with quantum yields superior than 50% in the visible 

range.109,125 Not only, owing to the capacity of excitation and emitting radiation on the 

biological window (absorption and scattering of light in biological tissues is reduced),109,119 

their usage on in vivo thermal images,132 and early tumor detection133,134 are increasing. 

Various Ln3+-based materials as metal organic frameworks (MOFs),135 organic-inorganic 

hybrids,136 chelate complexes,137 polymers,138 downshifting,139 downconverting140 and 
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upconverting141 nanoparticles, showed to cover an extensive temperature range from 

cryogenic (<100 K) to physiological (298 – 323 K). Some Ln3+ ions utilized for luminescent 

thermometry purpose are Pr3+,142 Nd3+,143 Eu3+,144 Ho3+,145 Tm3+,146 and Er3+,100,147,148 which 

this last one is the scope of this present work. 

Upconversion systems are commonly made of a sensitizer, as Yb3+, which will transfer 

energy to an activator ion, as Er3+. Yb3+ is a great sensitizer due to its large absorption cross-

section at NIR at 980 nm. Besides, trivalent ytterbium ions exhibits a resonant excited state 

energy level with Er3+, Ho3+ and Tm3+ excited states, resulting in an efficient energy 

transfer.109 Er3+ is one of the most utilized activators owing to its green emission assigned to 
2H11/2 → 4I15/2 (around 520 nm) and 4S3/2 → 4I15/2 (around 540 nm) transitions, two thermally 

coupled energy levels.109 Yb3+ and Er3+ are a well know lanthanide ion couple because of their 

upconversion, energy transfer process interesting for application such as in vivo imaging,149 

solar cells,150 etc. Yb3+ and Er3+ upconversion process is illustrated in  Figure 17. Suta et. al., 

suggested that Er3+ single-center luminescent Boltzmann thermometer is one of the best 

thermometer in room temperature range.112  

 

Figure 17. Schematic of Yb3+/Er3+ energy transfer upconversion (ETU) mechanism with 

excitation at 980 nm, highlighting the ∆E between the two thermally coupled levels. 

Considering this, the present work intends to synthesize Ln3+-doped (Ln = Yb3+ and Er3+) 

In-based perovskite to study the upconversion process as well as its spectroscopic properties 

to be applied as luminescent thermometer. 
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4. Objectives 

This Master’s project aimed to the development of Bi- and Ln3+-doped In-based lead-free 

double halide perovskites for applications in photocatalysis and photoluminescence 

thermometry. In the photocatalysis field, the studies were focused on the evaluation of the 

perovskite’s compositions regarding their photocatalytic activity. For photoluminescence, the 

objectives were to doping Bi/In-based perovskite with lanthanide ions (Yb3+ and Er3+) seeking 

for the enhancement of its optoelectronic properties aiming to explore optical thermometry 

application. 

 Synthesis of Cs2AgBiX6 (X = Cl and Br) and Cs2AgxNa1-xBiCl6 (x = 0.0; 0.2; 0.4; 0.5; 

0.6; 0.8 and 1.0) via wet chemical route. 

 Synthesis of Cs2AgInxBi1-xCl6 and Cs2AgInxBi1-xCl6: Ln3+ via wet chemical route. 

 Structural, morphological, and optical characterization. 

 Photocatalysis experiment for Bi-based perovskite samples. 

 Spectroscopic studies of undoped and Ln3+-doped Bi/In-based perovskites. 

 Development of Ln3+-doped In-based perovskites luminescent thermometers. 

5. Experimental part: Materials and methods 

5.1. Materials  

The reagents were commercially purchased and used without pretreatment. HCl 

(Aldrich, 37%), HBr (Aldrich, 47%), CsCl (Vetec, P.A.), CsBr (Aldrich, 99.999%), AgCl 

(Aldrich, 99%) AgBr (Aldrich, 99%), BiCl3 (Aldrich, ≥ 98%), BiBr3 (Aldrich, ≥ 98%), NaCl 

(Synth, P.A.-A.C.S.), In2O3 (Merck, 99%), Nd2O3 (Lumitech, 99.99%), Er2O3 (Aldrich, 

99.9%), Yb2O3 (Lumitech, 99.99%), isopropyl alcohol (Exodo, 99.5%). 

5.1.1. Lead-free halide double perovskite synthesis 

Perovskite samples were synthesized through aqueous solution method, as represented 

in Figure 18. Cs2AgBiCl6 (labelled as Ag1.0) was synthesized by adding stoichiometric 

amounts of AgCl (172 mg, 10 mM) and BiCl3 (378 mg, 10 mM) (1:1 in mol:mol) in 120 mL 

of acid solution containing 100 mL of HCl (37 %) and 20 mL of H2O (miliQ, 18.2 MΩ.cm), 

under vigorous stirring at 80 ºC for 15 min (solution 1). Afterward, stoichiometrically CsCl 

(404.1 mg, 20 mM) was added into solution 1 followed by rising the temperature to 110 °C 
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under stirring for next 75 min. A yellowish solid was obtained, washed with isopropyl 

alcohol, centrifugated, and dried at 110 °C overnight. This synthesis procedure was taken and 

adapted from the work of Kumar Chini 2020 et al.151 All samples were synthesized following 

the same method. The obtained perovskites are reported in Table 1. 

. 

 

Figure 18. Schematic of the lead-free halide double perovskite experimental setup. 

For chlorine Bi-based perovskite, the reagents with Ag and Na mixing were 

synthesized by stoichiometrically replacing Ag by Na according to Cs2AgxNa1-xBiCl6 molar 

composition, in which x = 1.0; 0.8; 0.6; 0.5; 0.4; 0.2 and 0.0.  In-based perovskite was 

synthesized following the same route but replacing BiCl3 (10 mM) by In2O3 (5 mM, since 

In2O3 presents 2 mol of In3+). For Bi/In-based perovskites, BiCl3 (37.8 mg, 1 mM) and In2O3 

(149.93 mg, 9 mM) were stoichiometrically mixed in order to achieve the desired 

composition for Cs2AgInxBi1-xCl6 perovskites. 

Table 1. Perovskite compositions (Bi- and In-based) and their labels.   

Bi-based perovskites In-based perovskites 

Samples Label Samples Label 

Cs2AgBiCl6 pAg1.0 Cs2AgInCl6 pIn 

Cs2Ag0.8Na0.2BiCl6 pAg0.8 Cs2AgIn0.9Bi0.1Cl6 pIn0.9 

Cs2Ag0.6Na0.4BiCl6 pAg0.6 Cs2Ag0.6Na0.4InCl6 pAg0.6In 

Cs2Ag0.5Na0.5BiCl6 pAg0.5 Cs2Ag0.6Na0.4In0.9Bi0.1Cl6 pAg0.6In0.9 

Cs2Ag0.4Na0.6BiCl6 pAg0.4     
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Cs2Ag0.2Na0.8BiCl6 pAg0.2     

Cs2NaBiCl6 pAg0.0     

 

Ln3+-doped In-based perovskites were synthesized as listed in  

Samples pIn0.9; pAg0.6In and pAg0.6In0.9 were doped with Er3+ and Yb3+ according to 

Table 2. The lanthanide ions were incorporated in perovskite host as chlorine precursor. 

Because of the same valence among Ln3+ and Bi3+ and In3+, lanthanide ions tend to occupy 

Bi3+ or In3+ site to form [LnCl6] octahedron. The incorporation of Yb3+ and Er3+ in In-based 

perovskite lattice is possible due to the similar ionic radii of Bi3+ (1.03 Å)62 and In3+ (0.8 Å)62 

compared toYb3+ (0.87 Å)62 and Er3+ (0.89 Å).62 Owing to the higher proximity of In ionic 

radii in comparison with both Ln ionic radii, and because of its higher concentration in 

comparison with Bi3+ it is assumed that Ln3+ incorporation occurs replacing In3+. Some 

previous work in literature already reported the successful synthesis of Ln3+-doped In-based 

perovskites.20,152,153 

Table 2. Composition and sample labels of Ln3+-doped In-based perovskites. 

Label Er3+ (mol %) Yb3+ (mol%) 

pIn0.9:Er5 5  

pIn0.9:Er15 15  

pIn0.9:Yb-Er (1, 2 and 5) 10 

pAg0.6In:Er5 5  

pAg0.6In:Er15 15  

pAg0.6In:Yb-Er (1; 2 and 5) 10 

pAg0.6In0.9:Er5 5  

pAg0.6In0.9:Er15 15  

pAg0.6In0.9:Yb-Er (1; 2 and 5) 10 

 

5.1.2. Photocatalysis experiment 

The perovskite photocatalytic activity was evaluated based on photodegradation of crystal 

violet (CV) dye in a solution of 70 mL containing 35 mg of the perovskite powder and 10 

ppm of CV. First, 35 mg of pAg1.0 sample was dispersed in 35 mL of H2O (miliQ) and 

sonicated for 30 min. Then, 35 mL of 20 ppm CV solution was added to the previous one. 
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The final 70 mL solution with a perovskite concentration of 0.5 g.L-1 and 10 ppm of CV, was 

stirred for 1 h in absence of light to reach the adsorption/desorption equilibrium. This step 

prevents any adsorption of the organic dye on the perovskite surface during the photocatalysis 

experiment, improving accuracy in the photodegradation experiment.  After stabilization, 

aliquots of 2 mL were taken out from the solution at intervals of 5 or 10 min, centrifugated to 

remove precipitate particles and UV-Vis spectrum was recorded in order evaluate the 

photodegradation mechanism by monitoring the CV absorption at visible range. The organic 

dye is a model of an organic pollutant, and the photodegradation of it is a typical experiment 

to measure the photocatalytic activity of a given material. Photocatalysis setup is shown in 

Figure 19. Basically, of the perovskite/CV system was irradiated with a UV-Visible Xe arc 

lamp (300 – 600 nm) light. The perovskite/CV solution reactor was located 7 cm away from 

the Xe lamp, and it was made of borosilicate glass to avoid CV degradation resulted from 

glass-CV interaction. The samples whose photocatalytic activity was evaluated are pAg1.0, 

pAg0.8, pAg0.6, pAg0.5, pAg0.4, pAg0.2 and pAg0.0.  

 

Figure 19. Photocatalysis experimental setup, in which (1) is the reactor containing the 

perovskite/CV solution, (2) is the Xe arc lamp, and (3) is the magnetic stirrer. 

Characterization techniques  

 X-ray diffractometry (XRD) 

The X-ray diffraction measurements were performed at São Carlos Institute of Chemistry 

(IQSC), for the powder samples, utilizing a Bruker XRD, D8 advance model, with Cu (Kα = 

1.518 Å) radiation source, at room temperature and PSD detector LynxEye model. 
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 Raman scattering spectroscopy 

Raman Scattering spectroscopy analyses of the powder samples were done at São Carlos 

Institute of Chemistry (IQSC) using a LabRAM HR Evolution Raman spectrometer by 

Horiba, utilizing a HeNe laser (633nm), in the range of 10 to 400 cm-1. 

 Scanning electron microscopy (SEM) 

Scanning electron microphotographs of the powder samples were taken also at São Carlos 

Institute of Chemistry (IQSC) utilizing ZEISS LEO 440 (Cambridge, England) with an 

OXFORD model 7060 detector, operating with an electron beam of 15kV, 2.82A current and 

200 pA probe I.  

 Diffuse reflectance spectroscopy (DRS) 

Diffuse reflectance spectroscopy measurements were realized at São Carlos Institute of 

Chemistry (IQSC) utilizing a Shimadzu UV-Vis-NIR spectrophotometer model UV 3600, 

using BaSO4 as standard, from 250 to 800 nm for samples as powders. 

 UV-Vis in photocatalysis 

Electronic absorption spectra were collected at São Carlos Institute of Chemistry (IQSC) after 

irradiation with a USB 4000 spectrometer (Ocean Optics, FL, U.S.A.) equipped with a P400-2 

UV/Vis optical fiber and an LS1 tungsten halogen lamp. 

 Photoluminescence 

At the Chemistry Department of FFCLRP the photoluminescence analyses were 

performed using a Flurolog 3 Horiba Scientific (model FL3-22) equipment with dual 

excitation and emission monochromators, H10330-75 (NIR) and Hamamatsu R928 (Visible) 

photomultipliers. A pulsed Xe lamp of 450 W and a 980 nm laser was employed for the 

excitation and emission spectra. 

 Zeta potential 
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The zeta potential analyses were measured in a Zetasizer Nano ZS by Malvern Panalytical 

situated at Chemistry Department of FFCLRP. The powder samples were dispersed in water 

to perform zeta potential analysis. 

6. Results and discussion 

6.1. Lead-free double perovskites for photocatalysis  

6.1.1. Material characterization  

 

Using the tolerance factor (τ) exhibited in equation 3, it was possible to predict the 

proposed perovskite structure stability, in this case, for Cs2AgxNa1-xBiCl6 when x = 0 or 1, for 

example. Equation 3 measures the stability for ABX3 perovskites, although, for ABB’X6 

double perovskites rB can be the arithmetic mean of the two B-site radii.29 

τ = − 𝑛  𝑛 −
 

                                                  (3) 

For Cs2AgBiCl6; τ = 
.

.
− 1 1 −

.

.

 
.

.

 ⸫ τ = 3.99 

For Cs2NaBiCl6; τ = 
.

.
− 1 1 −

.

.

 
.

.

⸫ τ = 3.92 

Therefore, since all perovskite presenting a τ < 4.18 are stable,29 both values for 

Cs2AgBiCl6 and Cs2NaBiCl6 perovskites are in agreement with the proposed value, it means 

that they exhibit a stable crystal structure, e.g., perovskite crystal structure can be achieved. 

Since the two extreme compositions were calculated and are stable, there is no need to 

calculate the intermediary compositions.  

According to the crystallography database of lead-free double halide perovskite (LFDP), it 

exhibits cubic crystal system with Fm3m space group. LFDP presents lattice parameter of 

10.78 (A) 10.78 (B) and 10.78 (C) Å, α = β = γ = 90º, and cell volume of 1251.65 Å3.154 A 

previous work showed the end members bond distances d(Cs-Cl) = 3.8102 Å, d(Ag-Cl) = 

2.707 Å, and d(Bi-Cl) = 2.681 Å for Cs2AgBiCl6 perovskite.154 All Bi-based samples 

synthesized showed high crystallinity and their diffractograms are presented in Figure 20.   
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Figure 20. XRD diffractograms of Cs2AgxNa1-xBiCl6 samples varying x from 0 to 1. 

In Figure 20 it is possible to notice the formation of Bi-based perovskite in a cubic 

phase according to the Cs2AgBiCl6 patterns. The characteristic peaks assigned to the planes 

(111), (200), (220), (311), (222), (400), (313), (420), (422), (440), (620), and (440) are 

presented for all samples.60,155 A slight shift in 2 can be noticed for the synthesized samples, 

and it is evident for the most intense peak at 2 = 23.4º (220). This shift might be attributed to 

an instrumental error became from the XRD equipment (sample’s height), since there was no 

gradual shift from Ag1.0 to Ag0.0. Moreover, the gradual decrease of (200) peak intensity 

and the increase of (111) imply the increase of Na concentration towards Cs2NaBiCl6 

composition.155 Other two peaks which show this evolution are (311) and (222), which 

increase as the Ag content decrease, according to the XRD data presented in the literature.155 

In this sense, XRD of Cs2AgxNa1-xBiCl6 samples gave a glimpse of the successful formation 

of Ag/Na mixed perovskite, which were used in photocatalysis experiments. Also, the colors 

of Ag/Na mixed perovskites gradually migrate from off-white to yellowish as the Ag content 

increases, as shown in Figure 21. This color change happens due to the shift of the band gap 

to higher Eg. Moreover, Bi-based perovskite crystallite sizes were calculated and are 

presented in the supplementary materials. 
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 Figure 21. Photograph of Cs2AgxNa1-xBiCl6 samples. 

Raman spectroscopy was performed for perovskite structural characterization. As 

presented in Figure 22, Bi-based perovskite samples exhibited three vibrational modes below 

400 cm-1, attributed to the three vibrational modes of AgCl6 and BiCl6 octahedron156,157. The 

band centered at 115 cm-1 is assigned to the bending vibration of Ag–Cl and Bi–Cl bonds with 

T2g symmetry. Bi-Cl bonds exhibits major influence on T2g vibrational mode as with the 

decreasing of Ag content there were just a slight change in 115 cm-1 band. The band located at 

213 cm-1 is assigned to Eg vibrational mode of AgCl6 octahedron, and 282 cm-1 are related to 

the stretching vibrations of both AgCl6 and BiCl6 octahedra with A1g symmetries. As showed 

in Figure 22, all bands exhibited a slight shift to lower wavenumber as the Ag content 

decreases. It is noticed that Eg and A1g modes suffered the major influence by this lack of Ag, 

because of a significant tunning of these two bands with decrease of Ag content. There is a 

shift of each band decreasing Ag content. For the band centered at 115 cm-1 assigned to the 

T2g vibrational mode, a shift from 115 (Ag1.0) to 112 cm-1 (Ag0.0) is observed. For A1g 

vibrational mode the band shifted from 281 (Ag1.0) to 278 cm-1 (Ag0.0), also a shift of 2.5 

cm-1, implying a phonon energy lowering as Ag content decreases in the lattice.  
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Figure 22. Raman spectra for Cs2AgxNa1-xBiCl6 samples. 

In order to obtain a better knowledge of the Bi-based perovskite morphology, scanning 

electron microscopy (SEM) was performed. It provided a general idea of the particle size and 

size distribution of perovskite powders. Figure 23  shows the SEM images for Cs2NaBiCl6 

and Cs2AgBiCl6 samples, respectively. 

From SEM images the powder sized at the micrometer range with a sorted size 

distribution. In both cases, there are bigger particles surrounded by minor ones, although, in 

the case of pAg0.0 it is possible to observe octahedral shapes particles. The sample Ag0.0 in 

Figure 23(a) and (b), exhibited an unexpected pattern resembling two different materials. 

Because of that, energy dispersive x-ray spectroscopy (EDS) was performed, and it assured 

the same composition of the smaller and the bigger particles, as shown from the EDS spectra 

in the supplementary materials. 
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 Figure 23.Scanning electron microscopy images for pAg0.0 (a and b) and pAg1.0 (c and d) 

 

  6.1.2. Photocatalytic activity experiment 

Several experiments were performed to understand the photocatalytic activity of Bi-based 

perovskites. First, the experiment to evaluate the adsorption of crystal violet dye on the 

perovskite surface was performed by dispersing 35 mg of powder in 35 mL of pure water and 

35 mL of CV solution (20 ppm), resulting in a 70 mL final solution with 0.5 g.L-1 of 

perovskite and 10 ppm of organic dye. The solution was covered and kept in dark under 

stirring to avoid undesirable photocatalysis events, for 120 min. Every 5 or 10 min an aliquot 

was taken from the solution and the absorption spectra recorded to monitor the CV absorption 

(c) (d) 

(a) (b) 
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band at 582 nm until the solution reaches the equilibrium, i.e., no adsorption, as shown in 

Figure 24. 

 

Figure 24. Evaluation of adsorption ability of Cs2AgxNa1-xBiCl6 perovskites. 

Figure 24 show the absorbance behavior as function of time. All samples behave 

similarly, and a small adsorption occurs from 10 to 120 min. Thus, 60 min of dark adsorption 

time was chosen to minimize adsorption effects on the photocatalysis results. This experiment 

also allowed us to conclude that the perovskite possesses a high adsorption strength since the 

pure CV dye presents an initial absorbance of 1.72 at concentration of 10 ppm. pAg1.0 and 

pAg0.8 samples were those that mostly adsorbed the organic dye. Since this adsorption can be 

related to the perovskites surfaces charges, zeta potential measurement was performed to 

understand this behavior for each sample. The zeta potential values for the perovskites are 

listed in Table 3. 
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Table 3. Zeta potential analysis for Ag/Na mixed perovskite samples. 

Samples Zeta potential (mV) 

pAg1.0 -8.97 

pAg0.8 -12.7 

pAg0.6 -12.4 

pAg0.5 -13.6 

pAg0.4 -11.7 

pAg0.2 -16.7 

pAg0.0 -18.2 

 

pAg1.0, pAg0.2, and pAg0.0 samples presented zeta potentials in accordance with 

adsorption test. Sample pAg0.0 exhibit the highest negative zeta potential value and presented 

the lowest adsorption, followed by pAg0.2 sample, the second highest negative zeta potential 

and second lowest CV adsorption. pAg1.0 perovskite showed highest CV adsorption and the 

lowest negative zeta potential. Zeta potential results were quite unusual since crystal violet 

dye is a cationic dye, it was expected Ag1.0; Ag0.8, i.e., samples with the lowest negative Z 

potential to exhibit less adsorption than the samples with the highest zeta potential. Zeta 

potential analysis gives surface charge, this test suggests that perovskite possess negative 

surface charge, probably due to Cl- present in its crystal structure, like it is shown in Figure 6. 

This negative charge results in a higher adsorption of cationic dyes onto perovskite’s surface 

area. Adsorption experiment and zeta potential analysis were not in agreement with each 

other, needing a deeper investigation of Bi-based perovskite stability. The Xe arc lamp spectra 

used to irradiate the solutions under stirring is present in the supplementary materials.  

The total light irradiation period was 90 min, and aliquots were taken every 5 min for 

the first six turns and then every 10 min. Each aliquot was centrifugated and their absorption 

spectrum measured to follow the CV photodegradation, as shown in Figure 25 and Figure 26. 
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Figure 25. UV-Vis spectra of organic dye degradation by (a) pAg0.0, (b) pAg0.2, (c) pAg0.4, 

(d) pAg0.5, (e) pAg0.6, (f) pAg0.8 and (g) pAg1.0 photocatalysis. 
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Figure 26. Photodegradation curve for Ag1.0, Ag0.8, Ag0.2 and Ag0.0 samples. 

As shown in Figure 25 and Figure 26, all samples could fully photodegrade the CV 

dye, except the pAg0.0. The differences between the photodegradation kinetics among the 

samples can be seen by first analyzing the pAg1.0, pAg0.8, and pAg0.6, in which more than 

30 min is needed to completely photodegrade the dye, while pAg0.5 sample required 40 min. 

On the other hand, pAg0.4 and pAg0.2 samples demanded more than 50 min to completely 

photodegrade the CV dye. In Figure 26 it become clearer, the difference between Ag1.0, 

Ag0.8, Ag0.2 and Ag0.0 CV photodegradation, in other words, the influence of Ag content in 

Bi-based perovskite kinetics. These results enable to recognize that Bi-based perovskites 

samples exhibited a promising photocatalytic activity, in which the Ag content exhibited a 

significant role in perovskite photocatalysis since its photocatalytic activity decreases with the 

decrease of Ag content. This might be related to Ag electronic properties, demanding a deep 

investigation to completely understand its photocatalytic role. Therefore, to measure the Ag 

role on the perovskites photocatalysis, the kinetics were calculated as function of silver 

concentration. It was assumed that a first-order reaction occurs according to equation 12. 

𝑙𝑛[𝐴] = 𝑙𝑛[𝐴] − 𝑘𝑡                                                   (12) 

where [A]0 and [A]t is the initial and the concentration at time t, respectively; k is the reaction 

rate constant and t the time of reaction. Using equation 12 to know the k value, both side of 

equation 12 were raised to the exponent e, leading to equation 13. 

[𝐴] = [𝐴] 𝑒                                                          (13) 
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Using equation 13 it was possible to obtain the reaction rate constant for each photocatalytic 

test by doing an exponential fit.                                               

Sample pAg1.0 presented a reaction rate constant k of 0.0898. Figure 28 show the k 

values as function of Ag content.  

 

Figure 27. Bar graph of Cs2AgxNa1-xBiCl6 reaction rate coefficient. 

 Figure 27 shown that from pAg0.2 to pAg1.0 sample, the k constant increased almost 

2 times. However, from pAg0.0 sample to pAg1.0 Ag, the k constant increased more than 4.5 

times. This result implies and highlights the crucial role of Ag in the photocatalysis process, 

because comparing the minimal Ag content to the highest the kinetic increased 2 times and 

when there is no Ag to only Ag content in perovskite composition, its kinetics increased 4.5 

times. However, this analysis needs external information to be reliable, precisely, it needs the 

information of the given bandgap absorption, because it also can impact on the perovskite 

photocatalytic properties, since the process involves electronic transition. In this sense, diffuse 

reflectance spectroscopy was performed for all samples, followed by the Tauc plot of the 

optical bandgap, and shown in Figure 28. 
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Figure 28. Diffuse reflectance spectra of Cs2AgxNa1-xBiCl6 samples. 

Using the DRS data, the bandgap was calculated from Tauc plot. Tauc plot method 

was followed based on Makula work and using the equation 14.159   

(𝐹(𝑅 )ℎ𝑣) = 𝐵 ℎ𝑣 − 𝐸                                                     (14) 

Where (F(R∞) is the Kubelka-Munk function, h is the Planck constant, ν is the 

photon’s frequency, Eg is the bandgap energy, B is a constant and γ is a factor dependent of 

the bandgap nature, i.e., direct, or indirect bandgap. When the electron transition is direct γ 

factor is ½ and when its nature is indirect γ is 2. Using γ as 2, due to the intrinsic indirect 

bandgap of these type of perovskites and utilizing equation 16, was possible to plot and 

calculate the optical indirect bandgap. 

The optical bandgap calculation was estimated by extrapolating the linear portion of 

the pAg1.0 Tauc plot, for instance. For Ag1.0 sample, the indirect bandgap was 2.70 eV, 

similar with that found in the literature, 2.84 eV.157 All optical bandgaps are listed in Table 4. 
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Table 4. List of the measured bandgaps along with the correspondent kinetic constants for 

Cs2AgxNa1-xBiCl6 by Tauc method. 

Samples 
Bandgap ±0.03 

(eV) 
Kinetic constants 

pAg1.0 2.70 0.0898 

pAg0.8 2.50 0.0778 

pAg0.6 2.51 0.0760 

pAg0.5 2.52 0.0678 

pAg0.4 2.49 0.0512 

pAg0.2 2.49 0.0464 

pAg0.0 3.33 0.02081 

 
As for the pAg1.0 sample, pAg0.0 sample also presented a similar bandgap value 

compared to other previous work of about 3.49 eV.156 Both values are a little lower than those 

presented, although it might be related to the synthesis pathway adopted and/or pH of the 

synthesis route, once it is known that these factors can influence in its bandgap energy.60 

Beyond that, all intermediate Ag concentration perovskites exhibited almost identical bandgap 

values as listed in Table 4. The kinetics and bandgap calculation highlights the influence of 

Ag in perovskite photocatalysis. Ag content prevents a high energy bandgap for Bi-based 

perovskites. Preventing this high energy bandgap will ensure that perovskites bandgap will 

not shift to lower wavelengths, such as UV, keeping the bandgap in the visible range, which is 

desired for photocatalytic application using sunlight. Furthermore, high bandgap energy as 

exhibited by Ag0.0 sample interfere on the perovskite photocatalytic performance as showed 

by its low kinetics compared with the remaining samples. In addition, even though the 

intermediary Ag content perovskites exhibit almost the same bandgap energy, the higher 

concentration of Ag in perovskites composition implies in better and more efficient 

photocatalysis since the kinetics increase with higher Ag concentrations. 

The covalent character of each sample must be carefully analyzed to have a more 

consistent and chemical conclusion about the Ag content influence on perovskite’s 

photocatalysis. For instance, Ag-Cl bond exhibits a much higher covalent character than Na-

Cl bond (an ionic chemical bond), and it will strongly affect perovskite’s optical properties. 

The perovskite’s bandgap energy suffered a huge increase of approximately 0.8 eV going 
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from the samples containing Ag content (2.5 and 2.7 eV) to the no Ag sample (3.33 eV), as 

prof of the Ag impact on perovskite’s optical property. Moreover, Ag shows a high polarizing 

character which can exert a high influence on the electronic distribution of the perovskite, 

being able to modify the perovskite photocatalysis performance as observed. 

Bi-based perovskites stability after photocatalysis experiment 

Because of the unusual disagreement between zeta potential and adsorption analysis, and 

to investigate Bi-based perovskites crystallinity after photocatalysis experiment, x-ray 

diffractometry analysis was performed again for all samples after this experiment. Figure 29 

exhibited the x-ray diffractograms of Bi-based samples after photodegradation test. 

 

Figure 29. XRD diffractograms for Cs2AgxNa1-xBiCl6 (x varying from 0 to 1) samples before 

(a) and after (b) the photocatalytic activity test.  

Comparing the diffractograms before (Figure 20) and after (Figure 29) the photocatalysis 

experiment, it is observed that Bi-based perovskite might not be stable in aqueous solution. 

All samples containing Ag content exhibited a very similar diffractogram, leading to conclude 

that despite a possible crystallinity structure degradation it might be related to the organic dye 

adsorbed in its surface. Some possible options of sample degradation are the formation of 

metallic Ag and/or Ag2O, although all spectra are similar in terms of peak position and 

intensity, so it was not considered. There is a peak increase around 2θ = 27º while increasing 

Ag content. On the contrary, the two peak around 33º decreases with higher concentration of 

silver. As it seems, there is no correlation with Ag2O or Ag(s) due to the incompatibility of the 

samples diffractogram with the patterns diffractograms.160,161 However, this structural change, 
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probably a decomposition of perovskite’s structure might be related to some Ag byproduct, 

AgCl, for instance. Furthermore, Ag0.0 perovskite also exhibited a similar diffractogram with 

some different peak positions and intensities. Therefore, it is needed an even more deep and 

detailed analysis of these perovskites’ stability. 

 

6.2. Lanthanide-doped Perovskites: Photoluminescence 

6.2.1. Synthesis and characterization of RE3+-doped perovskites 

For the In-double perovskites, it was also calculated the tolerance factor (τ) to predict its 

structure stability. 

For Cs2AgInCl6; τ = 
.

.
− 1 1 −

.

.

 
.

.

 ⸫ τ = 3.89 

Therefore, In-based perovskite also presents a stable crystal structure according to 

equation 3. Bi/In-based perovskites do not require the calculation of the tolerance factor since 

both extremes are stable. 

 In-based perovskites present the same crystalline structure of Bi-based perovskites: they 

exhibit a cubic crystals system and Fm3m space group, as shown in Figure 20. Both structures 

show lattice parameters of 10.48 Å for A, B and C but with a cell volume of 1151.21 Å3 for 

In-based perovskite.162 These parameters are for CsAgInCl6 perovskites, however, the 

addition of Bi increase the lattice and cell volume because Bi3+ (1.03 pm) is larger than In3+ 

(0.80 pm). Previous works showed end members distances as d(Ag-Cl) = 2.716 Å and d(In-

Cl) = 2.525 Å for pIn sample. For the photoluminescence studies, four In-based perovskite 

samples were synthesized: pIn, pIn0.9, pAg0.6In, and pAg0.6In0.9.  
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Figure 30. X-ray diffractograms of In-based perovskites. 

Observing the diffractograms exhibited in Figure 30, it is possible to note that a cubic 

phase was achieved for all by comparing with the standard XRD pattern taken from ICSD 

data.154 The samples presented the characteristic peaks (200), (220), (222), (400), (422), 

(440), (620) and (622) for In-based perovskites.154 The synthesized perovskites presented 

similar correlation comparing with ICSD number 11524, especially pIn, pIn0.9. Nevertheless, 

pAg0.6In and pAg0.6In0.9 showed a more intense (200) and (222) peaks compared to the 

other ones, consequence of adding Na content in Ag site.155 

Except for pIn sample, pIn0.9, pAg0.6In and pAg0.6In0.9 were used as host for Ln3+ 

incorporation as listed in Table 2. Figures 32 to 34 shown the Ln3+-containing In-based 

perovskites diffractograms. pIn sample was not doped with lanthanide ions due to its parity-

forbidden transition, characteristic which is a problem for energy transfer from the host to the 

dopant, and because its intrinsic luminescence is very low in comparison to the others. 
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Figure 31. Diffractograms of pIn0.9, pIn0.9:Er5, pIn0.9:Er15, and pIn0.9:Yb-Er. 

 

Figure 32. Diffractograms of pAg0.6In, pAg0.6In:Er5, pAg0.6In:Er15, and pAg0.6In:Yb-Er. 
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Figure 33. Diffractograms of pAg0.6In0.9, pAg0.6In0.9:Er5, pAg0.6In0.9:Er15, and 

pAg0.6In0.9:Yb-Er. 

Ln3+-containing In-based samples forms crystalline cubic phase. Despite all samples are 

very similar to their correspondent pattern, there are some differences among them. For 

instance, pIn0.9 sample show a clear difference between the intensity of (222) and (400) 

planes for each dopant concentration. This intensity correlation can be attributed to 

concentration and dopant chemical nature, like ionic radius. Doping In-based perovskite with 

Ln3+ it is expected that Yb3+ (0.89 Å) and Er3+ (0.87 Å) replaces In3+ (0.80 Å) in perovskite’s 

lattice, leading to an expansion of the crystal lattice. This expansion was supposed to be 

noticed at the exhibited XRD noticing a slight shift to lower angles, yet as already mentioned 

the experimental conditions lead to some unreliable data, i.e., it is not valid to compare the 

peak position and/or peak intensity because it might me an error inlaid.  However, there were 

no significant structural modifications when In-based perovskite were doped with Ln3+, 

probably due to the similar ionic radii of RE3+ and In3+. Undoped In-based perovskite 

crystallite size are also exhibited at supplementary materials. 

The Raman spectra for all In-based perovskites are exhibited in Figure 34, and they 

presented up to five modes below 400 cm-1. 
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Figure 34. Raman spectra for In-based samples. 

The vibrational modes for pAg0.6In0.9 sample are located at 48; 110; 139; 169; 239 and 

296 cm-1 for T2g (L), T2g (Bi), T2g (In), Eg (In), Eg (Bi) and A1g vibrational modes, 

respectively. The values obtained are equivalent with the values present in the literature, 

however, with a slight shift since the values for each mode are from samples pIn and 

pAg1.0.157,162 T2g, Eg and A1g vibrational modes arises from AgCl6, InCl6 and BiCl6 

octahedrons. When the composition has Bi, it is noticed the appearance of the vibrational 

modes T2g (Bi) and Eg (Bi) located at 110 and 239 cm-1 assigned to Bi-Cl bonds. pIn and 

pAg0.6In samples present a similar Raman spectrum while pAg0.6In0.9 shows the most 

vibrational modes, owing to the contribution of each element. Raman spectroscopy was 

fundamental along with XRD analysis because, while XRD data showed the addition of Na+ 

in the In-based perovskite lattice, Raman spectroscopy technique provided the 

acknowledgment of Bi in its structure. Not only, this technique showed that the samples with 

Bi exhibit a lower phonon energy due to the band assigned to Bi-Cl at lower wavenumbers. 

This lower phonon energy characteristic can impact In-based perovskite optical properties and 

will be discussed in detail latter. 

In order to study the photoluminescence properties of Ln3+-containing In-based perovskite 

samples, the diffuse reflectance, excitation and emission spectra for pIn0.9, pAg0.6In and 

pAg0.6In0.9 samples were performed and presented in Figure 35. Because pIn sample 
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exhibits a parity-forbidden transition in which it disturbs its light emission process leading to 

an PLQY < 0.1%,18 therefore just the other samples were analyzed. 

 

Figure 35. Diffuse reflectance (a), excitation (b), and emission spectra (c) for pIn0.9 sample; 

diffuse reflectance (d), excitation (e), and emission spectra (f) for pAg.06In perovskite; 

diffuse reflectance (g), excitation (h), and emission spectra (i) for pAg.06In0.9 sample. 

As observed in Figure 35, the excitation spectra are different from each sample. For 

pIn0.9 and pAg0.6In sample, there are a great difference between the spectra in shape and 

band position. Although, for pAg0.6In0.9 sample, the contribution of Bi and Na in perovskite 

composition provided an excitation spectrum similarly exhibiting both pIn0.9 and pAg0.6In 

excitation spectra shapes. All the In-based perovskite matrix showed a high intensity 

excitation band when 630 nm emission is monitored. For excitation spectra, the most intense 

regions were 400 and 350 nm for pIn0.9, 270 and 360 nm for pAg0.6In, and 278 and 350 nm 

region for pAg0.6In0.9 sample. Observing the diffuse reflectance spectroscopy (DRS), pIn0.9 

exhibited a bandgap energy (Eg) of 3.06 and 3.48 ±0.03 eV, pAg0.6In sample exhibited 3.69 

±0.03 eV, and pAg0.6In0.9 a Eg of 2.96 and 3.60 ±0.03 eV. All Eg values are in agreement 
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with those presented in the literature.21 These two values of Eg for pIn0.9 and pAg0.6In0.9 

perovskites might be related to the energy gap of the material (higher eV), and the surface/ 

defect states (lower eV). The formation of these vacancies/defect states are associated with 

the addition of Bi3+ in perovskite lattice, since both perovskite samples containing Bi element 

showed the same behavior. In Figure 34, it is possible to observe that both samples which was 

added Bi exhibited lower phonon energies. Therefore, this lower Eg of 3.06 and 2.96 eV for 

pIn0.9 and pAg0.6In0.9, respectively, may be attributed to the formation of a STE.21  For the 

emission spectra in Figure 35, all samples showed a similar spectrum with a broad emission 

from 450 to 700 nm full width at half maximum of 5.56 eV (223.15 nm) for pIn0.9, 5.75 eV 

(215.43 nm) for pAg0.6In and 5.75 eV (215.66 nm) for pAg0.6In0.0. Samples pIn0.9 and 

pAg0.6In0.9, in which indium was mixed with bismuth, showed a more intense and bright 

luminescence by naked eyes over the visible range compared to pAg0.6In. For the first two 

samples, pIn0.9 and pAg0.6In, the excitation at 400 and 350 nm, respectively, provided a 

more intense emission. Although, for pAg0.6In0.9 its luminescence was stronger when 

excited at 278 nm. Both excitation and emission spectra exhibited two bands, they are 

probably assigned to the band-edge absorption/emission, and the other one related to the 

surface/ defect states, i.e., STEs.21 Moreover, converting the 350 and 400 nm band of pIn0.9, 

270 and 360 nm of pAg0.6In, and 278 and 350 nm band of pAg0.6In0.9 sample into eV, it  is 

reached values of 3.5 and 3.1 eV for pIn0.9, 4.6 and 3.4 eV for pAg0.6In, and 4.5 and 3.5 eV 

for pAg0.6In0.9 sample. The converted values are in total agreement with those presented by 

DRS measurement, therefore collaborating with the consistency of the previous discussion 

made. 

The broad photoluminescence emission arises from self-trapped excitons (STEs) 

present in semiconductors. Cs2AgInCl6 (pIn), exhibits a parity-forbidden transition which 

disturbs its PLQY. Thus, to break this parity-forbidden transition, the symmetry of STE 

wavefunction had to be changed.68 Since that STEs in pIn are originate from a strong Jahn-

Teller distortion of the AgCl6 octahedron, partially mixing Ag with an element with similar 

charge and radius, like alkali metals, but with different electronic configuration, it was 

possible to solve this problem. Alloying Na+ into pIn solve the parity-forbidden transition 

situation without any phase segregation or any undesired crystal defect, due to Na+ similar 

charge and radius compared to Ag+.68 Alloying Bi3+ into pIn composition also breaks parity-

forbidden issue increasing its PLQY. The elements proportions of In-based perovskite 
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composition were defined according to previous works presented in literature.68,154 An 

illustration of perovskite light emission are presented in Figure 36. 

 

Figure 36. Scheme of light emission process in In-based double perovskite. Where FE is free 

exciton, STE is self-trapped exciton, and GS is the ground state. 

 

The excitation and emission spectra of RE3+-doped perovskite samples was performed to 

understand their photoluminescence properties. Therefore, to reach all the expected results the 

excitation spectra was measured monitoring 1540 nm since it is a characteristic emission of 

Er3+ transitions. Moreover, for the emission spectra it was observed the lanthanides 

characteristic emission at the NIR region by excitation of the matrix, and directly excitation of 

Ln3+. The absorption and emission spectra of Yb3+/Er3+ co-doped In-based perovskites are 

presented in Figure 37. 
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Figure 37. pIn0.9 excitation spectra at 1540 nm (a), and emission spectra at 367 (b) and 522 

nm (c); pAg.06In excitation spectra at 1540 nm (d), and emission spectra at 285 (b) and 353 

nm (c); pAg0.6In0.9 excitation spectra at 1540 nm (g), and emission spectra at 347 (b) and 

520 nm (c).    

Therefore, the excitation spectra monitoring 1540 nm assigned to the 4I15/2→4I13/2 

transition163
 was recorded for all three co-doped samples. Observing the emission spectra at 

the near infrared it was possible to state that all samples showed the 4I13/2→4I15/2 transition 

descendant from Er3+.163 . From the emission spectra, it is noticed that either the excitation on 

the matrix or directly at the Er3+, the characteristic NIR emission (4I15/2→4I13/2) of erbium 

occurs, suggesting an energy transfer of In-based perovskite matrix to Er3+. Comparing the 

emission spectra when the excitation happens directly in theEr3+ with the host excitation, a 
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difference in the spectra shapes is observed and a higher emission intensity is detected when 

Er3+ is directly excited. Despite In-based perovskite transfer energy transfer to the lanthanide 

ion, leading to the NIR emission, no emission is observed at the visible range. This might 

happen due to the strong broadband emission of In-based perovskite at the visible, and also 

due to radiative decay of perovskite’s STE be faster (ns)68 than erbium’s lifetime (ms).164
 For 

the remaining Er3+ samples their absorption and emission spectra are presented in the 

supplementary material.  

The up-conversion emission of the co-doped samples were obtained under excitation 

at 980 nm with a diode laser varying the excitation power from 200 to 1000 mW. Er and Yb-

Er samples were analyzed, however herein only the co-doped samples are exhibited, the other 

figures are presented as supplementary material. Yb/Er co-doped In-based perovskite potency 

law for the three In matrix (listed in Table 2) are present in Figure 38.  
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Figure 38. Emission spectra of In-based perovskite co-doped with Yb3+/Er3+ (10:5%) excited 

at 980 nm from 200 to 1000 mW. pIn0.9 (a), pAg0.6In (b) and pAg0.6In0.9 (c). 

The presence of 2H11/2→4I15/2, 4S3/2→4I15/2, and 
4F9/2→4I15/2 transitions i.e., erbium’s 

green and red emission bands, indicated that the sample exhibited up-conversion emission 

under excitation at 980 nm, a process of cooperative energy transfer. A photon upconversion 

commonly occurs in three steps; stepwise photon absorption, energy transfer and photon 

emission.165 Yb3+/Er3+ upconversion process occurs when the Yb3+ transfers its energy to a 

close Er3+, raising the electrons to higher excited states, characterizing it as an energy transfer 

upconversion (ETU).166 Most likely, ETU is the process responsible for co-doped In-based 

upconversion, and ESA process also can contribute. ETU process is more efficient than ESA, 

ETU (10-3) and ESA (10-5), i.e., ETU is nearly two orders of magnitude more efficient than 

ESA process.92,99 Not only, Er3+-Er3+ upconversion can also occur simultaneously with Yb3+-

Er3+ upconversion, yet with a less probability of happening due to Er3+ smaller cross-section 

in comparison with Yb3+. When 2H11/2, 4S3/2 → 4I15/2 transition occurs, it results in green 

emissions going from 520 to 570 nm, respectively. Not only, when 4F9/2 → 4I15/2 takes place, 

red emission occurs ranging from 650 to 680 nm. The number of involved photons in the 

upconversion process for Yb3+/Er3+:pAg0.6In0.9 sample are shown in Figure 39. 

 

Figure 39. Graphic of potency vs area for Yb3+/Er3+:pAg0.6In0.9 and calculation of involved 

electrons in up-conversion process.  

Thus, the excitation power in function of emission intensity was plotted for all samples 

and shown in Table 6. For the slope, a value of approximately 2.08 implying that two photons 

are involved in the energy transfers process, confirming that is an up-conversing process, 
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since it consists in the absorption of two photons with low energy generating a higher emitted 

photon. All samples showed slopes with values near to two and they are presented in Table 5. 

The upconversion of Er3+ is presented in Figure 40. 

 

Figure 40. Erbium upconversion mechanism scheme.167 

Table 5. Photons involved in up-conversion process for each In-based perovskite. 

Samples Slope 

pIn0.9:Er5 2.05 

pIn0.9:Er15 2.06 

pAg0.6In:Er5 2.20 

pAg0.6In:Er15 2.19 

pAg0.6In0.9:Er5 2.00 

pAg0.6In0.9:Er15 2.09 

pIn0.9:Yb-Er 

pAg0.6In:Yb-Er  

pAg0.6In0.9:Yb-Er 

1.70 

1.97 

2.07 
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Er and Yb-Er containing In-based perovskites were synthesized to explore erbium’s 

characteristic emission by charge transfer process, aiming different applications for In-based 

perovskite, such as optical thermometry. Although, luminescent thermometry experiments 

were only performed for Yb/Er co-doped perovskites due to the ytterbium’s larger absorption 

cross-section at 980 nm. 

6.2.2. Ln3+-doped In-based perovskite for optical thermometry 

Figure 41 presents the temperature-dependent emission spectra of sample 

Yb3+/Er3+:pAg0.6In0.9 recorded varying the temperature from 173 to 473 K to evaluate its 

performance as a Boltzmann thermometer. The characteristic upconverting emission of Er3+ is 

observed in the green spectral region, with the emission bands corresponding to the 
2H11/2→

4I15/2 and 4S3/2→
4I15/2 transitions peaking around 524 and 550 nm, respectively, the 

emission of the two thermally coupled levels 2H11/2 (IH) and 4S3/2 (IS) in different temperatures 

were measured. Since this is a ratiometric thermometer, the calculations were made using the 

integrated area of both erbium green emission.  

 

Figure 41. Ln3+ co-doped-perovskite emission spectra in different temperatures (173 to 

473 K), using a 980 nm laser with laser power density of 1000 mW. 

 The emission spectra presented in Figure 41 shows the temperature dependence of 2H11/2, 

and 4S3/2
 transitions to the ground state 4I15/2, in which the influence of temperature in the 

population of 2H11/2
 and 4S3/2 levels is more noticeable looking at the 3D graphic. The 

population of the thermally coupled levels of Er3+ (2H11/2 and 4S3/2) follows the Boltzmann 

distribution (Equation 15):  
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     ∆= = 𝐵 exp −
∆

                                                        (15) 

where ∆ is the thermometric parameter, also known as luminescence intensity ratio (LIR), 

which indicates the luminescence intensity ratio of the integrated area of the emission bands 

corresponding to the 2H11/2 → 4I15/2 (IH), and 4S3/2 → 4I15/2 (IS) transitions in this case. B is a 

pre-exponential factor related to the degeneracy of levels of Er3+, ∆E is the energy gap 

between the two thermally coupled levels, kB is the Boltzmann constant (0.695 cm-1 K -1), and 

T refers to the thermodynamic temperature in Kelvin. It is worth pointing out that despite 

there are several works referring to ∆ as fluorescence intensity ratio (FIR),168  this is 

technically incorrect because the emission arising from the lanthanide ions is longer-lived 

than common fluorescence processes observed for organic dyes, therefore it should be 

referred to as luminescence. Nevertheless, it is possible to calculate the temperature from the 

upconverting emission spectra of sample Yb3+/Er3+:pAg0.6In0.9 using Equation 16 if the 

values of ∆E and B are known.  A linear response can be obtained by applying the natural 

logarithm (ln) to Equation 15 (Equation 16): 

 ln∆= ln 𝐵 −
∆

                                                     (16) 

In this sense, a plot of lnΔ versus T–1 (Boltzmann plot) allows for the determination of ∆E 

and B by looking at the slope (slope = –∆E/kB) and the intercept (intercept = ln B) of the fitted 

curve, respectively. Suta et al. have recently shown that the optimum temperature range to use 

Er3+ as a Boltzmann thermometer is around room temperature.112 For that reason, only the 

emission spectra of sample pAg0.6In0.9 in the temperature range between 293 and 343 K 

were used to determine ∆E and B. The values of IH and IS used for the calculation of Δ were 

obtained by integrating the emission spectra in the 515-540 nm and 540-570 nm range, 

respectively. 
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Figure 42. ln (∆) versus T-1 of Yb3+/Er3+:pAg0.6In0.9 sample followed by the determination 

of ∆E and B parameters. 

The calculated value for ∆E and B are 705 ± 18 cm–1 and 18 ± 1, respectively, in excellent 

agreement with those reported in the literature,100,170,171 especially for ∆E whose theoretical 

value is approximately 700 cm–1, this might vary just depending on the host.112 Now, it is 

possible to predict the temperature by following equation 15. The final and last step is to 

calculate the thermometric performance of the proposed thermometer. The figures of merit 

used to measure the performance of a thermometer are the relative thermal sensitivity (Sr) and 

the uncertainty in temperature (δT), presented in equations 11 and 12, respectively. The bigger 

relative thermal sensitivity value the better, on the contrary, the smaller uncertainty in 

temperature the better.  A graphic illustrating the maximum Sr and the minimum δT are 

shown in Figure 43 (a) and (b), respectively. 

 𝑆 =
∆

 
∆

                                                              (11) 

𝛿𝑇 =
∆

∆
                                                               (12) 

For Boltzmann thermometers, equation 12 assumes the form of equation 13,112 indicating 

that the Sr of luminescent thermometers based on thermally coupled level is driven by ∆E.112  

𝑆 =
∆

                                                              (13) 
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Figure 43. Comparison among calculated and measured temperature for Ln3+-doped In-based 

perovskite. 

Therefore, pAg0.6In09 co-doped with Yb3+/Er3+ (10:5 %) exhibited a maximum Sr and a 

minimum δT value of 1.18 % K-1 and 0.15 K, respectively. The relative thermal sensitivity of 

the recent world record is 50 % K-1, and an uncertainty in temperature record of 0.05 K.108 

These world record values for Sr and δT are assigned to Ag2S nanoparticles,108 however the 

obtained result are in good agreement with those recently presented in the literature for Er3+-

based thermometers.172,173 The same procedure was used to evaluate the thermometric 

performance of the other obtained samples and the results of ∆E, B, Sr, and δT for all 

Yb3+/Er3+ co-doped samples are summarized in Table 6. All thermometric analysis showed is 

from Yb3+/Er3+ (10:5%) doped pAg0.6In0.9  
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Table 6. ∆E, B, Sr and δT value of all Yb3+/Er3+-co-doped In-based perovskites matrixes. 

Sample Tmax (K) ∆E (cm-1) Sr (% K-1) 
δT 
(K) 

 Reference  

pIn0.9 293 706 ±52 1.18 0.15  This work  

pAg0.6In 293 664 ±2 1.11 0.16  This work  

pAg0.6In0.9 293 705 ±18 1.18 0.15  This work  

Films of Yb3+/Er3+-
codoped GeO2-Ta2O5 

300 688 1.1 0.7  [171]  

Yb3+/Er3+:YAG 293 489 0.82 0.21  [169]  

Yb3+/Er3+:Al2O3 495 868 0.51 0.3  [174]  

 
It was observed that pIn0.9 and pAg0.6In0.9 presented an overall better performance since 

their Sr is higher and δT is lower than the ones obtained for the pAg0.6In sample. Despite 

that, they presented a close value compared to each other and, a Sr and δT value in accordance 

with those presented in the literature for luminescent thermometers based on Er3+. In 

comparison with other works, all codoped In-based perovskite synthesized showed a better 

performance, highlighting these In-based perovskite a promising material for optical 

thermometry applications.    

Finally, to understand and study the data reproducibility and reliability for the developed 

Boltzmann thermometers it was performed an analysis varying the temperature from 273 to 

373 K 10 times (10 cycles). Figure 44 exhibits an example of reproducibility analysis for 

pAg0.6In0.9 sample. 
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Figure 44. Reproducibility and reliability of Yb3+/Er3+:pAg0.6In0.9 sample as a luminescent 

thermometer. 

Analyzing the result presented in Figure 44, it is noticeable the minimal variation of 

temperature between each cycle, implying in a thermometer with reproducible and reliable 

data. 

7. Conclusion 

All proposed samples were synthesized, and their formation was confirmed by XRD and 

Raman spectroscopy. X-ray diffraction showed that the samples exhibited high crystalline 

cubic phase with Fm3m space group. Raman spectroscopy could corroborate with the 

perovskites structural characterization by showing its characteristic vibrational modes also 

perfectly matching with the corresponding standard sample. Scanning electron microscopy 

(SEM) gave a general idea of perovskite morphology, size, and distribution when as a 

powder. The Bi-based perovskite used for photocatalysis purposes showed a promising 

photocatalytic activity for almost all samples, besides they proportioned the understanding the 

role and importance of Ag content in photocatalysis, Ag correlation in kinetics and on 

bandgap values. The Ag1.0 sample, exhibited the best kinetics while the Ag0.0 sample 

showed the worst kinetics. From Ag1.0 to Ag0.2, in other words, from the highest Ag sample 

concentration to the lowest Ag concentration, the kinetics decreases almost 2 times while 

from Ag1.0 to Ag0.0 decreased a bit more than 11 times. All samples containing Ag content 

were able to achieve complete degradation of crystal violet dye within 60 min, while Ag0.0 

reached 95% of CV degradation in 90 min. Not only, Ag content exhibited a significant 

influence on perovskites bandgap. However, a deep investigation on perovskites structural 

stability after photocatalysis experiment is required. XRD for Bi-based perovskite samples 

after photocatalysis showed that perovskite might not be stable in aqueous solution and/or 

under light irradiation. The In-based perovskites doped with lanthanide exhibited Ln3+ 

characteristic emission in both NIR and visible range, one by direct radiative decay and other 

by up-conversion process, respectively. The characteristic transition of Er3+ and Yb3+ 

contributed to assure the doping of these samples. All samples demonstrated to present up-

conversion energy transfer process by emitting at the green and red region with erbium’s 

characteristic emission. Using the two thermally coupled levels of Er3+ (2H11/2 and 4S3/2) it was 

possible to develop a new Ln3+-based luminescent thermometer. The sample which displayed 

the best thermometric performance, Yb3+/Er3+:pAg0.6In0.9, exhibited a relative thermal 
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sensitivity (Sr) of 1.18 % K-1, and uncertainty in temperature (δT) of 0.15 K-1. Both these 

values are in great agreement with those presented in recent works for Er3+-based 

thermometers. Furthermore, all samples showed a great repeatability, reproducibility and 

reliable data. 

This master’s dissertation contributed for both photocatalysis and optical thermometry 

field. In photocatalysis, it was possible to evaluate the influence of halide (Cl- and Br-) and Ag 

content in perovskite photocatalytic performance. There are just a few works reporting Bi-

based perovskite photocatalysis, being a new and significant contribution for this field. Into 

the optical thermometry field, it was reported the first Er3+-based thermometer using In-based 

perovskite as host. There is also few works reporting Ln3+-doped In-based perovskite in the 

literature, so this dissertation contributed to a new application for this type of material until 

now.   

Ideas for future works 

 Develop a perovskite-TiO2 heterojunction system to enhance TiO2 photocatalytic 

performance since TiO2 have a poor light absorption in the visible region. 

 

 Synthesis of Cs2AgInxBi1-xCl6 perovskites for photocatalytic experiments in order to 

evaluate the influence of the bandgap nature, e.g., compare the photocatalytic 

performance for direct and indirect bandgap. 

 

 Synthesis of colloidal nanoparticles of In-based perovskites, scoping its incorporation 

into a polyurethane matrix. Despite the higher stability conferred by PU matrix, the 

aim of the perovskite/polyurethane composite is to achieve white light emission. 

 

 Synthesis of colloidal nanoparticles of Ln3+-doped In-based perovskites for 

luminescent thermometry purposes are an interesting option either. 
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Supplementary materials 

Photocatalysis 

Table S1. Crystallite size for Bi-based perovskite samples varying Ag/Na content utilizing 
three different peaks as references, (220), (400) and (422). 

 Crystallite size (nm)  

Sample 220 400 422 Arithmetic mean 

Ag1.0 65.47 51.36 44.26 53.70 

Ag0.8 62.77 51.55 44.80 53.04 

Ag0.6 36.64 25.87 22.50 28.34 

Ag0.5 31.13 24.29 19.06 24.82 

Ag0.4 43.97 39.85 25.40 36.41 

Ag0.2 52.13 52.22 43.62 49.33 

Ag0.0 65.54 68.71 48.51 60.92 

 

The most intense peaks such as (220), (400) and (422) were used to calculate the crystallite 

size utilizing the Debey-Scherrer equation: 

Dhkl = Kλ/βcosθ                                                          (S1) 

Where D is the crystallite diameter, hkl is the Miller indices of a certain plane, K is the 

numeric factor regarding crystallite shape factor, λ is the wavelength of the x-ray source 

utilized, in that case was used Cu source (1,518 Å), β is the full-width at half-maximum of a 

certain X-ray diffraction peak and θ is the Bragg angle. It is noticed that the crystallite size of 

Bi-based samples is different from each other, following no size logic just being possible to 

observe that samples located at the extremes, like Ag1.0; Ag0.8 and Ag0.0 possess the bigger 

crystallite size. Crystallite median size for these samples variated from 24.82 nm to 60.92 nm, 

with the “middle mixed” samples exhibiting the lowest crystallite size values. This crystallite 

size following no logic may be a consequence of XRD equipment deconfiguration. 
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Figure S1. Energy dispersive X-ray spectroscopy (EDS) for Ag1.0 (a); Ag0.8 (b); Ag0.6 (c); 
Ag0.5 (d); Ag0.4 (e); Ag0.2 (f); and Ag0.0 (g) sample 

 

 

Figure S2. Light emission spectra of the used Xe arc lamp from 200 to 800 nm.155 
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Ln3+-doped perovskites: Photoluminescence 

Table S2. Crystallite size in nanometers for In-based perovskites utilizing the peaks (220), 
(400), and (422). 

 Crystallite size (nm)  

Sample 220 400 422 Arithmetic mean 

pIn 80.14 111.45 93.52 95.04 

pIn0.9 43.17 40.54 33.80 39.17 

pAg0.6In 45.60 39.12 34.50 39.74 

pAg0.6In0.9 40.84 37.73 36.06 38.21 

 

Crystallite size for In-based perovskite samples were calculated using equation S1. 

 

Figure S3. Emission and Excitation spectra for Er3+ samples 5%. pIn0.9 excitation spectra at 
1540 nm (a), and emission spectra at 350 (b) and 520 nm (c); pAg.06In excitation spectra at 
1540 nm (d), and emission spectra at 350 (b) and 520 nm (c); pAg0.6In0.9 excitation spectra 
at 1540 nm (g), and emission spectra at 350 (b) and 520 nm (c).    
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Figure S4. Emission and Excitation spectra for Er3+ samples 15%. pIn0.9 excitation spectra at 
1540 nm (a), and emission spectra at 355 (b) and 520 nm (c); pAg.06In excitation spectra at 
1540 nm (d), and emission spectra at 362 (b) and 520 nm (c); pAg0.6In0.9 excitation spectra 
at 1540 nm (g), and emission spectra at 300 (b) and 522 nm (c).    
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Figure S5. Emission of In-based perovskite doped with 5 and 15 % of Er using a 980 nm 
laser going from 1000 mW to 200 mw. Er3+ (5%) doped pIn0.9 (a), pAg0.6In (b) and 
pAg0.6In0.9 (c). Er3+ (15%) doped pIn0.9 (d), pAg0.6In (e) and pAg0.6In0.9 (f). 


