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 اهداء

منهاواستمديت  حياتي،من ابصرت بها طريق  قلبها،اهدي رسالتي الى من حاكت سعادتي بخيوط منسوجة من                             

الذي  قلبال ىضعفي، الالحضن الذي احتواني في  ىنجاحي، المن كانت دعواتها سر  ىبذاتي، الواعتزازي  قوتي       

م     انت البداية وانت الدافع وانت النور في كل ظلا، ققلأحوضحت  لأحلممن تعبت لارتاح وسهرت  ىشروطا، اللا يعرف  حباينبض        

ور            الن اليك امي اهدي رسالتي وكل انجازي وكل حرف كتبته وكل جهدي وتعبي وكل خطوة خطوتها نحو  

      طمأنينةاهدي رسالتي الى من زرع في قلبي القوة وفي عقلي الحكمة الى من كان صمته دعما ونظرته                             

                                      ...الى الرجل الذي لم تنحن قامته الا ليعلمني الوقوف الى من كان حضوره امانا وغيابه فراغا لا يملا       

ك                                   خطوها اليوم على الطريق الذي عبدته لي يتعبك وصبراليك ابي اهدي كل خطوة ا  

توالداي دمتما نورا في قلبي ما حيي  

المشجعات ،الداعماتالى  عمري،الى زهرات  ،العتمةالى النور في لحظات  والسند،اهدي رسالتي الى الأمان                            

...الهدايا التي وهبني الله إياها وأجمل ،احلاميوالحاضنات لكل           

ما املك اختاي سهام وسامية يأغل ،بثمنالى التي وجودهن في حياتي نعمة لا تقدر   

ووقف الى من شاركني التفاصيل الصغيرة ،الحزنوابتسامتي وقت  الشدة،اهدي رسالتي الى من كان ظهري وقت                             

     ...بجانبي في اللحظات الكبيرة          

     اليك اخي الوحيد وحيد اهدي هذا العمل تعبيرا عن امتناني كونك قطعة من قلبي دمت لي عونا وامانا لا يزول                       

                    الحروف عن احتواء محبتي وامتناني الكلمات وتعجزتتلاشى  ،عائلتياليك                                           

ومعكم اطمئن أزهراليك عائلتي اهدي رسالتي وعمري بكم                                                     

ترددت في دعمي بكل ما تملك بنصيحة ولاتبخل علي يوما  لم من ىاهدي رسالتي الى من كانت لي اختا لم تلدها امي، ال                        

.النقية صديقة العمر ضحى قوبع حالناضج، والرو الكبير والعقلاليك يا صاحبة القلب                                          

سلسبيل سوداني                                                     

 



 

Abstract 

 

       The main objective of this work is to synthesise and characterise the structural, physical 

and photocatalytic properties of a new type of BNT ceramic with an ABO3 perovskite structure 

in the system:  

(Na0.5 Bi0.5)1-x Smx (Ti0.8 Zr0.2)0.9 (Fe1/5 Zn1/5 In3/5)0.1, where x=0, 2%. 

       We sought to optimise the structural, morphological and optical properties of this material 

to improve its photocatalytic activity. The study was carried out using a substitution procedure 

at sites A and B, where the various catalysts were prepared by the molten salt method and then 

calcined at 900°C. Their characterisation was carried out using various techniques: X-ray 

diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Scanning electron 

microscopy (SEM) and UV-visible spectroscopy. 

       Structural analyses (XRD, FTIR) confirmed the formation of a tetragonal perovskite 

structure with space group P4bm for all compositions, SEM analysis shows that the grain size 

2.87 μm with a uniform distribution. UV-visible absorption measurements were used to 

determine the energy gaps (Eg) of the different samples (samarium undoped BNT (Sm)               

Eg = 2 .22eV, samarium doped BNT (BNT X= 2%) Eg = 2.14eV). 

       Photocatalytic tests, carried out on the degradation of methylene blue under solar 

irradiation, showed a maximum degradation efficiency of 63.44% after 180 min. The reaction 

kinetics followed a pseudo-first-order model, with a maximum apparent rate constant (kapp) of 

0.00535 min-¹ for the BNT X= 2% catalyst, indicating superior photocatalytic activity. 

       The samples were sintered at 1000, 1050, 1100 and 1150 °C, respectively, to optimise the 

sintering temperature at which the sample density is maximised. 

       These results indicate that this material may be a promising candidate for the degradation 

of organic pollutants in aqueous solution. 

Key words: Perovskite, BNT, molten salts, catalysts, XRD, FTIR, SEM. 

 

 



 

Résumé 

 

       L'objectif principal de ce travail est de la synthèse et la caractérisation des propriétés 

structurelles, physiques et photocatalytiques d'un nouveau céramique type BNT avec une 

structure de pérovskite ABO3 dans le système :  

(Na0.5 Bi0.5)1-x Smx (Ti0.8 Zr0.2)0.9(Fe1/5Zn1/5 In3/5)0.1, où x=0, 2%. 

       Nous avons cherché à optimiser les propriétés structurelles, morphologiques et optiques de 

ce matériau pour améliorer son activité photocatalytique. L'étude a été réalisée par une 

procédure de substitution sur les sites A et B, où les différents catalyseurs ont été préparés par 

la méthode des sels fondus puis calcinés à 900 °C. Leur caractérisation a été réalisée à l'aide de 

différentes techniques : Diffraction des rayons X (DRX), Spectroscopie infrarouge à 

transformée de Fourier (IRTF), Microscopie électronique à balayage (MEB) et Spectroscopie 

UV-visible. 

       Les analyses structurales (DRX, IRTF) ont confirmé la formation d'une structure pérovskite 

tétragonale avec le groupe d'espace P4bm pour toutes les compositions, l’analyse par MEB 

montre que la taille des grains 2.87 μm avec une distribution uniforme. Des mesures 

d'absorption UV-visible ont été utilisées pour déterminer les gaps énergétiques (Eg) des 

différents échantillons (BNT non dopée par samarium (Sm) Eg = 2 .22eV, BNT dopée par 

samarium (BNT X= 2%) Eg = 2.14eV). 

       Les tests photocatalytiques, réalisés sur la dégradation du bleu de méthylène sous 

irradiation solaire, ont montré une efficacité de dégradation maximale de 63.44% après                       

180 min, la cinétique de la réaction a suivi un modèle de pseudo-premier ordre, avec une 

constante de vitesse apparente maximale (kapp) de 0.00535 min-¹ pour le catalyseur                            

BNT X= 2%, ce qui indique une activité photocatalytique supérieure. 

       Les échantillons ont été frittés à 1000, 1050, 1100 et 1150 °C, respectivement, afin 

d'optimiser la température de frittage à laquelle la densité de l'échantillon est maximale. 

       Ces résultats indiquent que ce matériau peut être un candidat prometteur pour la 

dégradation des polluants organiques en solution aqueuse.  

Mots-clés : Pérovskite, BNT, sels fondus, catalyseurs, DRX, IRTF, MEB. 



 

 الملخص

 

الهدف الرئيسي من هذا العمل هو تركيب وتوصيف الخصائص الهيكلية والفيزيائية والتحفيزية الضوئية لنوع جديد من        

 :النظامفي  3ABOمع بنية بيروفسكايت  BNTسيراميك 

 0.1)3/5 In1/5 Zn1/5(Fe0.9)0.2Zr0.8 (Ti xSm x-1)0.5Bi 0.5(Na,  حيثx=0 ,0.02. 

سعينا إلى تحسين الخصائص الهيكلية والمورفولوجية والبصرية لهذه المادة لتحسين نشاطها التحفيزي الضوئي. أجُريت        

 تم  لاح المنصهرة ثم، حيث تم تحضير المحفزات المختلفة بطريقة الأمBو Aالدراسة باستخدام إجراء استبدال في الموقعين 

(، XRDدرجة مئوية. وقد تم إجراء توصيفها باستخدام تقنيات مختلفة: حيود الأشعة السينية ) 900تكليسها عند درجة حرارة 

(، والتحليل SEM(، والفحص المجهري الإلكتروني الماسح )FTIRوالتحليل الطيفي بالأشعة تحت الحمراء المحولة فورييه )

 فوق البنفسجية المرئية.الطيفي بالأشعة 

لجميع  4bmP( تكوين بنية بيروفسكايت رباعي الزوايا مع المجموعة الفضائية XRD ،FTIRأكدت التحليلات الهيكلية )       

ميكرومتر مع توزيع منتظم. استخُدمت قياسات الامتصاص بالأشعة  2.87حجم الحبيبات  SEMالتركيبات، ويظُهر تحليل 

، Eg = 2.22eVبالسماريوم غير المطعم  BNT( للعينات المختلفة )Egئية لتحديد فجوات الطاقة )فوق البنفسجية المر

BNT  المطعمة بالسماريوم(BNT X= 2%) Eg = 2.14eV.) 

أظهرت اختبارات التحفيز الضوئي، التي أجريت على تحلل الميثيلين الأزرق تحت الإشعاع الشمسي، كفاءة تحلل قصوى   

حركية التفاعل نموذج الترتيب الأول الزائف، مع الحد الأقصى لثابت المعدل الظاهري  تاتبع ة،دقيق 180 بعد 63.44بلغت% 

(appk البالغ )للمحفز  ¹-دقيقة 0.00535BNT X= 2%.مما يشير إلى نشاط تحفيز ضوئي فائق ، 

درجة مئوية على التوالي لتحسين درجة حرارة التلبيد التي تصل  1150و 1100و 1050و 1000تم تلبيد العينات عند        

 عندها كثافة العينة إلى الحد الأقصى.

 تشير هذه النتائج إلى أن هذه المادة قد تكون مرشحًا واعداً لتدهور الملوثات العضوية في المحلول المائي.        

والتحليل الطيفي بالأشعة  ،حيود الأشعة السينية المحفزات،، نصهرةمح الملا، الاBNTيت، االبيروفسك لمات الرئيسية:الك

 .الماسحوالفحص المجهري الإلكتروني  ،فورييهتحت الحمراء المحولة 

 



 

 

 

Contents  
 

Contents  

Figures List  

Tables List  

General Introduction 01 

Bibliographic References 03 

Chapter I : BIBLIOGRAPHY    

I.1 Introduction 04 

I.2 General Information on ceramics 04 

       I.2.1 Classification of ceramic 05 

I.3 Perovskite structure 06 

       I.3. 1 Crystalline structure 07 

       I.3. 2 Ideal perovskite structure 07 

       I.3. 3 Complex perovskite structure 07 

       I.3. 4 Stability of the structure 07 

          I.3. 4 .1 Tolerance factor 08 

          I.3. 4 .2 Stoichiometric condition 09 

          I.3. 4 .3 Electroneutrality condition 09 

I. 4 Properties of perovskites 09 

       I. 4.1 Electrical properties 09 



 

           I. 4.1.1 Piezoelectricity 09 

               I. 4.1.1.1 Symmetry and piezoelectricity 11 

           I. 4.1.2 Pyroelectricity 13 

           I. 4.1.3 Ferroelectricity 13 

               I. 4.1.3.1 Ferroelectric domains 14 

               I. 4.1.3.2 The Curie point 15 

           I. 4.1.4 Dielectricity 16 

       I. 4.2 Photocatalytic properties 17 

       I. 4.3 Catalytic properties 17 

I. 5 Generalities on BNT perovskite-type oxide 17 

       I. 5.1 History 17 

       I. 5.2 The BNT-type structure 18 

       I. 5.3 The dielectric and ferroelectric properties of BNT 18 

       I. 5.4 Advantages and disadvantages of BNT 19 

I. 6 Perovskite doping 19 

       I. 6. 1 Definition of doping         19 

       I. 6. 2 Doping purposes 20 

       I. 6. 3 Doping techniques 20 

          I. 6. 3.1 Ion implantation doping 20 

          I. 6. 3.2 Diffusion doping 20 

          I. 6. 3.3 Doping by laser technique 20 

          I. 6. 3.4 Doping by epitaxy 21 

       I. 6. 4 Classification of doping agents 21 

Bibliographic References 23 



 

Chapiter II: EXPERIMENTAL TECHNIQUES 
 

II .1 Introduction 27 

II .2 The Molten Salt method 28 

       II .2.1 The advantages of the molten salt synthesis MSS 28 

       II .2.2 The important purpose of using molten salts synthesis 30 

       II .2.3 The role of molten salts 30 

II .3 Experimental procedure 30 

       II.3.1 Starting products 30 

          II.3.1.1 Base oxides 31 

          II.3.1.2 Dopants 33 

              II.3.1.2.1 Doping at site A 34 

              II.3.1.2.2 Dopings at site B 34 

        II.3.2 Powder preparation 36 

           II .3.2.1 Weighing and mixing 36 

           II.3.2.2 Grinding with salts     36 

           II.3.2.3 Heat treatment 38 

           II .3.2.4 Grinding and drying procedure of pellets 40 

           II.3.2.5 Salt washing 40 

           II.3.2.6 drying 41 

           II.3.2.7 Regrinding 42 

           II.3.2.8 Shaping 42 

           II.3.2.9 Sintering 43 

II.4 Structural characterisation techniques for calcined powders and sintered 

ceramics 

45 



 

       II.4.1 Study of the structure by X-ray diffraction 45 

       II.4.2 Measurement of density (d) 47 

       II.4.3 Measurement of porosity (P) 48 

       II.4.4 SEM analysis 49 

       II.4.5 FTIR analysis 50 

II.5 Photocatalysis 52 

       II.5 .1 Introduction 52 

       II.5 .2 Dyes 52 

          II.5 .2 .1 Definition of a dye 52 

          II.5 .2 .2 Classification of dyes 53 

       II.5 .3 Photocatalysis 53 

          II.5 .3.1 Definition of photocatalysis 53 

          II.5 .3.2 Principles and mechanisms of photocatalysis 54 

          II.5 .3.3 Factors affecting the efficiency of the photocatalytic process 56 

       II.5 .4 UV-visible spectroscopy  58 

Bibliographic References 65 

Chapiter III: Experimental results and interpretation 
 

III.1 Introduction 70 

III.2 Synthesis and production of ceramics 70 

III. 3 Stability conditions of the perovskite structure 71 

      III.3.1 Electroneutrality condition 72 

      III.3.2 Stoichiometric condition 72 

      III.3.3 Geometric condition 73 

III.4 Powder characterisation 74 



 

      III.4 .1Characterisation of powders by infrared spectroscopy 74 

           III.4.1.1. X-ray diffraction analysis 74 

     III.4.2. Characterisation of powders by infrared spectroscopy 80 

     III.4.3. Morphological study of BNT ceramics 82 

         III.4.3.1. Scanning electron microscopy (SEM) characterization 82 

         III.4.3.2. Density 84 

         III.4.3.3. Porosity 
86 

III.5. Optical characterisation by UV-Visible 89 

     III.5.1. Methylene blue (MB) self-degradation test 90 

     III.5.2. Study of the photodegradation of methylene blue 91 

     III.5.2.1. Experimental protocol 91 

     III.5.2.2. Photocatalytic activity Sm doped and undoped BNT ceramics 92 

     III.5.2.3. Kinetic study of MB degradation by BNT pure and BNT doped  96 

III.6. Conclusion 97 

Bibliographic References 98 

General conclusion 101 

  



 

LIST OF ABBREVIATIONS AND SYMBOLS 

 

 

BNT Bismuth Sodium Titanate Bi₀. ₅Na₀. ₅Ti O₃ 

PZT Titano-zirconate du plomb Pb (Zr1-xTix) O3 

CaTiO3 Calcium titanate 

XRD X-ray diffraction 

SEM Scanning electron microscopy 

FTIR Fourier Transform Infrared Spectroscopy 

UV-Vis UV-Visible spectrophotometry 

TC The Curie Temperature 

e Pellet thickness 

d Density 

Φ Diameter 

P Porosity 

dexp Experimental density of composition (g/cm3) 

dth Theoretical density of composition (g/cm3) 

MSS Molten salts synthesis 

Eg Energy of the band gap 

Å Angstrum 

IUPAC International Union of Pure and Applied Chemistry 

DE The degradation efficiency  

pH Potential of Hydrogen 

dhkl The characteristic reticular distance of the atomic planes (hkl) 

T Transmission 

A Absorbance 

VB The valence band 

CB The conduction band 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tables & Figures 

 

  



Figures List   

 

 

 

FIGURE 

 

 

CHAPTER I 

 

PAGE 

Figure I.1 Typical microstructure of a ceramic surface 05 

Figure I.2 Digital photograph showing some traditional ceramics 05 

Figure I.3 Digital photograph showing some technical ceramics 06 

Figure I.4 Representation of the ideal cubic perovskite structure of type 𝐴𝐵𝑂3 07 

Figure I.5 Direct effect 10 

Figure I.6 Inverse effect 11 

Figure I.7 Aspect schématique de la piézoélectricité 12 

Figure I.8 Organisation of the 32 crystalline classes 13 

Figure I.9 Hysteresis cycle of a ferroelectric material 14 

Figure I.10 Orientation of ferroelectric domains under the effect of an electric 

field 

15 

Figure I.11 Evolution of the dielectric permittivity of a ferroelectric as a 

function of temperature 

16 

Figure I.12 (a) BNT perovskite structure; (b) three-dimensional lattice formed 

by BO6 octahedra 

18 

 

 

 

 

CHAPTER II  

 

 

Figure II. 1 Generalizability of the Molten Salts Synthesis Method in 

Nanomaterial Morphologies 

29 

Figure II.2 Bismuth trioxide powder 31 

Figure II.3 Sodium carbonate powder 32 

Figure II.4 Titanium dioxide powder 33 

Figure II.5 Samarium oxide powder 34 

Figure II.6 Zirconium dioxide powder 34 

Figure II.7 Zinc oxide powder 35 

Figure II.8 Iron oxide powder 35 



Figure II.9 Indium oxide powder 36 

Figure II.10 Grinding in a glass mortar 37 

Figure II.11 Sodium chloride 37 

Figure II.12 Potassium chloride 38 

Figure II.13 Programmable furnace for calcination 39 

Figure II.14 Thermal cycle of the calcination process 39 

Figure II.15 Transformation of powder before and after heat treatment 40 

Figure II.16 Pellets before and after grinding process 40 

Figure II.17 Salt washing process for removing dissolved salts 41 

Figure II.18 Oven drying 41 

Figure II.19 Powder before and after drying 42 

Figure II.20 Regrinding of the powder in a glass mortar 42 

Figure II.21 The hydrostatic press used to prepare the pellets 43 

Figure II.22 Pellets before sintering 43 

Figure II.23 Schematic diagram of sintering cycles 44 

Figure II.24 Diagram showing the main components of an automatic 

diffractometer 

46 

Figure II.25 X-ray diffractometer: XRD, PANalytical EMPYREAN. 47 

Figure II.26 Main components of a scanning electron microscope 50 

Figure II.27 Photocatalytic mechanism for environmental remediation 

applications 

55 

Figure II.28 The chemical structure of methylene blue 57 

Figure II.29 Evolution of Methylene Blue before and after dilution 57 

Figure II.30 Electronic transition states in UV-Visible spectroscopy 59 

Figure II.31 Operating principle of the UV-Visible spectrophotometer 60 

Figure II.32 Optical absorption between the occupied valence band and the 

unoccupied conduction band 

61 

Figure II.33 Band structure of a semiconductor with (a) direct and (b) indirect 

gaps 

62 

Figure II.34 The main steps of BNT ceramics synthesis by the molten salts 

method 

64 

   



 

 

 

 

CHAPTER III 

 

 

Figure III.1 Typical diffraction spectra of the Tetragonal (T) and Rhombohedral 

(R) phases 

74 

Figure III.2 The different shapes of the peaks characteristic of the coexistence 

of the (T+R) phase 

 

75 

Figure III.3 Diffractogram for composition N°1 with X =0% calcined at 900°C 76 

Figure III.4 Diffractogram for composition N° 2 with X =0.02% calcined at 

900°C 

77 

Figure III.5 Diffractogram for two compositions N°1and 2 calcined at 900 °C 

.1) x = 0%, 2) x = 2% 

77 

Figure III.6 Evolution of mesh parameters as a function of samarium rate for 

two samples calcined at 900 °C 

80 

Figure III.7 The infrared (IR) spectra of the mixtures before calcination and 

after calcination at 900 °C 

81 

Figure III.8 SEM micrographs of the composition N° 2 calcined at 900°C 83 

Figure III.9 Evolution of density as a function of sintering temperature 85 

Figure III.10 
Evolution of density as a function of Samarium content 

86 

Figure III.11 Variation in porosity as a function of sintering temperature 87 

Figure III.12 Evolution of porosity as a function of samarium content for all 

samples sintered at 1050 °C 

88 

Figure III.13 Evolution of porosity and density as a function of samarium content 

for all samples sintered at 1050 °C 

88 

Figure III.14 Evaluations of (αhʋ)1/2 as a function of energy (hʋ) for the two 

compositions studied 

90 

Figure III.15 photocatalysis of methylene blue under solar irradiation 92 

Figure III.16 Changes in the absorbance spectra of methylene blue under light 

irradiation in the presence of BNT-X=0 and BNT-X=0.02 

photocatalysts 

93 

Figure III.17 Evolution of the relative concentration Ct/C0 of MB as a function 

of irradiation time in the presence of BNT-X=0 and BNT-X=0.02 

94 



 

Figure III.18 Photocatalytic efficiency of MB degradation by BNT-X=0 and 

BNT-X=0.02 catalysts 

95 

Figure III.19 Variation of ln(C₀/C) as a function of time for the degradation of 

methylene blue dye in the presence of BNT-X=0 and BNT-X=0.02 

photocatalyst 

 

96 

  



 Tables List  

 

 

 

Table 

 

 

CHAPTER I 

 

PAGE 

Table I.1  Evolution of crystal structures as a function of the value of the 

tolerance factor 

08 

 

 

 

 

CHAPTER II 

 

 

Table II.1 The main crystallochemical characteristics of Bismuth trioxide 

Bi2O3 

32 

Table II.2 Main chromophore and auxochrome groups, ranked by increasing 

intensity 

53 

Table II.3 Main physico-chemical characteristics of Methylene Blue 57 

 

 

 

 

CHAPTER III 

 

 

Table III.1 Characteristics of the starting products 70 

Table III.2 Different ceramic compositions prepared 71 

Table III.3 Ionic radii and Valance number of elements in prepared matrices 71 

Table III.4 Results of the electroneutrality condition for the synthesized 

ceramic compositions 

72 

Table III.5 Stoichiometric condition of the studied compositions 72 

Table III.6 Geometric tolerance factor(t) for the studied compositions 73 

Table III.7 The required masses of oxides for the different compositions 73 

Table III.8 Region of coexistence of the Tetragonal-Rhombohedral phases and 

indexing of the corresponding planes 

76 

Table III.9 Crystallographic phases identified after calcination at 900 °C 78 

Table III.10 Estimation of the pyrochlore phase proportion based on the 

intensity of characteristic peaks 

79 

Table III.11 Calculated crystalline parameters of the prepared BNT sample 

 

79 



Table III.12 Experimental and theoretical density, densification rate and 

porosity for all samples 

84 

Table III.13 Evolution of the MB concentration (without catalyst) under 

different conditions for 3 hours 

91 

Table III.14 Eg values and degradation rate (D%) for BNT-X=0 and BNT-

X=0.02 

95 

Table III.15 Rate constants (Kapp) estimated from the Langmuir model and 

linear regression coefficients (R2) for BM degradation by the 

different photocatalysts 

97 

 



 

 
1 

 

GENERAL INTRODUCTION 

 

       Lead-based ceramics have been widely used for electronic and microelectronic 

devices because of their excellent piezoelectric properties [1,2]. However, on account of 

the high volatilization of toxic lead oxide during sintering process, a great many countries 

have enacted laws to restrict their applications. In recent decades, more and more research 

works have been focused on searching for environment-friendly lead-free piezoelectric 

ceramics to replace the conventional lead-based materials [3]. 

       Among the lead-free piezoelectric materials, sodium bismuth titanate (Bi0.5Na0.5TiO3, 

abbreviated as BNT) and Barium titanate (BaTiO3, abbreviated as BT) are accepted as an 

important material for the fabrication of lead-free piezoelectric materials. The BNT 

shows strong ferroelectric property along with high Curie temperature, high remnant 

polarization and a coercive field at room temperature [4] . However, the large coercive 

field and large conductivity makes pure BNT as hard to pole, which hinders its industrial 

application. 

       Researchers have used various methods to improve the structural and electrical 

characteristics of perovskite materials based on BNT. The ratio of sodium to bismuth 

(Na/Bi) is essential in defining the electrical properties of these materials. In addition, the 

introduction of nonstoichiometry of sodium (Na) or bismuth (Bi) at the A-site or titanium 

(Ti) at the B-site can modify the dielectric and electrical properties of BNT in accordance 

with specific requirements. However, adding a small amount of a suitable dopant element 

to either the A or B-site of the BNT structure has piqued interest. This method has 

demonstrated its capacity to be very captivating because to its ability to make substantial 

alterations to the characteristics of materials based on BNT [5, 6] . 

       A partial substitution of lead-based ferroelectrics with samarium (Sm) has been 

demonstrated to improve their piezoelectric properties [7,8, 9]. On the other hand, the Sm 

substitution at certain concentrations was found to reduce the thermal stability of 

piezoelectric constants of lead-based materials [7, 10]. These findings motivated us to 

study the effect of Sm, occupying different A-site positions in the BNT perovskite, on 

different structural, optical, and electrical properties of the lead-free BNT ceramics. 

       Furthermore, the act of doping at the B-site is likewise regarded as advantageous for 

augmenting certain characteristics of BNT perovskite materials [11] . 

https://www.sciencedirect.com/book/9780123795502/piezoelectric-ceramics
https://iopscience.iop.org/article/10.1143/JJAP.46.6746/meta
https://link.springer.com/article/10.1007/s12034-015-0888-x
https://iopscience.iop.org/article/10.1088/1757-899X/178/1/012032/meta
https://www.sciencedirect.com/science/article/pii/S0955221916306458
https://doi.org/10.1016/j.ssi.2017.07.024
https://www.nature.com/articles/s41563-018-0034-4
https://www.science.org/doi/abs/10.1126/science.aaw2781
https://www.nature.com/articles/s41563-018-0046-0
https://www.nature.com/articles/s41563-018-0034-4
https://pubs.acs.org/doi/abs/10.1021/acsami.9b15424
https://link.springer.com/article/10.1007/s11144-024-02635-9
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GENERAL INTRODUCTION 

       Bismuth sodium titanate (BNT), is a typical perovskite oxide with a high 

conductivity and narrow band gap (∼2.8 eV) make it a promising photocatalytic material 

[12] .  

       In this study, we focused on exploring new compositions of BNT-type by doping it 

with samarium ions at the A sites, with the aim of enhancing its photocatalytic properties. 

To this end, we synthesised a new matrix of the system :(Na0.5 Bi0.5)1-x Smx (Ti0.8 

Zr0.2)0.9(Fe1/5Zn1/5 In3/5 )0.1, with x successively taking the values 0.00; 0.02; 0.04; 0.06. 

       This study is divided into three chapters: 

 

 The first chapter deals with a theoretical overview of ceramics with a focus on BNT, its 

 

properties and dopage. 

 

 The second chapter presents the method used to produce BNT ceramics, as well as the 

 

various techniques used to characterise the materials produced. 

 

 The third chapter is devoted to the discussion of empirical results. 
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I.1. Introduction 

       The generic term ‘ceramic’ covers areas as diverse as traditional ceramics (bricks, 

tiles, etc.) and so-called technical ceramics: ceramics for mechanical and 

thermomechanical applications or ceramics for electronic applications [1]. Ceramic 

materials have one essential characteristic compared with other materials: the atoms or 

constituents of their crystalline lattice are generally very firmly linked together by strong 

bonds (ionic and covalent) [2] .  

       The interest in oxides with the ABO3 perovskite structure has been driven for many 

years by the ease with which the nature of the A and B cations present in the structure can 

be changed. Modifications to these elements lead to changes in the intrinsic properties of 

the materials [3] . 

        In this chapter, we present a general overview of ceramics, the perovskite structure 

and its properties, BNT-type ceramics, and doping techniques. 

I.2. General Information on ceramics 

       The term ‘ceramic’ generally refers to an inorganic material, neither metallic nor 

polymeric, obtained by a sintering process. This material is often produced from powders 

that have been consolidated and heated to achieve high density and strength. Used in a 

variety of fields, ceramics are characterised by their robustness and resistance to high 

temperatures and chemical agents.  

       A ceramic is a polycrystalline inorganic material with a complex structure of grains 

and grain boundaries (fig. I.1) [1] . 

 

 

 

https://doi.org/10.51257/a-v3-e1820
https://doi.org/10.1111/j.1151-2916.1993.tb03651.x
http://archives.univ-biskra.dz/handle/123456789/13744
https://doi.org/10.51257/a-v3-e1820
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                                   Figure I.1: Typical microstructure of a ceramic surface 

I.2.1. Classification of ceramic 

       There are two types of ceramics: 

 Traditional ceramics    

       Traditional ceramics are made from natural raw materials (clay, kaolin, quartz) and 

are generally cast. Examples include earthenware, terracotta (building bricks) and 

porcelain (crockery, decorative objects) [1] . 

 

Figure I.2: Digital photograph showing some traditional ceramics 

 

 

https://doi.org/10.51257/a-v3-e1820
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 Technical ceramics 

        Technical ceramics include materials developed recently in research laboratories 

because of their exceptional chemical or physical properties. 

       They are most often obtained by sintering (thermomechanical treatment in special  

furnaces, which causes powder granules to bond with a cold-prepared agglomerate) or 

electrofusion (the oxides are poured directly into a mould) [1] . 

 

Figure I.3: Digital photograph showing some technical ceramics 

I.3. Perovskite structure 

       Perovskites are one of the main families of crystalline oxides. Their name comes from the 

mineral CaTiO3, which has a similar crystalline structure. 

       The typical lattice of a perovskite has cubic symmetry, with similar structures that are 

more or less distorted. The chemical composition of an oxide with a perovskite structure is 

usually made up of an alkaline-earth cation (A), a tetravalent transition cation (B) and oxide 

anions.   

        The interest in oxides with the ABO3 perovskite structure for many years stems from the 

ease with which the nature of the A and B cations present in the structure can be changed. 

Modifications to these elements lead to a change in the intrinsic properties of the material, 

leaving the door open to all sorts of physical properties depending on the chemical and 

electronic nature of the A and B atoms [4] .   

 

https://doi.org/10.51257/a-v3-e1820
http://hdl.handle.net/10261/256614
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I.3.1. Crystalline structure 

       Most compounds of the formula ABO3 crystallise in the perovskite structure, which 

corresponds to the typical CaTiO3 structure. In the ideal case, this structure is cubic with 

space group Pm3m and can be represented as a stack of regular octahedra with the oxygen ions 

at the top. These octahedra are occupied at their centres by the B cations, with the A cations 

occupying the centres of the cuboctahedral cavities [5] .  

 

Figure I.4: Representation of the ideal cubic perovskite structure of type 𝐴𝐵𝑂3 [6] 

I.3.2. Ideal perovskite structure 

       Simple perovskites are, by definition, perovskites in which both 𝐴 and 𝐵 are occupied by 

a single chemical element. It should be noted that a large number of compounds belonging to 

this family exhibit a so-called classical ferroelectric phase transition on cooling [7] . 

I.3.3. Complex perovskite structure 

       Unlike simple perovskites, complex perovskites must have 𝐴 and/or 𝐵 occupied by at 

least two different atoms. The distribution of cations can be either random or partially or 

totally ordered. Depending on whether they are ordered or disordered, these compounds 

behave as classical ferroelectrics, relaxor ferroelectrics or relaxors [7] . 

I.3.4. Stability of the structure 

       The choice of atoms positioned at the sites of the A and B cations in the crystal structure 

of perovskites is crucial to the stability of these compounds, with the relationship between the 

ionic radius lengths of the A and B cations and the X anion, the iconicity of the bonds and the 

https://doi.org/10.1146/annurev.ms.15.080185.001553
https://doi.org/10.1016/j.ceramint.2019.04.258
https://theses.hal.science/tel-01003354
https://theses.hal.science/tel-01003354
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difference in electronegativity between the cations and the anions playing a decisive role in 

determining the properties of these materials [8] . 

I.3.4.1. Tolerance factor 

       The radii of the cations must obey the relation: 

                                                            𝒕 =
𝑹𝑨+𝑹𝑶

√𝟐  ( 𝑹 𝐁+𝑹𝑶)
                                                                Eq. I.1 

With: 

𝑅̅𝐴𝑖 = ∑ 𝑋𝐴𝑖𝑅𝐴𝑖𝑘
𝑖=1  : Average radius of Ai atoms. 

𝑅Bj=∑ 𝑋𝐵𝑗 𝑅𝐵𝑗 𝑙
𝑗=1   : Average radius of Bj atoms. 

        Where R𝐀𝐢, R𝐁𝐣 and 𝐑𝐎 are the ionic radii of atoms A, B and O. According to Poix, the 

structure is only possible for 0.75 ≤t ≤1.06. However, the perovskite will be all the more 

stable the closer t is to 1. For t ≤ 1: all the ions are in contact, we will have a perfect compact 

stack. The radius of the B ion in the range 0.6-0.7Å, seems to be a favourable condition to 

produce ferroelectricity. 

 For t >1: ion B may be mobile in the network. 

 For t <1: ion A may be mobile in the network [3] . 

Table I.1: Evolution of crystal structures as a function of the value of the tolerance 

factor [9] . 

 

t < 0.75 

Ilmenite 

 

0.75 < t < 1.06 

Perovskite 

 

t > 1.06 

Hexagonal 

     

 0.75 < t <0.96 

Orthorhombic 

distortion 

0.96 < t <0.99 

Rhombohedral 

distortion 

0.99< t<1.06 

Cubic 

 

 

 

 

 

 

http://archives.univ-biskra.dz/bitstream/123456789/21385/1/Berkane_Wissam_Bouderhem_Gihad.pdf
http://archives.univ-biskra.dz/handle/123456789/13744
http://archives.univ-biskra.dz/handle/123456789/11566
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I.3. 4 .2 Stoichiometric condition 

                                     ∑ 𝑿𝑨𝒊 = 𝟏; 𝟎𝒌
𝒊=𝟏 ≤XAi≤1 

                                     ∑ 𝑿𝑩𝒋 = 𝟏𝒍
𝒋=𝒊 ;0≤XBj ≤1                                Eq. I.2 

 

With: 

XA: The fraction of moles at the Ai cation. 

XB: The fraction of moles at the Bj cation [3] . 

I.3. 4 .3 Electroneutrality condition 

        Consider the following compound with a perovskite structure: 

 

       Where k and l indicate the categories of the corresponding A and B sections. 

                                                ∑ 𝑿𝒌
𝒊=𝒍 Ai nAi +∑ 𝑿𝒍

𝒊=𝒍 Bi nBi   =6                      Eq. I.3 

With: 

n Ai: Valence number of cation Ai. 

n Bi: Valence number of cation Bj [3] . 

I.4. Properties of perovskites  

I.4.1.  Electrical properties 

I.4.1.1. Piezoelectricity 

       Piezoelectricity is the ability of certain materials (crystals, ceramics, polymers or 

composites) to transform electrical energy into mechanical energy. The electrical charge is 

proportional to the mechanical stress imposed: this is the direct piezoelectric effect (fig I.5).           

       The reciprocal effect, also known as the inverse effect (fig I.6), means that the application 

of an external electric field causes mechanical deformation of the material. 
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http://archives.univ-biskra.dz/handle/123456789/13744
http://archives.univ-biskra.dz/handle/123456789/13744
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       It was the Curie brothers who observed and explained the direct effect in 1880[10] , but it 

was Lippmann who theoretically suggested the opposite effect, which was confirmed 

experimentally by the Curie brothers. 

       Piezoelectricity can be defined as a phenomenon of coupling between elastic energy and 

electrical energy (a relationship between two variables: electrical and mechanical and vice 

versa). 

       These piezoelectric effects can only be observed on insulators [11] . 

 

Figure I.5: Direct effect 

A force is applied and a voltage is collected [12] . 

       

Figure I.6: Inverse effect 

Tension is applied and deformation is recorded [12] . 

F 

0V +V 

https://www.persee.fr/doc/bulmi_0150-9640_1880_num_3_4_1564
https://theses.fr/2003ISAL0029
https://dspace.univ-ouargla.dz/jspui/handle/123456789/364
https://dspace.univ-ouargla.dz/jspui/handle/123456789/364
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I.4.1.1.1. Symmetry and piezoelectricity 

       In crystalline solids, piezoelectricity is directly linked to the symmetry of the crystals and 

manifests itself as a polarisation of the lattice. This dipole moment is created by the separation 

of the centres of gravity of the positive and negative charges as a result of deformation under 

stress. 

       The symmetry properties of crystals are of fundamental importance to the existence or 

otherwise of piezoelectricity. Anybody with a centre of symmetry cannot be piezoelectric, 

whereas crystals without a centre of symmetry can be (Fig. I.7) [12] . 

 

Figure I.7: Aspect schématique de la piézoélectricité [13] 

       In crystallography, all structures are classified according to 32 classes of symmetry. 11 of 

these classes are said to be centrosymmetric and therefore cannot exhibit polar properties or 

spontaneous polarisation. One of the other 21 classes has symmetry elements that prevent it 

from exhibiting polar characteristics (non-piezoelectric). The remaining 20 classes are 

piezoelectric, of which 10 are pyroelectric, i.e. they are electrically polarised in the absence of 

an applied electric field. They are called pyroelectric because of the variation in the amplitude 

of the dipole moment with temperature. Pyroelectric crystals include ferroelectric crystals in 

which the polar axis, which supports a permanent dipole, is mobile in the crystal lattice under 

the influence of an external electric field. 

https://dspace.univ-ouargla.dz/jspui/handle/123456789/364
http://thesis.univ-biskra.dz/id/eprint/6282
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       The breakdown of the 32 crystalline classes according to these different names is 

summarised in (Fig I. 8) [14,15] . 

 

Figure. I. 8: Organisation of the 32 crystalline classes 

I.4.1.2. Pyroelectricity 

       Ten of the twenty piezoelectric crystal classes exhibit natural polarisation in at least one 

direction, also known as spontaneous polarisation (or permanent dipole moment) [16] . As the 

amplitude of the dipole moment is a function of temperature, the variation in the spontaneous 

polarisation of these crystals can be observed by measuring the charges flowing in an external 

closed circuit when the temperature is varied. These are pyroelectric crystals [17] . 

I.4.1.3. Ferroelectricity 

       Ferroelectricity is a sub-group of pyroelectricity. A ferroelectric material is characterised 

by a structural transition temperature (Tc) between a high-temperature phase exhibiting 

paraelectric (non-polar) behaviour and a low-temperature phase exhibiting spontaneous 

polarisation due to spontaneous distortion of the crystal lattice [18,19]. This polarisation can 

be reoriented or even reversed (switched) in equivalent crystallographic directions under the 

effect of the external electric field, giving rise to hysteretic behaviour similar to that observed 

in ferromagnetic materials under the effect of a magnetic field. The hysteresis cycle P=f(E) is 

thus considered to be the signature of ferroelectricity [20] . 

 

https://books.google.com/books?hl=ar&lr=&id=NtJw2eEBG8YC&oi=fnd&pg=PA1&dq=J.+M.+Haussonne.+C%C3%A9ramiques+pour+l%27%C3%A9lectronique+et+l%27%C3%A9lectrotechnique.+Presses+Polytechniques+et+universitaires,+romandes.+P+35-37.+2002.&ots=VLEaZKGRMF&sig=vZ8VWyHciJR-3uJt_j1dMg5G1PU
https://books.google.com/books?hl=ar&lr=&id=mqH_EAAAQBAJ&oi=fnd&pg=PP1&dq=L.+EYRAUD.+Di%C3%A9lectriques+solides+anisotropes+et+ferro%C3%A9lectricit%C3%A9.+Paris.+P+183.+1967&ots=V-q4tJfmyh&sig=f7yDkdZFevOrSQDy9mkFpyl685g
https://theses.fr/2005ISAL0129
https://www.academia.edu/download/83002758/these.pdf
https://doi.org/10.1016/S0081-1947(08)60494-4
https://books.google.mw/books?id=FbMfaqSgOxsC&lpg=PP1&pg=PR3#v=onepage&q&f=false
https://theses.hal.science/tel-00879222/
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Figure. I. 9: Hysteresis cycle of a ferroelectric material 

Ps : Psat: Polarisation saturation. 

 Pr : Reshape polarisation. 

Ec : Coercive field ]20[ . 

I.4.1.3.1. Ferroelectric domains 

       Ferroelectric crystals are composed of domains, which are regions with different 

polarisation directions separated by domain walls. In the absence of an external field, the 

domains have random orientations, making the material non-polar. However, when an electric 

field is applied, the polarisation directions of the domains undergo a reorientation process. 

This leads to an increase in the number of domains aligned with the applied field and/or the 

disappearance of domains of opposite polarisation. In materials with a tetragonal and 

rhombohedral structure, the domains at 180° turn completely inside out without changing the 

lattice structure. On the other hand, domains at 71° and 109° in rhombohedral structures, and 

at 90° in tetragonal structures, induce significant deformation of the lattice, leading to partial 

reorientation. The polarisation process of a ferroelectric ceramic is illustrated qualitatively in 

(Fig.I.10) [21]  . 

https://theses.hal.science/tel-00879222/
https://core.ac.uk/download/pdf/185521382.pdf
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Figure I.10: Orientation of ferroelectric domains under the effect of an electric field [12]. 

I.4.1.3.2. The Curie point 

       The Curie point TC is the temperature at which a ferroelectric material undergoes a 

structural phase transition to a state where spontaneous polarization disappears. At the Curie 

point, the relative dielectric permittivity εr (εr =ε /ε0) reaches a maximum value. Above TC, 

the ferroelectric material becomes paraelectric, which is reflected by a peak in the permittivity 

versus temperature curve. 

       The temperature and dielectric constant in many ferroelectric materials above the curie 

point are governed by the Curie-Weiss law: 

                                                                   𝛆 = ε0 +
𝑪

(𝑻  _  𝑻𝟎)
                                                                     Eq. I.4              

Where: 

ε: Is the dielectric permittivity of the material. 

ε0: The dielectric permittivity of vacuum. 

C: Is the curie constant. 

T0: Is the Weiss curie temperature. 

https://dspace.univ-ouargla.dz/jspui/handle/123456789/364
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       The Weiss curie temperature is often different from the TC curie point (the temperature at 

which ε is maximum). For first-order transitions, T0 < TC whereas for second-order 

transitions, T0 = TC [22]  . 

 

Figure I.11: Evolution of the dielectric permittivity of a ferroelectric as a function of 

temperature [21] . 

I.4.1.4. Dielectricity 

       A dielectric is a collection of atoms or molecules made up of electrons (negative) and 

nuclei (positive), all of which are electrically neutral. It is a medium that cannot conduct 

electric current. As such, it is sometimes referred to as an electrical insulator. Glass and many 

plastics are examples of such media. 

       Despite the fact that dielectric media cannot conduct current, they have a number of 

electrical characteristics. Under the effect of an external electric field, negative and positive 

charges are displaced very slightly. The electrons present in a dielectric medium cannot, by 

definition, move over long distances. They can, however, exhibit movements of very small 

amplitude on a macroscopic scale, but which can be the cause of many phenomena. These 

movements are often oscillations around the nucleus: the electron cloud can be deformed, 

creating an electrostatic dipole. The same applies to the overall movement of atoms within the 

material (which also creates dipoles) [23] . 

http://archives.univ-biskra.dz/bitstream/123456789/29231/1/Hachemi_Fadoua_Aridj.pdf
https://core.ac.uk/download/pdf/185521382.pdf
http://archives.univ-biskra.dz/bitstream/123456789/15595/1/MAHBOUB_CHOUROUK_ROUAG_ROMAISSA.pdf
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I.4.2. Photocatalytic properties 

       Perovskite oxides are one of a number of photocatalytic materials that have shown great 

promise and efficiency as photocatalysts under visible light irradiation, due to their crystalline 

structures and electronic properties. In addition, lattice distortion in perovskite compounds 

strongly influences the separation of photogenerated charge carriers. Several research studies 

have been carried out on perovskite materials such as titanates [24 ,25], vanadium- and 

niobium-based perovskites [26 ,27], have shown excellent photocatalytic activity under UV-

Vis irradiation. 

I.4.3. Catalytic properties 

       Perovskites have been extensively studied in recent years, their catalytic properties also 

opening up a very wide field of use in heterogeneous catalysis, in particular as electrocatalysts 

in fuel cells. Several electrochemical studies concerning the evolution and reduction of 

oxygen on electrodes based on these oxides have been carried out in aqueous alkaline media. 

They revealed very significant electrocatalytic behaviour with regard to the release and 

reduction of molecular oxygen at ambient temperature. It should be noted that this work 

reported that the catalytic activity of perovskites is mainly linked to the synthesis method, the 

composition of the electrode material and the electrical properties of the transition metal in 

these oxides [28] . 

I.5. Generalities on BNT perovskite-type oxide 

I.5.1. History 

       In recent years, the trend towards environmental protection has led to a search for new 

types of ferro piezoelectric materials, lead-free or with a low lead content, which could lead to 

numerous applications in the form of bulk ceramics to replace the family of lead-based 

ceramics (PbZrTiO3(PZT)).  

       In 1956, a Soviet team replaced Pb2+ ions with Bi3+ and Na+ ions in the perovskite 

structure of PZT, to form Bi0.5Na0.5TiO3 (BNT). In 1961, Smolensky et al. reported that these 

ceramics (BNT) have ferroelectric properties. 

https://doi.org/10.1039/C3CC45222K
https://doi.org/10.1016/j.jallcom.2014.11.005
https://doi.org/10.1016/j.ijhydene.2010.08.029
https://doi.org/10.1063/1.4801796
http://archives.univ-biskra.dz/bitstream/123456789/19294/1/Guesmia_Kaouthar_Saadi_Amina.pdf
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       Between 1962 and 1970, there was very little activity in the field of BNT, with only five 

articles on these materials in ceramic form. However, the new guidelines on lead toxicity led 

to renewed interest in BNT as a lead-free ferroelectric material  ]29[ . 

I.5.2. The BNT-type structure 

       BNTs have a complex perovskite structure, in which Bi3+ and Na+ ions occupy the A site, 

while Ti4+ ions occupy the B site of the perovskite unit cell, with the general formula ABO3 

[30] (the vertices of the cube) randomly occupy the bismuth atoms (Bi) or a sodium atom 

(Na), the B position (the centre of the cube) is occupied by titanium (Ti), and an oxygen atom 

(O) is located at the centre of the face. These oxygen atoms form an octahedral site, with a 

titanium atom at its centre. The octahedral sites are connected by vertices; their geometric 

arrangement forms a cube with sodium and bismuth atoms at their centre(fig I.12) [29]. 

 

Figure I.12: (a) BNT perovskite structure; (b) three-dimensional lattice formed by BO6 

octahedra [31] 

I.5.3. The dielectric and ferroelectric properties of BNT 

       At room temperature, the space group of BNT is R3c. Consequently, its point group is 3m 

and it is a pyroelectric (polar) compound. Its spontaneous polarisation is of the order of 

35µC/cm2. What's more, the direction of its polarisation can be reversed by the action of an 

electric field. BNT is therefore a ferroelectric material, whose coercive field measured on 

ceramics is between 6 and 7.5kV/mm, whereas it is lower on single crystals (2.8kV/mm). As a 

ferroelectric material, BNT also has piezoelectric properties. Its piezoelectric coefficients are 

of the order of d33=65pC/N, d31=15pC/N [32] . 

http://archives.univ-biskra.dz/bitstream/123456789/15558/1/Hattna_Souad_et_Hachani_Chaima.pdf
http://archives.univ-biskra.dz/handle/123456789/21406
http://archives.univ-biskra.dz/bitstream/123456789/15558/1/Hattna_Souad_et_Hachani_Chaima.pdf
https://theses.fr/2008LIMO4002
https://theses.fr/2008LIMO4002
https://doi.org/10.1063/1.3275704
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       As a function of temperature, BNT exhibits several phase transitions and, consequently, 

its properties change.  Several authors have shown, using pyroelectric measurements, that 

BNT is ferroelectric up to 200-230°C.   

       However, X-ray and neutron diffraction studies have never revealed a doubling of the 

lattice parameters characteristic of anti-ferroelectric materials. In addition, piezoelectric 

activity was detected above 230°C, attesting to the presence of a non-Centro symmetrical 

phase. 

       This is why suchanicz hypothesised that this phenomenon (double loop) would be the 

response of a system where several phases coexist (rhombohedral and tetragonal) under the 

action of a strong electric field. [33 ,34]. 

I.5.4. Advantages and disadvantages of BNT 

       Despite its good ferroelectric and piezoelectric properties, BNT's main drawback is the 

existence of significant dielectric leakage, which explains the problems generally encountered 

during the material's polarisation process. The high leakage currents observed can result from 

the vaporisation of the bismuth and therefore from the creation of oxygen vacancies, which 

lead to the anchoring of the walls of ferroelectric domains [31,34]. 

       To overcome this problem, two solutions have been envisaged: altering the composition 

of the A site [35] , doping and/or forming solid solutions [36] . 

I.6. Perovskite doping 

 I.6.1. Definition of doping         

        Doping is the action of adding small quantities of impurities to a pure substance in order 

to modify its conductivity properties. 

        The properties of semiconductors are largely governed by the quantity of charge carriers 

they contain. These carriers are electrons or holes. 

       Doping a material involves introducing atoms from another material into its matrix.  

These atoms replace some of the initial atoms and thus introduce more electrons or holes. The 

atoms of the doping material are also called impurities, and are in a dilute phase: their 

concentration remains negligible compared to that of the atoms of the initial material [37] . 

https://doi.org/10.1063/1.3115409
https://books.google.ps/books?id=XzZLtRlUPNoC
https://theses.fr/2008LIMO4002
https://books.google.ps/books?id=XzZLtRlUPNoC
10.1088/0022-3727/38/4/019
10.1109/TUFFC.2009.1224
https://doi.org/10.1016/j.matdes.2004.07.010
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I.6.2. Doping purposes  

        The aim of doping is to modify the intrinsic electronic property of the pure crystal, i.e. 

The crystal whose initial impurity content is largely equal to the concentration of the doping 

element. These impurities may be homovalent, i.e. Have the same valency as the atoms in the 

crystal they replace, or heterovalent, if they have a different valency [38] . 

I.6.3. Doping techniques 

I.6.3.1. Ion implantation doping 

       Ion implantation doping consists of accelerating ionised impurities with an electric field 

to electric field to give them the energy they need to penetrate the material to be doped. This 

method allows a wide variety of doping elements to be used. The single-energy mono-energy 

beam and vacuum chamber make it possible to achieve high reproducibility and localized 

localised doping. In practice, the implanter is an ion accelerator [39] . 

I.6.3.2. Diffusion doping 

Diffusion doping is carried out in an oven. The dopant can be obtained from: 

 Solid source: the sample to be doped is placed in the oven opposite a solid compound 

containing the dopant. The doping atom is then transported to the sample by an inert carrier 

gas. Carrier gas, from the solid compound which sublimates. 

 Liquid source: the carrier gas bubbles through the liquid or brushes against its surface at 

a chosen temperature. The partial pressure of the compound in the gas is equal to the 

vapour pressure of the liquid. 

 Gaseous source: the gas containing the doping species is introduced into the furnace. 

Doping takes place at a temperature of between 850°C and 1,150°C, to allow diffusion of the 

doping species in the material (sample to be doped) [40] . 

I.6.3.3. Doping by laser technique 

       A laser induces a very rapid melting/solidification cycle (of the order of 10-8 S) during 

which the dopant is diffused into the liquid phase. As the rate of diffusion of the dopant is 

very rapid in the liquid phase and negligible in the solid phase, repeating this process makes it 

http://archives.univ-biskra.dz/handle/123456789/6585
https://www.ummto.dz/dspace/bitstream/handle/ummto/13480/Lalam%20Djedjiga.pdf?sequence=1
http://archives.univ-biskra.dz/handle/123456789/19301
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possible to obtain a dopant density greater than the solubility limits obtained using 

conventional techniques [41] . 

I.6.3.4. Doping by epitaxy 

       Epitaxy is the technological process of growing crystal on crystal. The technique 

therefore consists of using the substrate as a crystalline growth seed and growing the layer by 

adding the elements that make up the new layer[39] . 

I.6.4. Classification of doping agents 

       Ferroelectric materials are rarely used for technical or very specific applications in their 

simple formulation: in order to optimise their integration into devices, they are generally 

modified by the addition of one or more foreign cations which will replace the A or B sites of 

the ABO3 perovskite structure and sometimes by anions to replace the oxygen. Dopants are 

generally classified into three categories   [42 , 43] . 

 Isoivalent dopants 

       Isoivalent dopants are ions with the same valency and ionic radii close to those of the 

cations they replace. In the case of BNT, the most commonly used dopants to substitute Bi³⁺ 

at site A are La³⁺, Nd³⁺, Sm³⁺ and other rare earths, while for site B, Ti⁴⁺ can be partially 

replaced by Zr⁴⁺, Hf⁴⁺, Sn⁴⁺. The incorporation of these elements alters the structural 

properties of BNT, increasing or decreasing lattice distortion, which can influence dielectric, 

piezoelectric and Curie temperature (Tᶜ) properties. 

 Acceptor dopants 

       Acceptor dopants in BNT are generally referred to as hard dopants, as they introduce 

charge defects compensated by the creation of oxygen vacancies. Examples include Fe³⁺, 

Co³⁺, Mn³⁺, Ni²⁺, Cr³⁺, Al³⁺ for site B in substitution of Ti⁴⁺. These dopants lead to an increase 

in the coercive field, an improvement in the mechanical quality factor, as well as a reduction 

in permittivity and dielectric losses. 

 Donor dopants 

       Donor dopants, also known as soft dopants, are ions with a higher valence than the cation 

they replace. For BNT, the soft dopants commonly used at site A include La³⁺, Nd³⁺, Sm³⁺, 

while at site B, Nb⁵⁺, Ta⁵⁺, W⁶⁺ are often used to replace Ti⁴⁺. The main effect of these dopants 

http://archives.univ-biskra.dz/bitstream/123456789/14901/1/mahboub_walid.pdf
https://www.ummto.dz/dspace/bitstream/handle/ummto/13480/Lalam%20Djedjiga.pdf?sequence=1
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/j.1151-2916.1973.tb12684.x
http://thesis.univ-biskra.dz/1441/1/Chimi_d4_2015.pdf
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is to improve the electrical conductivity and optimise the ferroelectric and piezoelectric 

properties of BNT. 

 Multi-purpose dopants 

       These are dopants with a variable valency, such as manganese and uranium. These 

additives can change valency (variable oxidation number) to adapt to the valency of the 

vacant site to be occupied [44] . 
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II.1. Introduction 

       This chapter first presents the synthesis and shaping techniques used to prepare ceramics 

with a perovskite structure, with particular emphasis on BNT. It then describes the physico-

chemical characterisation techniques used to analyse its chemical, structural, microstructural 

and electrical properties. 

       The growing interest in lead-free ferroelectric materials, particularly BNT and its 

derivatives, has led to the development of various synthesis methods tailored to their specific 

properties. The choice of manufacturing technique depends not only on the composition of the 

material, but also on its final state (grain size, porosity, surface finish, homogeneity, etc.), 

particularly on an industrial scale. To save energy and optimise performance, low-temperature 

synthesis methods are preferred. 

       Among the various approaches, the molten salts method stands out as an effective 

alternative for the preparation of BNT. Unlike the traditional ceramic method based on solid-

phase reaction, this technique significantly lowers the synthesis temperature by using salts as 

melting agents. 

       The process for making BNT using this method involves several essential steps: 

 Preparation of the mixture of precursors and melting salts. 

 Heat treatment to induce the BNT-forming reaction. 

 Washing and removal of residual salts. 

 Characterisation and shaping of the final material. 

       Powder preparation and control of heat treatment conditions are critical parameters in this 

process. The purity, morphology and particle size distribution of the powder obtained directly 

influence the final properties of the BNT, as do the choice of melting salts and calcination 

parameters. 

      This approach makes it possible to obtain well-crystallised, homogeneous powders of 

controlled size, while reducing energy consumption compared with conventional methods. 
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II.2. The Molten Salt method  

       Molten salt’ is any ionic medium made up of inorganic anions and cations between which 

strong electrostatic interactions hold the liquid together [1] . 

       Molten salt synthesis, one of the methods for preparing ceramic powders, involves using a 

molten salt as a medium to prepare complex oxides of their constituent materials (oxides and 

carbonates). Salt with a low melting point is added to the reactants and heated above the melting 

point of the salt [2] . The molten salt acts as a solvent instead of water to form the oxide [3] . 

       In molten salt synthesis, a large amount of salt is used as a solvent to control powder 

characteristics (size, shape, etc.). Typical examples of salts used in molten salt synthesis are 

chlorides and sulphates [2] . In many experiments, the eutectic composition (0.5 NaCl - 0.5 

KCl) of a salt mixture is often used and has a lower temperature than the liquid formation 

temperature. While the melting point of NaCl and KCl is 801 C° and 770 C°, for the eutectic 

composition it is 650 C° [4] . 

II.2.1. The advantages of the molten salt synthesis MSS 

 Simplicity: 

        The MSS process can be easily carried out in a simple laboratory with basic facilities. No 

sophisticated instrumentation is needed. Precursors and molten salts are air stable with no need 

for glove box handling [5] . 

 Reliability:  

       Once all initial synthesis parameters such as concentration, pH, processing time, and 

annealing temperature are optimized, high-quality and pure products are assured when using 

the MSS method [5] . 

 Scalability: 

       The MSS method's ability to produce large quantities of size- and shape-controlled particles 

is crucial. This critical factor is important because it allows for the determination of industrial 

usefulness and efficiency. Compared to other synthesis techniques, MSS can easily generate a 

https://doi.org/10.1016/j.ssi.2005.06.033
https://doi.org/10.1016/j.ssi.2005.06.033
https://theses.insa-lyon.fr/publication/2003ISAL0029/these.pdf
https://theses.hal.science/tel-00009068v1/document
https://theses.insa-lyon.fr/publication/2003ISAL0029/these.pdf
https://etda.libraries.psu.edu/files/final_submissions/2695#page=103
https://pmc.ncbi.nlm.nih.gov/articles/PMC6235615/pdf/jove-140-58482.pdf
https://pmc.ncbi.nlm.nih.gov/articles/PMC6235615/pdf/jove-140-58482.pdf
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sufficient amount of products by adjusting stoichiometric amounts during the process. This is 

an important feature of the method because it allows for convenience at the industrial level, 

making it a more desired approach due to this scalability [6 ,7]. 

 Generalizability: 

        The MSS method is also a generalizable technique to produce nanoparticles with various 

compositions. Other than simple metal oxides and some fluorides, nanomaterials of complex 

metal oxides that have been successfully synthesized by the MSS method include perovskites 

(ABO3) [5] . More specifically, these nanomaterials include ferrites, titanates, niobates, mullite, 

[8,6,9]. The MSS method has also been used to produce nanomaterials of various morphologies 

such as nanospheres, ceramics powder bodies, nanoflakes, nanoplates, nanorods, and core-shell 

nanoparticles, depending on synthesis conditions and crystal structure of the products [5] . 

 

 Figure II .1: Generalizability of the Molten Salts Synthesis Method in Nanomaterial 

Morphologies  

 Environmental friendliness:  

       Several traditional methods for making nanomaterials involve the use of large amounts of 

organic solvents and toxic agents that generate environmental issues. The partial or total 

elimination of the use of them and the generation of waste by sustainable processes is in demand 

of green chemistry nowadays [10] .The MSS method is an environmentally friendly approach 

https://doi.org/10.1016/j.powtec.2014.04.076
10.1021/ja038192w
https://pmc.ncbi.nlm.nih.gov/articles/PMC6235615/pdf/jove-140-58482.pdf
https://doi.org/10.1016/j.ceramint.2017.06.150
https://doi.org/10.1016/j.powtec.2014.04.076
https://doi.org/10.1016/j.ceramint.2015.12.054
https://pmc.ncbi.nlm.nih.gov/articles/PMC6235615/pdf/jove-140-58482.pdf
http://nathan.instras.com/ResearchProposalDB/doc-218.pdf
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to synthesize nanomaterials by employing nontoxic chemical and renewable materials and 

minimizing waste, byproducts, and energy [5] . 

 Relative low synthesis temperature: 

      The MSS method has a low processing temperature compared to conventional methods. 

This helps save energy during the preparation process while producing high quality 

nanoparticles. 

 Cost effectiveness: 

        The MSS method does not require any harsh or costly reactants or solvents nor any 

specialized instrumentation. Water is the main solvent used for washing away the used molten 

salts, which are also cheap. Moreover, experimental setup needed includes only simple 

glassware and a furnace without specialized instrumentation, while nanomaterials with complex 

composition and refractory nature can be produced [5] . 

II.2.2. The important purpose of using molten salts synthesis 

 To prepare powders for sintering. 

 To prepare an isometric particle [11] . 

II.2.3. The role of molten salts 

 To increase the reaction rate and lower the reaction temperature. 

 To increase the degree of homogeneity (the distribution of constituents in the solid 

solution). 

 To control the particle size. 

 To control the shape of the particle. 

 To control the state of agglomeration [11] . 

II.3. Experimental procedure 

II.3.1. Starting products 

       Our BNT solid solution is prepared from a mixture of starting products (base oxides and 

dopants). 

https://pmc.ncbi.nlm.nih.gov/articles/PMC6235615/pdf/jove-140-58482.pdf
https://pmc.ncbi.nlm.nih.gov/articles/PMC6235615/pdf/jove-140-58482.pdf
https://books.google.dz/books?id=HmmQDwAAQBAJ&lpg=PA75&ots=WQEI0uXtDo&dq=T.Kimura.%20Molten%20Salt%20Synthesis%20of%20Ceramic%20Powders%2C%20Advances%20in%20Ceramics%20Synthesis%20and%20Characterization%2C%20Processing%20and%20Specific%20Applications%20%20%20%20%20University%20Keio%2C%20Japan%2C2011.&lr&hl=ar&pg=PA75#v=onepage&q=T.Kimura.%20Molten%20Salt%20Synthesis%20of%20Ceramic%20Powders,%20Advances%20in%20Ceramics%20Synthesis%20and%20Characterization,%20Processing%20and%20Specific%20Applications%20%20%20%20%20University%20Keio,%20Japan,2011.&f=false
https://books.google.dz/books?id=HmmQDwAAQBAJ&lpg=PA75&ots=WQEI0uXtDo&dq=T.Kimura.%20Molten%20Salt%20Synthesis%20of%20Ceramic%20Powders%2C%20Advances%20in%20Ceramics%20Synthesis%20and%20Characterization%2C%20Processing%20and%20Specific%20Applications%20%20%20%20%20University%20Keio%2C%20Japan%2C2011.&lr&hl=ar&pg=PA75#v=onepage&q=T.Kimura.%20Molten%20Salt%20Synthesis%20of%20Ceramic%20Powders,%20Advances%20in%20Ceramics%20Synthesis%20and%20Characterization,%20Processing%20and%20Specific%20Applications%20%20%20%20%20University%20Keio,%20Japan,2011.&f=false


Chapter   II                             Experimental Techniques                                

 

 

 
31 

 
 

II.3.1.1. Base oxides 

       The base oxides used in the synthesis of our samples are: Bi2O3, Na2CO3, TiO2. 

 Bismuth (III) oxide Bi2O3 

                                                                    

 

 

 

 

 

 

Figure II.2 : Bismuth trioxide powder 

       Bismuth trioxide, with the formula Bi2O3, is a yellow crystalline powder (fig II.2). The 

most stable degree of oxidation of bismuth is degree (III) Bismuth oxide (Bi2O3) has several 

allotropic varieties (phases) Their main crystallochemical characteristics are presented in (Table 

II.1). 
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Table II.1: The main crystallochemical characteristics of Bismuth trioxide Bi2O3 

   

The phase System Mesh parameters (Å) 

α-Bi2O3 Monoclinic a = 5,83 Å, b = 8,14 Å,  

c = 13,78 Å  

 And β = 113° 

β-Bi2O3 Tetragonal  a = 10,93 Å  

 c = 5,62 Å 

γ-Bi2O3 Cubic centred a = 10,08 Å 

δ-Bi2O3 Face-centred cubic a= 5,53 Å 

w-Bi2O3 Triclinic a =7 ,268Å, b = 8 ,639Å, 

 c = 1 1,969 Å, And α = 

87,71°, β= 93,22°γ= 86,65° 

ε-Bi2O3 Orthorhombic a = 4,955 Å , b = 5,585 Å , 

 c = 1 2,729 Å 

 

 Sodium carbonate Na2CO3 

 

Figure II.3: Sodium carbonate powder 



Chapter   II                             Experimental Techniques                                

 

 

 
33 

 
 

       Sodium carbonate Na2CO3 is an inorganic compound with a molar mass of 105.99 g/mol. 

It appears as a white (fig II.3), odorless powder and is highly soluble in water. It crystallizes in 

the monoclinic crystal system. It has a melting point of 851°C and a boiling point of 

approximately 1600°C.The density of anhydrous sodium carbonate is 2.54 g /cm3. 

 Titanium dioxide TiO2 

 

Figure II.4: Titanium dioxide powder 

       This is a white powder when cold and yellow when hot. It has a melting point of 2000°C 

and a boiling point of 3000°C. The rutile TiO2 has a quadratic structure and parameters a= 4.59 

Ǻ and c= 2.96 Ǻ [12] . 

II.3.1.2. Dopants 

       The ABO3 perovskite structure of BNT was chosen as the basis for this study. The dopants 

at site B are fixed, while at site A, Sm2O3 is introduced in different proportions with 

x=0.00;0.02;0.04;0.06. 

 

 

 

 

 

https://www.eyrolles.com/Sciences/Livre/symetrie-et-structure-9782711789955/
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II.3.1.2.1. Doping at site A 

 Samarium oxide Sm2O3 

 

Figure II.5: Samarium oxide powder 

       Samarium oxide Sm2O3 is a white powder (fig II.5), a high-k dielectric rare-earth 

sesquioxide, with a density of 8.43g/cm3, and melting and boiling points of 2335 °C and 4118 

°C respectively [13] . 

II.3.1.2.2. Dopings at site B 

 Zirconium dioxide ZrO2 

 

 
Figure II.6: Zirconium dioxide powder 

https://doi.org/10.1016/j.snb.2014.06.038
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       It is a white powder with good hardness (fig II.6), good thermal shock and corrosion 

resistance and low thermal conductivity [14] . 

       It has a fluorite-type structure. The mesh is monoclinic with parameters a =5.14 Ǻ, b = 5.20 

Ǻ, and c = 5.21 Ǻ, β = 80, 45°.It Presents a melting point at 2677°C and a boiling point at 

3500°C [15]  . 

 Zinc oxide ZnO 

 

Figure II.7: Zinc oxide powder 

       It is a white powder with a ZnO molar mass equal to 81.389 g/mol, a melting point of 1975 

°C and a density of 5.642 g/cm3. 

 Iron oxide Fe2O3 

 

Figure II.8: Iron oxide powder 

10.1111/j.1151-2916.1958.tb12903.x
https://core.ac.uk/download/pdf/185521382.pdf
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       It is obtained by heating FeO (H2O) to a temperature of 200°C, its colour is red-brown and 

it is used in low-temperature pastes and enamels [16] . 

 Indium oxide In2O3   

 

 

Figure II.9: Indium oxide powder 

       Indium oxide In2O3 is a yellow powder with a molar mass of 277.633 g/mol. It has a high 

melting point of 1910°C, making it thermally stable. With a mass density of 7.18 g/cm³, it is 

relatively dense. Indium oxide is insoluble in water. 

II.3.2. Powder preparation 

II.3.2.1. Weighing and mixing 

       The starting powders are weighed and mixed in stoichiometric quantities according to the 

reaction equation. This mixing can be done in an acetone medium in a beaker, and the powder 

from the mixture is homogenised using a magnetic stirrer for 7 hours. The paste obtained was 

then dried at 110°C in an oven for 3 hours. Finally, the powder is ground in a glass mortar for 

30 minutes to obtain a fine granulometry. It should be noted that we chose acetone because it 

has a low evaporation point, which makes drying easier, and also because it does not react with 

any of the products in the mixture.  

II.3.2.2. Grinding with salts     

       The obtained powder was mixed with a large amount of NaCl and KCl and ground for 3 

hours and 30 minutes in a glass mortar. 

http://thesis.univ-biskra.dz/361/1/elaboration_et_caracterisation_de_ceramique.pdf
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Figure II.10: Grinding in a glass mortar  

 Sodium chloride NaCl 

                                  

                                       Figure II.11:  Sodium chloride 

        Sodium chloride is a white powder with a melting point of 801 °C and a boiling point of 

1413 °C. Its mass density is 2.16 g/cm³. It is soluble in water. 
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 Potassium chloride KCl  

 

Figure II.12:  Potassium chloride 

       Potassium chloride is a white powder with a melting point of 770 °C and a boiling point 

of 1420 °C. Its mass density is 1.98 g/cm³. It is soluble in water. 

II.3.2.3. Heat treatment 

       Heat treatment, also called calcination, is carried out at around 900°C for four hours in a 

programmable furnace with a heating rate of 2°C/min. Calcination is used to form the 

perovskite phase.  

       For this purpose, the samples are placed on a ceramic plate and subjected to a thermal cycle 

during which, through solid-phase diffusion phenomena, they react and form the desired phase 

[17] . 

http://thesis.univ-biskra.dz/1192/1/chimi_d1_2015.pdf
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Figure II.13:  Programmable furnace for calcination 

 

 

Figure II.14:  Thermal cycle of the calcination process 
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Figure II.15:  Transformation of powder before and after heat treatment 

II.3.2.4. Grinding and drying procedure of pellets  

       We ground the pellets by adding a small amount of hot water to facilitate the process, then 

dried them completely in an oven at 110°C. After that, they were ground for 20 minutes to ease 

the washing process. 

                 

Figure II.16:  Pellets before and after grinding process  

II.3.2.5. Salt washing  

       After heating, the product mass is washed with a suitable solvent to remove the salt. In 

general, this is water, which means that water-soluble salts are generally used in the synthesis 

of molten salts. The solubilities of chlorides and sulphates are generally high and washing with 

water two or three times seems sufficient to remove all the salt. However, dissolved salt ions 

After  

calcination 

After 

grinding 
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can adsorb onto the surfaces of product particles, in which case repeated washing is necessary. 

Chloride ions are sometimes detected by an Ag+ (Silver nitrate) solution even after ten washes.       

       To desorb the ions effectively, we recommend using hot water rather than cold water. After 

washing, the supernatant water is decanted and the remaining powder is dried [11] .  

 

Figure II.17: Salt washing process for removing dissolved salts 

II.3.2.6. Drying 

       This stage consists of drying the mixture obtained at a temperature of 95°C for four hours 

in an oven until the water evaporates. The compounds are again in powder form. 

 

Figure II.18: Oven drying 

https://books.google.dz/books?id=HmmQDwAAQBAJ&lpg=PA75&ots=WQEI0uZyzk&dq=T.%20Kimura.%20Advances%20in%20Ceramics%20-%20Synthesis%20and%20Characterization%2C%20Processing%20and%20Specific%20Applications.%20Vol%2044%2C%20p78.Keio%20University-Japan.2011.&lr&hl=ar&pg=PA75#v=onepage&q&f=false
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Figure II.19: Powder before and after drying  

II.3.2.7. Regrinding 

Ce broyage est réalisé dans les mêmes conditions de premier broyage, pendant 4 heures. La 

poudre est rebroyée afin de réduire la taille des grains, de l’homogénéiser et d’augmenter sa 

réactivité [3] . 

 

Figure II.20: Regrinding of the powder in a glass mortar 

II.3.2.8. Shaping 

       The samples are shaped under uniaxial pressure of 1.1g powder weight at 3000Kg/cm2 

using a hydrostatic press. The samples then take on cylindrical shapes of fixed diameter 13 mm 

and variable thickness depending on the force applied [15]  . 

After 

drying 

https://theses.hal.science/tel-00009068v1/document
https://core.ac.uk/download/pdf/185521382.pdf
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Figure II.21: The hydrostatic press used to prepare the pellets 

 

Figure II.22: Pellets before sintering 

II.3.2.9. Sintering 

       Sintering, a generic term encompassing all the physical processes that enable a powdery 

material to become a material with a certain mechanical strength, can in some cases take place 

naturally without the action of an external constraint, simply by increasing the temperature [18]. 

Sintering is defined as the heat-induced consolidation of a more or less compact granular 

agglomerate, with or without fusion of one or more components [15]  . 

http://thesis.univ-biskra.dz/1441/1/Chimi_d4_2015.pdf
https://core.ac.uk/download/pdf/185521382.pdf
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        Sintering samples is a delicate operation, depending essentially on two parameters: 

temperature (kinetic and palpy) and sintering atmosphere. These two parameters have a direct 

influence on the density, grain size and compositional homogeneity of the material [17] . 

       The aim of this heat treatment is to complete the formation of the crystalline phase and 

allow the ceramic to condense. This process involves heating the material to a high temperature, 

but below the melting temperature. The aim is to grow the bonds between the grains leading to 

cohesion and size reduction.  The selected sintering temperatures are 1000°C, 1050°C, 1100°C 

and 1150°C at a heating rate of 2°C/min for 4hours.  

 

Figure II.23: Schematic diagram of sintering cycles 

 

 

 

 

 

http://thesis.univ-biskra.dz/1192/1/chimi_d1_2015.pdf
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II.4. Structural characterisation techniques for calcined powders and 

sintered ceramics 

II.4.1. Study of the structure by X-ray diffraction 

       X-ray diffraction is considered to be a key technique for resolving crystalline structures 

due to its high sensitivity to changes in the elemental lattice of crystals or polycrystalline 

materials. 

       Sample preparation seems to be one of the essential parameters for obtaining good quality, 

reproducible results, as the three main pieces of information obtained from diffraction data are 

influenced by the sample [19 , 20]: 

 The position of the lines. 

 The intensity of the lines. 

 The shape of the lines. 

       Figure II.24 shows a schematic representation of a powder diffractometer with a Bragg-

Brentano reflection arrangement, used to measure the angles at which diffraction occurs in the 

case of pulverised samples. A sample in the form of a solid plate rests on a support so that it can 

rotate on its axis, which is perpendicular to the plane of the page. 

       A beam of monochromatic X-rays is projected from the X-ray source and the intensity of 

the diffracted beams is measured using a detector. The sample, X-ray source and detector are 

all coplanar. 

https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=deb16d2a84927504b99a82b956a0860f01943032
http://archives.univ-biskra.dz/bitstream/123456789/29231/1/Hachemi_Fadoua_Aridj.pdf


Chapter   II                             Experimental Techniques                                

 

 

 
46 

 
 

 

Figure II.24: Diagram showing the main components of an automatic diffractometer 

       In the so-called 2θ configuration, the X-ray tube and detector move symmetrically, each 

making a (variable) angle θ with the horizontal surface of the sample. When an angle 

corresponding to a family of planes (hkl) under Bragg conditions is reached, the detector 

registers an increase in diffracted intensity. Diffractograms (I= f (2θ)) are then obtained and 

compared with the X-ray diffraction spectra of powdered reference materials in the Joint 

Committee on Powder Diffraction Standards (JCPDS crystallographic database), to determine 

the phase or phases under which the sample crystallised. Bragg's law is an empirical law that 

accounts for the constructive interference between the scattered beams. Which the diffraction 

maxima are observed [21] : 

                                                                                                                                    Eq. II.1 

dhkl: the characteristic reticular distance of the atomic planes (hkl). 

n: interference order (integer). 

λ: the radiation wavelength. 

θ: the angle of incidence of the X-rays on the reticular plane (hkl). 

 

https://theses.hal.science/tel-00879222v1/document
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 Experimental set-up 

       Radio crystallographic analysis of the samples at room temperature was carried out using 

a (XRD, PANalytical EMPYREAN) diffractometer. This diffractometer is characterised by X-

rays that were produced from a Cu Kα radiation source with a wavelength =1.540598 Å, 

within an angular range of 10° to 80°, in steps of 0.02°. 

 

Figure II.25: X-ray diffractometer: XRD, PANalytical EMPYREAN. 

II.4.2. Measurement of density (d) 

       The density of ceramics is defined as the mass per unit volume. The quality of the material 

increases as the density increases, and the density increases as the sintering temperature 

increases [22] .  

       The structural and physical properties of a ceramic are related to its density. 

       To determine the optimal sintering temperature, specific samples were selected for density 

analysis. Geometric measurements, including the diameter and thickness of each pellet, were 

carried out. The samples were analyzed at four different temperatures: 1000, 1050, 1100, and 

1150°C. These measurements were performed using a caliper to ensure optimal precision. 

https://doi.org/10.1016/S0272-8842(99)00099-1
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       The density (d) is calculated by the formula: 

                                                                                                    Eq. II.2 

Where: 

m: Mass of the pellet (g). 

ϕ: Pellet diameter (cm). 

e: Pellet thickness (cm). 

II.4.3. Measurement of porosity (P) 

       The mechanical properties of ceramics are influenced by porosity, so the point of studying 

porosity is to obtain less porous ceramic samples with good mechanical properties. 

       Porosity is calculated as follows: 

 

                                                                                                  Eq. II.3 

And 

                                                                                                Eq. II.4 

 

dexp: Experimental density of composition (g/cm3). 

dth: Theoretical density of composition (g/cm3). 

       The theoretical density of the material is obtained from geometric measurements, while the 

experimental density is obtained from the results of X-ray diffraction providing the lattice 

parameters. 

                                                                                             

                                                                                                Eq. II.5 
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With: 

m: Mass of the pellet (g). 

ϕ: Pellet diameter (cm). 

e: Pellet thickness (cm). 

                                                                                                              

                                                                                                                       Eq. II.6 

With: 

M: Molar mass of the sample. 

Z: Number of form units per mesh. 

N: Avogadro number. 

V: Mesh volume. 

II.4.4. SEM analysis 

 Principle of the analysis 

       Scanning electron microscopy (SEM) is an analysis technique based on electron-matter 

interactions, enabling high-resolution images to be produced of the surface or slice of a sample. 

 Experimental set-up 

       It works as follows: in a vacuum chamber, a beam of electrons accelerated by an electric 

field and focused by magnetic lenses scans the surface of the sample, which in response emits 

secondary, backscattered Auger electrons and X-rays. Because of their low energies (around 50 

eV), secondary electrons (SE) are emitted in the surface layers close to the surface. They can 

be easily deflected with a low potential difference and collected by the detectors to form a 

topographic image of the sample surface. (the shape, grain size and microporosity of ceramics) 

at a wide range of magnifications. Backscattered electrons (BSE) are electrons that result from 

the quasi-elastic interaction of electrons in the primary beam with the nuclei of atoms in the 

sample and are re-emitted in a direction close to their original direction. They have a relatively 
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high energy, much higher than that of secondary electrons (up to 30 keV). This type of electron 

is generally sensitive to the atomic number of the atoms making up the sample. Indeed, areas 

formed by heavy atoms have the particularity of re-emitting more electrons than those formed 

by light atoms and therefore appear brighter. This is known as chemical contrast or atomic 

number. Backscattered electrons can therefore provide images for qualitative chemical analysis 

of a sample (chemical homogeneity) [23] . 

 

Figure II.26: Main components of a scanning electron microscope 

II.4.5. FTIR analysis 

 Principle of the analysis 

       Fourier Transformed Infra-Red Spectroscopy (FTIR) is based on the absorption of infrared 

radiation by the sample being analysed. In cramics with a perovskite structure, infrared 

absorption spectra can be used to identify the B-O and O-B-O bonds of the ABO3 structure 

http://thesis.univ-biskra.dz/3867/1/Z%20Necira%20Th%C3%A8se%202018.pdf
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[23,24], thus confirming the formation of the perovskite phase we are looking for. The physical 

quantity placed on the ordinate of these infrared spectra can be either the transmission: 

                                                                 T = I / I0                                                            Eq. II.7 

or the absorbance:  

                                                                 A = - log(T)                                  Eq. II.8 

       Where I0 and I represent respectively the incident and transmitted intensities of the sample. 

 Experimental set-up 

       The samples to be analysed are in pellet form. They are prepared by mixing 0.2 g of KBr 

(dried) and 0.001 g of the sample, which is ground in an agate mortar and then compressed by 

a hydraulic press. A Agilent Cary 630 FTIR (Fourier Transform spectrophotometer) was used 

for simultaneous analysis in the wavelength range 400-4000 cm-1. 

 

  

http://thesis.univ-biskra.dz/3867/1/Z%20Necira%20Th%C3%A8se%202018.pdf
https://doi.org/10.1103/PhysRev.105.1740
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II.5. Photocatalysis  

II.5.1. Introduction 

       The contamination of water by pollutants of various origins is a topical problem. This 

contamination serves to upset the biological balance, making the water susceptible to 

environmental damage. They cause the loss of agricultural land and impact on flora and fauna.  

There are many pollutants that affect water quality. These include hydrocarbons, phenols, 

organic acids and dyes, all of which are toxic and have serious effects on the environment and 

on human beings. The textile industry significantly contributes to water pollution by consuming 

large amounts of water. It generates waste rich in recalcitrant organic molecules, leading to 

issues such as discoloration, high toxicity, and elevated conductivity. 

        These discharges pose enormous problems for human health and the environment because 

of their stability and low biodegradability. It is therefore necessary to treat these effluents before 

they are discharged into the sewer system. 

       To address this issue, photocatalysis emerges as a promising solution for eliminating 

organic pollutants from water. The principle of catalytic photodegradation is based on the 

natural phenomenon of photolysis, which occurs in the environment when the conditions 

necessary for photochemical reactions to take place are present [25] . 

II.5.2. Dyes 

II.5.2.1. Definition of a dye  

       By definition, a dye is a strongly coloured substance that interacts with the medium into 

which it is introduced, colouring it by dissolving and dispersing. The medium into which it is 

introduced, colouring it by dissolving and dispersing. 

       According to Larousse, a dye is a coloured substance, natural or synthetic, which, when 

brought into contact with a support under appropriate conditions, fixes itself on the support in 

a durable manner, imparting a certain colour. 

https://iwra.org/congress/2008/resource/authors/abs221_article.pdf
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       Dyes have the power to give a certain colour to a product. This colour is due to light waves. 

A compound appears coloured when it absorbs radiant energy corresponding to the visible 

spectrum (380 to 750 nm) [26] . 

II.5.2.2. Classification of dyes  

       Dyes can be classified according to a chemical classification or a functional classification. 

 The chemical classification depends on the chemical structure of the dye, more  

precisely on the nature of its chromophore group. 

 The functional classification is based on the mode of use and application of the dye,  

which in turn depends on its auxochrome group. 

       The common chromophores and auxochromes are summarized in Table II.2: 

Table II.2: Main chromophore and auxochrome groups, ranked by increasing intensity 

[26] 

  

Chromophore groups Auxochrome groups 

Azo (-N=N-) Amino (-NH2) 

Nitroso (-NO or–N-OH) Methylamino (-NHCH3) 

Carbonyl (=C=O) Di methylamino (-N(CH3)2) 

Vinyl (-C=C-) Hydroxyl (-HO) 

Nitro (-NO2 or=NO-OH) Alkoxyl (-OR) 

Sulphide (>C=S) Electron donor groups 

 

II.5.3. Photocatalysis 

II.5.3.1. Definition of photocatalysis 

       Photocatalysis or photocatalytic reaction is defined, as a chemical reaction induced by 

photo absorption of a solid material, or “photocatalyst,” which remains chemically unchanged 

during and after the reaction. In other words, the solid acts catalytically, without any changes 

http://dspace.univ-bouira.dz:8080/jspui/bitstream/123456789/4372/1/Valorisation%20des%20carapaces%20des%20crevettes%20dans%20la%20d%C3%A9pollution%20des%20eaux%20%20Extraction%20du%20chitosane%20et%20optimisation%20des%20proc%C3%A9d%C3%A9s..pdf
http://dspace.univ-bouira.dz:8080/jspui/bitstream/123456789/4372/1/Valorisation%20des%20carapaces%20des%20crevettes%20dans%20la%20d%C3%A9pollution%20des%20eaux%20%20Extraction%20du%20chitosane%20et%20optimisation%20des%20proc%C3%A9d%C3%A9s..pdf
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in its composition or structure, under photoirradiation, and this explanation may be consistent 

with most other definitions [27] . 

II.5.3.2. Principles and mechanisms of photocatalysis 

       A catalyst is a substance that accelerates the rate of a chemical reaction without being 

consumed during the reaction [28] . In photocatalysis, photogenerated electrons are accelerated 

in the presence of a catalyst [29] .The International Union of Pure and Applied Chemistry 

(IUPAC) describes photocatalysis as a modification of the rate or initiation of chemical 

reactions under UV, visible or infrared (IR) irradiation in the presence of a photocatalyst that 

absorbs light and participates in the chemical transformation of the reactants in the reaction 

[30]. The light excites the photocatalyst and the reaction rate without consuming the 

photocatalyst [31] . Photocatalysis has a wide range of applications, from environmental 

remediation to medicine and processes leading to the degradation of various pollutants such as 

phenols, alkanes, alkenes, aromatics, pesticides, organic contaminants [31] and heavy metals 

[32] . 

       The photocatalytic process using semiconductor materials (SC) involves various stages, as 

shown in Figure II.4. Photons whose energy is greater than or equal to the energy of the band 

gap (Eg) of a given SC photocatalyst are absorbed, creating electron-hole pairs (e-, h+). The 

electron (e-) migrates to the BV, leaving behind a complementary hole (h+) in the BC. The e- 

and h+ created catalyse redox reactions at the surface of the photocatalysts, leading to the 

degradation of contaminants [33] . 

https://doi.org/10.1016/B978-0-12-385904-4.00001-9
https://doi.org/10.1016/S0926-3373(01)00141-2
https://doi.org/10.1016/B978-0-12-813926-4.00029-X
https://www.degruyter.com/document/doi/10.1351/PAC-REC-09-09-36/html
https://www.degruyter.com/document/doi/10.1351/PAC-REC-09-09-36/html
https://www.sciencedirect.com/book/9780128104996/advanced-oxidation-processes-for-waste-water-treatment
https://www.sciencedirect.com/book/9780128104996/advanced-oxidation-processes-for-waste-water-treatment
https://link.springer.com/article/10.1007/s10661-019-7300-z
http://thesis.univ-biskra.dz/6620/1/these%20chaima%2026-10-2024.pdf
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Figure II.27: Photocatalytic mechanism for environmental remediation applications 

       The positive holes can interact with electron donor species or OH- radicals to form hydroxyl 

radicals (OH.), which belong to the oxidising radicals, while the electrons react with oxygen to 

form superoxide radicals (O2 
-), potentially creating several reactive oxidation species (-OH,        

-O2, H2O2, O2). However, the main limitation of the process occurs when the photo-induced 

charge carriers recombine without participating in the reactions, i.e. when their lifetime remains 

negligible. Several approaches, such as doping, heterostructure or heterojunction formation, can 

be used to improve the lifetime of photogenerated charge carriers and overcome this limitation 

[34 , 35]. 

        The redox reactions supported by a SC semiconducting photocatalyst follow reactions 

dedicated to the degradation of pollutants in water. These include, 

                                   Photocatalyser + photons (hv) = e- + h+                   Eq. II.9                                                  

                                   O2 + e- = O2
-                                                         Eq. II.10 

                                   H2O + h+ = OH• + H+                                         Eq. II.11 

                                   OH- + h+ = OH•                                                  Eq. II.12 

                                   O2
- + 2H+ + 2e- = H2O2                                      Eq. II.13 

https://iopscience.iop.org/article/10.1143/JJAP.44.8269/pdf
https://doi.org/10.1016/j.apcatb.2010.08.015
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                                   2e- + H2O2 = OH• + OH-                                               Eq. II.14 

                                   Pollutant + e- = products (reduction)              Eq. II.15 

                                   Pollutant + h+ = products (oxidation)             Eq. II.16 

II.5.3.3 Factors affecting the efficiency of the photocatalytic process 

       Several factors influence the efficiency of the photocatalytic process 

 pH 

 Initial contaminant concentration 

 Radiation intensity 

 Catalyst dosage 

       Photocatalytic reactions can be homogeneous or heterogeneous, depending on the medium 

used for the reactions. 

 Homogeneous photocatalysis occurs when the catalyst and the reagent are in the same  

phase, for example the ozone and Fenton photo- systems [33] . 

 Heterogeneous photocatalysis means that the catalyst is solid, while the fluid medium   

in which it operates may be gaseous, liquid or even aqueous [36] . 

       In this chapter, we use BNT photocatalysis to degrade two organic dyes: methylene blue 

and rhodamine. 

A) Preparation of the solutions 

       A stock solution of each dye was prepared by dissolving 0.5 g of dye in a 1 L volumetric 

flask, giving a mass concentration of 0.5 g/L. 

       To obtain a dilute solution, 1 mL of the stock solution was taken and added to a 100 mL 

volumetric flask, giving the correct concentration for the experiment. 

 

 

http://thesis.univ-biskra.dz/6620/1/these%20chaima%2026-10-2024.pdf
https://new.societechimiquedefrance.fr/wp-content/uploads/2019/12/2015-397-398-juin-juillet-p78-hermann_hd.pdf
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 Methylene blue 

 

Figure II.28: The chemical structure of methylene blue 

       Methylene blue dye is a cationic dye that exists as a dark green powder. It is commonly 

used as a model for organic contaminants because of its stable molecular structure. 

Table II.3: Main physico-chemical characteristics of Methylene Blue 

Chemical name  3,7-Bis (dimethyl amino) chloride Phenazathionium 

Family Basic dye 

Solubility in water (g/l) at 20°C 40 

λmax (nm) 665-662 

Melting point (°C) 180 

 

 

Figure II.29: Evolution of Methylene Blue before and after dilution 
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B) Conduct of the experiment 

 Control (reference sample): 

       4 mL of the diluted solution was placed in a test tube, marked with the number 0 (control 

sample, without photocatalyst). 

 Contact with the photocatalyst: 

       0.1 g of BNT powder was weighed and added to the remaining diluted solution. The 

mixture was wrapped in aluminium foil and placed in a dark room under agitation for 30 

minutes, to ensure adsorption of the dye molecules onto the surface of the catalyst in the 

absence of light. 

A first sample (4 mL) was taken after this period and recorded as 1. 

 Exposure to light 

       The entire mixture was then exposed to sunlight under continuous agitation. Every 15 

minutes, a 4 mL sample was taken and placed in a sequentially numbered test tube. A total of 

14 test tubes were collected, corresponding to the different light exposure times.  

       This procedure makes it possible to assess the effectiveness of BNT as a photocatalyst by 

monitoring the degradation of the dyes as a function of time. 

II.5.4. UV-visible spectroscopy 

 Principle 

       UV-visible spectrophotometry measures the amount of light absorbed at each wavelength 

in the ultraviolet and visible bands of the electromagnetic spectrum. The absorbance of light 

causes electrons to move from a lower energy level, the stable state, to a higher energy level in 

the excited state [37] . 

https://dspace.univ-guelma.dz/xmlui/handle/123456789/11677
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Figure II.30: Electronic transition states in UV-Visible spectroscopy 

       In a spectrophotometer, a beam of light passes through the sample and a detector measures 

the intensity before and after absorption (I0 and I) at each wavelength. This is quantitative 

spectroscopy, governed by Beer-Lambert's law if the solution is sufficiently dilute: 

                                                       A =Log I/I0= ε l c                        Eq. II.17 

A : Absorbance. 

ε: Absorbance coefficient (mol-1. l.cm-1).  

I: Length of cell in cm. 

C: Concentration of the solution in mol. L-1. 
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Figure II.31: Operating principle of the UV-Visible spectrophotometer 

       The UV-visible spectrum is made up of the absorbance curve as a function of wavelength: 

Log (I/ I0) = f(λ), λ being expressed in nm. 

       It takes the form of broad bands characterised by their wavelengths at the absorption 

maximum (λ max) and their absorbance coefficients (ε)[37] . 

A) Optical absorption 

       In the process of optical absorption, the energy of an absorbed photon is transferred to an 

electron, causing it to move from the valence band (VB) to the conduction band (CB). The 

difference in energy between the top of the valence band (VBM) and the bottom of the 

conduction band (CBM) is defined as the band gap energy (Eg), often referred to as the ‘gap’. 

Absorption only occurs when the energy of the photon (hυ) exceeds the band gap energy (Eg) 

[38] . 

 

 

 

https://dspace.univ-guelma.dz/xmlui/handle/123456789/11677
http://thesis.univ-biskra.dz/6823/1/Th%C3%A8se%20finale%20ACHOUR%20ACHOUAK.pdf
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Figure II.32: Optical absorption between the occupied valence band and the unoccupied 

conduction band 

B) Optical Gap 

       The concepts of direct and indirect gaps in a semiconductor are associated with the 

representation of energy dispersion, illustrated by the diagram E = f(k), which shows how the 

energy (E) varies as a function of the wave vector k. This diagram is used to define the 

conduction and valence bands, where two types of gaps are observed: 

 Direct Gap: The minimum of the conduction band and the maximum of the valence band  

coincide in terms of the wave vector. 

 Indirect gap: the minimum of the conduction band and the maximum of the valence band  

are not aligned (different wave vectors) [38] . 

 

 

 

E 

http://thesis.univ-biskra.dz/6823/1/Th%C3%A8se%20finale%20ACHOUR%20ACHOUAK.pdf
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Figure II.33: Band structure of a semiconductor with (a) direct and (b) indirect gaps 

 Estimation of the bandgap value (Eg) 

       The optical gap energy (Eg) is a crucial parameter for describing semiconductor materials. 

The following relationship establishes a correlation between this energy and the wavelength of 

the exciting light (λex) [39] : 

                                                   𝝀ex(nm) =
𝟏𝟐𝟒𝟎

𝑬𝐠(𝐞𝐕)
                                         Eq. II.18 

       There are two types of semiconductors: 

 Those with a low band gap (< 3 eV), which absorb in the visible range. 

 Those with a wide band gap (> 3 eV), which absorb in the ultraviolet [40] . 

       The optical gap was calculated from Tauc's empirical relationship, given by the following 

equation: 

                                                         (𝜶𝒉𝝑) = 𝑨 (𝒉𝝑 − 𝑬𝒈)                                                        Eq. II.19 

 

 

 

https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201411246
https://iopscience.iop.org/article/10.1070/PU1981v024n03ABEH004770/meta
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Where: 

n: An integer depending on the nature of the transition; for a direct gap, n= 1/2, while for an 

indirect gap n=2. 

h: Represents Planck's constant. 

ν: The frequency. 

A: A constant linked to the properties of the material. 

α: The absorption coefficient, determined by absorbance measurements according to the 

relationship [41] .  

                                                                                             

                                                                                              Eq. II.20 

Where: 

d: Thickness of the sample. 

By extrapolating the curve to obtain a zero ordinate, i.e. when (αhν) n=0, we can deduce the 

experimental value of the optical gap Eg. 

  

https://doi.org/10.1016/S0169-4332(02)00843-7
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Figure II.34: The main steps of BNT ceramics synthesis by the molten salts method 
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III.1. Introduction 

       In this chapter, we carry out an in-depth analysis of the structural and morphological 

characteristics of a new ceramic matrix composed of BNT doped with different quantities of 

Sm2O3 ions at the A sites. These ceramics were developed using the molten salt method. We 

will analyze the characterization techniques employed in this study and discuss the obtained 

results. The aim of this approach is to understand how the doping process influences the 

structural and morphological properties of the ceramics [1] . 

III.2. Synthesis and production of ceramics 

       The chemical formula of our samples chosen for this study is:(Na0.5 Bi0.5)1-x Smx (Ti0.8  

Zr0.2)0.9(Fe1/5Zn1/5 In3/5 )0.1. Where x takes the values 0.00, 0.02, 0.04 and 0.06 successively. 

       Were manufactured using the molten salts method from a stoichiometric mixture of oxides 

and carbonate, as detailed and explained in Chapter II. The characteristics of the starting 

materials are shown in the table below: 

Table III.1: Characteristics of the starting products. 

Starting products Degree of purity 

(%) 

Molar mass (g/mol) The ions 

  Bi2O3 99.6 465.96 Bi3+ 

      Na2CO3 99.8 105.98 Na+ 

 T iO2 99.6 079.87 Ti4+ 

   Sm2O3 99.6 348.72 Sm3+ 

             ZrO2 99.6 123.22 Zr4+ 

             ZnO 99.6 081.37 Zn2+ 

  Fe2O3 99.6 159.69 Fe3+ 

             In2O3 99.6 309.63 In3+ 

 

 

 

 

http://thesis.univ-biskra.dz/id/eprint/6568
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       The table below summarises the different compositions that we are going to synthesise. 

Table III.2: Different ceramic compositions prepared. 

Composition  Samples     

                  X 

Matrix 

(Na0.5 Bi 0.5)1-x Smx (Ti0.8 Zr0.2)0.9(Fe1/5Zn1/5 In 3/5 )0.1 

Composition N°1 0.00 (Na0.5 Bi 0.5) (Ti0.8 Zr0.2)0.9(Fe 1/5 Zn 1/5 In 3/5 )0.1 

Composition N°2 0.02 (Na0.5 Bi 0.5)0.98 Sm0.02 (Ti0.8 Zr0.2)0.9(Fe1/5Zn1/5 In 3/5 )0.1 

Composition N°3 0.04 (Na0.5 Bi 0.5)0.96 Sm0.04(Ti0.8 Zr0.2)0.9(Fe1/5Zn1/5 In 3/5 )0.1 

Composition N°4 0.06 (Na0.5 Bi 0.5)0.94Sm0.06 (Ti0.8 Zr0.2)0.9(Fe1/5Zn1/5 In 3/5 )0.1 

 

III.3. Stability conditions of the perovskite structure 

       The calculation of tolerance factors for BNT is related to knowing the atomic radii of the 

elements forming the prepared matrices. The table below presents the values of these radii.  

Table III.3: Ionic radii and Valance number of elements in prepared matrices. 

The ions Ionic radii (Å) Valance number 

Bi3+ 1.03 3 

Na+ 1.02 1 

Ti4+ 0.74 4 

Sm3+ 0.96 3 

Zr4+ 0,72 4 

Zn2+ 0.60 2 

Fe3+ 0.65 3 

In3+ 0.80 3 
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III.3.1. Electroneutrality condition 

       Table III.4 shows the results of the electroneutrality condition for each sample studied. 

Table III.4: Results of the electroneutrality condition for the synthesized ceramic 

compositions. 

Composition  X 𝒌 

∑ 𝑿𝑨𝒊 
𝒏𝑨𝒊

 

       𝒊=𝒍 

𝒌 

∑ 𝑿𝑩𝒊 
𝒏𝑩𝒊

 

       𝒊=𝒍 

𝒌                                   k 

∑ 𝑿𝑨𝒊 
𝒏𝑨𝒊   

+∑ 𝑿𝑩𝒊 
𝒏𝑩𝒊

 

  𝒊=𝒍
                               

  𝒊=𝒍 

Composition N°1 0.00 2.00 3.88 5.88 

Composition N°2 0.02 2.02 3.88 5.90 

Composition N°3 0.04 2.04 3.88 5.92 

Composition N°4 0.06 2.06 3.88 5.94 

 

       It can be seen that the sum of the valence numbers for the AB part of the perovskite structure 

is close to six for all the compositions, so the stability of the perovskite structure is confirmed 

for all the samples. 

       The values in this table clearly confirm the stability of the criterion of the electroneutrality 

condition of the perovskite structure of the compositions studied [2] . 

III.3.2. Stoichiometric condition 

       Table III.5 shows the results of the stoichiometric condition for each composition studied. 

Table III.5: Stoichiometric condition of the studied compositions. 

Composition  X 𝒌 

∑ 𝑿𝑨𝒊 
 

       𝒊=𝒍 

𝒌 

∑ 𝑿𝑩𝒊 
 

       𝒊=𝒍 

Composition N°1 0.00 1.00 1.00 

Composition N°2 0.02 1.00 1.00 

Composition N°3 0.04 1.00 1.00 

Composition N°4 0.06 1.00 1.00 

 

       The sum of the fractions   ∑ 𝑿𝑨𝒊     𝒌
𝒊=𝒍 and ∑ 𝑿𝑩𝒊𝒌

𝒊=𝒍  is equal to 1 for all the compositions, 

so we say that the stoichiometric condition is verified [2] . 

http://archives.univ-biskra.dz/handle/123456789/11566
http://archives.univ-biskra.dz/handle/123456789/11566
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III.3.3. Geometric condition 

       Table III.6 shows the results for the geometric condition of each composition studied. 

Table III.6: Geometric tolerance factor(t) for the studied compositions. 

Composition  X t 

Composition N°1 0.00 0,9845 

Composition N°2 0.02 0,9831 

Composition N°3 0.04 0,9823 

Composition N°4 0.06 0.9815 

 

       According to Goldschmidt, the perovskite structure is stable if: 0.8 < t < 1.09 and this is 

verified for all the samples. We can therefore synthesise these compositions because all the 

compositions obey the stability conditions of a perovskite [3]  . 

       The 15g samples were prepared from the mixture of starting oxides according to the 

stoichiometry of the compositions. 

Table III.7: The required masses of oxides for the different compositions. 

 
Starting oxides 

Masse (g) 

N° 1 N° 2 N° 3 N° 4 

Bi2O3 7.4313 7.2801 7.1125 6.9458 

Na2CO3        1.6868        1.6525 1.6144 1.5766 

TiO2 3.6685        3.6672 3.6574 3.6477 

        Sm2O3        0.0000        0.2222 0.4435 0.6636 

 ZrO2 1.4149 1.4144 1.4106 1.4069 

 Fe2O3 0.1018 0.1018 0.1015 0.1012 

 ZnO 0.1038 0.1037 0.1035 0.1032 

 In2O3 0.5925 0.5923 0.5907     0.5892 

 

https://core.ac.uk/download/pdf/185521382.pdf
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III.4. Powder characterisation 

       As a preliminary step, we characterised our samples using infrared (IR) spectroscopy before 

and after calcination. Subsequently, X-ray diffraction (XRD) and scanning electron microscopy 

(SEM) analyses were performed on the calcined samples to confirm the formation of the 

perovskite phase of BNT. 

III.4.1. Structural characterisation 

III.4.1.1. X-ray diffraction analysis 

a) Crystallographic study of BNT 

       In order to determine the phase transition line of a new bismuth-sodium titanate (BNT) 

ceramic material containing dopants such as Sm2O3, ZnO, and Fe2O3, we performed a study 

using the geometric addition method. 

       Below the Curie temperature, BNT exhibits crystalline behaviour similar to that observed 

in PZT, where it exists in the form of two main phases: The tetragonal (T) phase, which is 

typically observed in titanium-rich compositions, and the rhombohedral (R) phase, which is 

seen in bismuth or sodium-rich compositions. This behaviour is reflected in the X-ray 

diffraction results, as the crystal peak (200) in the tetragonal structure splits into two peaks 

(200) and (002), while the peak (200) remains unbroken in the Rhombohedral phase. 

 

Figure III.1: Typical diffraction spectra of the Tetragonal (T) and Rhombohedral (R) 

phases 
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       The morpho-tropic phase boundary (T+R) is determined by observing the shape of the 

diffracted lines. The appearance of the lines diffracted by samples where the two tetragonal and 

rhombohedral phases coexist (T+R) is represented by three types [4] . 

 A pattern with three maxima (fig. III.2. a). 

 Alignment with two maxima (fig. III.2. b). 

 A curve with a maximum accompanied by an inflection point (fig. III.2.c). 

 

 

Figure III.2: The different shapes of the peaks characteristic of the coexistence 

of the (T+R) phase 

       It should be noted that many researchers have reported that the coexistence of Tetragonal 

(T) and Rhombohedral (R) phases can be detected in several regions of the diffractogram 

spectrum. Table III.8 below summarises the most important regions in 2θ where the R and T 

phases coexist. 

 

 

 

 

 

https://docs.google.com/viewerng/viewer?url=https://bucket.theses-algerie.com/files/repositories-dz/2993689394210897.pdf
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Table III.8: Region of coexistence of the Tetragonal-Rhombohedral phases and indexing 

of the corresponding planes. 

2θ (hkl)T (hkl)R 

21-23 (001) and (100) (100) 

30-33 (101) and (110) (110) and (101) 

37-40 (111) (111) and (111) 

43-47 (002) and (200) (200) 

53-56 (112) and (211) (211), (211) and (211) 

 

b) Calcined BNT powders 

       According to the literature, the calcination temperature of doped BNT ceramics varies 

according to the dopants, generally between 750°C and 900°C. X-ray diffraction results for two 

compositions calcined at 900°C are shown in fig.III.5. 

 

Figure III.3: Diffractogram for composition N°1 with X =0% calcined at 900°C 

(1) 
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Figure III.4: Diffractogram for composition N° 2 with X =0.02% calcined at 900°C 

 

Figure III.5: Diffractogram for two compositions N°1 and N° 2 calcined at 900 °C. 

1) x = 0%, 2) x = 2% 

(2) 
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       According to the results It can be seen that there is no great difference between the two 

diffractogram and that the main phase present in both compositions is the perovskite phase, 

accompanied by several secondary peaks corresponding to the pyrochlore phase Bi2Ti2O7 [5] . 

A well-defined peak corresponding to the (002) (tetragonal phase) plane around 2θ=46° was 

noted in both compositions  

       The intensity of the pyrochlore phase in composition 2 is higher than in composition 1 and 

this is due to the presence of the samarium element in the ceramic structure of the sample. 

       The obtained result signifies the presence of tetragonal (P4bm) symmetry according to 

ASTM data sheet 01-070-4760. 

Table III.9: Crystallographic phases identified after calcination at 900 °C. 

Sm concentration (%) Nature of phases 

0 T 

2 T 

 

       During calcination at 900°C, we noticed that the synthesized compositions were a mixture 

of the two perovskite and pyrochlore phases detected for all samples, the peaks of this phase 

(pyrochlore) detected at 2θ (°) = 31.65, 35.40. The relative proportion of the pyrochlore phase 

is evaluated based on the specified peak intensity [6] : 

                  𝐩𝐲𝐫𝐨𝐜𝐡𝐥𝐨𝐫𝐞 (%) = 
𝑰𝒑𝒚𝒓𝒐

𝑰𝒑𝒚𝒓𝒐 + 𝑰(𝟎𝟎𝟐)
 ×100                              Eq. III.1 

I pyro: The intensity of the pyrochlore peak. 

I (002): The intensity of the (002) peak. 

 

 

 

 

https://doi.org/10.1111/jace.17645
https://ui.adsabs.harvard.edu/link_gateway/2018MatSP..36....1M/doi:10.1515/msp-2018-0033
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Table III.10: Estimation of the pyrochlore phase proportion based on the intensity of 

characteristic peaks. 

Sm concentration (%) 𝐩𝐲𝐫𝐨𝐜𝐡𝐥𝐨𝐫𝐞 (%) 

0 08.48 

2 13.87 

 

 Evolution of lattice parameters as a function of composition BNT 

       At a fixed temperature of 900 °C, we studied the evolution of the lattice parameters of the 

(Na0.5 Bi0.5)1-x Smx (Ti0.8 Zr0.2)0.9(Fe1/5Zn1/5 In3/5 )0.1 solution as a function of Sm composition.  

       The lattice parameters are determined by the evolution of the position of the peak of the 

phase formed using High score Plus. (Tab.III.11) shows the crystalline parameters of our BNT 

samples after calcination at a temperature of 900 °C. 

Table III.11:  Calculated crystalline parameters of the prepared BNT sample. 

 

 

Type of 

phase 
 

 

Sm % 

 

a=b (Å) 

 

c (Å), 

 

α = β = γ (°) 

 

Volume 

 

 

Tetragonal 

 

0 

 

5,5040 

 

3,9067 

 

90 

 

118,1496 

 

2 

 

5,5190 

 

3,9080 

 

90 

 

118,8158 

 

 

       Figure III.6 shows the calculated crystal parameters of the two prepared samples as a 

function of samarium content, for all ceramic samples calcined at 900 °C. It is observed that 

these parameters are highly sensitive to changes in composition. The aT, cT parameters of the 

tetragonal phase (T) phase decrease with increasing Sm concentration. 

       In general, there is a slight difference between the aT and cT lattice parameter values for 

compositions No. 1 and No. 2. This slight difference confirms the stability of the perovskite 

structure. 
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Figure III.6: Evolution of mesh parameters as a function of samarium rate for two 

samples calcined at 900 °C 

III.4.2. Characterisation of powders by infrared spectroscopy 

       The use of Fourier Transform Infrared (FTIR) spectroscopy is only a complementary step 

that provides further information on the formation temperature of the BNT solid solutions. 

       Transmission infrared spectra were obtained using an Agilent Cary 630 FTIR spectrometer. 

The wavelengths studied ranged from 4000 - 400 cm-1 in the mid-infrared [1] . 

       Figure III.7 shows the infrared (IR) spectra of the mixtures at room temperature, with IR 

spectra of the powders calcined at 900 °C, with different concentrations of Sm. 

file:///D:/ThÃ¨se%20finale%20Ahlem%20Ksouri.pdf
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Figure III.7: The infrared (IR) spectra of the mixtures before calcination and after 

calcination at 900 °C 
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       For the powders before calcinations, an intense band at around 1400 cm-1 was observed, 

corresponding to the vibration of the B-O bond of the reactants 

       After calcination at 900 °C, the powders exhibit an intense band around 540 cm⁻¹, also 

attributed to the O–B–O bond vibration, which further confirms the formation of the perovskite 

(ABO₃) phase of BNT. 

III.4.3.  Morphological study of BNT ceramics 

       In our work, the morphological study is carried out after calcinations (900 °C) and sintering 

at different temperatures (1000, 1050, 1100 and 1150 °C). These are density, porosity and 

microstructure. 

III.4.3.1. Scanning electron microscopy (SEM) characterization 

       Scanning electron microscopy provides information on the shape and size of the grains. 

This technique makes it possible to estimate the particle size distribution, the average grain size 

after sintering and qualitatively evaluate the presence of porosity and secondary phases. 

      Figure.III.8, presents SEM micrographs for the composition N° 2 at the calcination 

temperature T = 900°C. 
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Figure III.8: SEM micrographs of the composition N° 2 calcined at 900°C 

       The micrograph of the ceramic show that the material is very dense (fig.III.8), confirming 

the densification of the materials due to the diffusion mechanisms of the material during 

calcinations. 

       It also shows remarkable intergranular porosity for this composition doped with 2% 

samarium, narrow grain distribution in the sample, as well as the appearance of unreacted 

starting materials, which could be due to insufficient calcinations temperature, etc. 

       It can be seen that the average grain size calculated by “visiomètre” software for the second 

(x = 0.02) sample is 2.87 μm, and the grain distribution is uniform throughout. It is clear that 

porosities are not eliminated during calcinations for the composition, which could influence the 

electrical and electromechanical properties of these perovskite materials, which are highly 

dependent on their microstructures. 

       Density and porosity measurements are performed on 1.1g pellet samples of sintered BNT 

powders. 

       The results of the theoretical density, experimental density, porosity, and densification rate 

of samples of the sintered BNT system at different temperatures are reported in (Tab. III.12). 
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Table III.12: Experimental and theoretical density, densification rate and porosity for all 

samples. 

 

T (°C) 
Composition Molar mass 

(g/mol) 

Exp. 

density 

(g/cm3) 

 

Densification 

rate 

 

Porosity 

(P) 

 

 

1000 

 

X=0.00 

 

236.0757 

 

5.3360 

 

 

66,7004 

 

 

0,3329 

X=0.02 
 

236.1607 

 

 

5.0885 
 

63,6066 
 

0,3639 

 

 

1050 

X=0.00 
 

236.0757 

 

 

5.3550 
 

66,9381 
 

0,3306 

X=0.02 
 

236.1607 

 

 

5.9089 

 

73,8612 
 

0,2613 

 

 

 

1100 

X=0.00 
 

236.0757 

 

4.4149 
 

55,1863 
 

0,4481 

X=0.02 
 

236.1607 

 

 

4.0504 

 

 

50,6300 
 

0,4936 

 

 

1150 

X=0.00 
 

236.0757 

 

3.9921 

 

49,9012 
 

0,5009 
 

X=0.02 
 

236.1607 

 

 

3.8328 

 

47,9101 
 

0,5208 

 

III.4.3.2. Density 

       The study of density is necessary in order to optimise the sintering temperature. Material 

quality increases with increasing density, and density increases with increasing sintering 

temperature [2] . 

       Density measurements were carried out on pellet samples of diameter D = 13 mm and 

thickness e = 1.1 mm, and the density of BNT was studied as a function of sintering temperature 

and Sm ratio. This study is necessary in order to optimise the sintering temperature and find the 

densest composition at the optimum sintering temperature, and to see the effect of the doping 

rate on the density. 

file:///D:/Ù�Ù�%20Ù�Ø§%20Ù�Ø®Øµ%20Ù�Ø°Ù�Ø±Ø©%20Ø§Ù�ØªØ®Ø±Ø¬/ABDELLI-Romissa-Kaouther.pdf
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 Changes in density as a function of sintering temperature 

       The optimum sintering temperature is determined from the curves of density versus 

sintering temperature d = f(T). The maximum density corresponds to the product with the best 

electrical quality. Figure III.9 shows the density curves for two BNT (X = 0 and 0.02) samples 

as a function of sintering temperature.  

 

Figure III.9: Evolution of density as a function of sintering temperature 

       The same pattern can be observed for all the curves: the density is minimal for a sintering 

temperature TS = 1000 °C, it starts to increase until it reaches a maximum value at a sintering 

temperature TS = 1050 °C, above this temperature the density starts to decrease again for 

samples sintered at a temperature TS = 1100 °C and 1150 °C. We can therefore say that the 

sintering temperature of 1050 °C is the optimum sintering temperature. 

       The increase in density implies a reduction in the number of pores, so the volume of the 

mesh decreases and, as a result, the structure becomes more compact. 

       The optimum sintering temperature depends on a number of factors, such as the addition 

of impurities, the sintering speed and the holding time. 

 Evolution de la densité en fonction de la composition 

       The evolution of the density of the different BNT samples sintered at 1000, 1050, 1100 and 

1150 °C as a function of the Sm rate is illustrated in the fig.III.10. 
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Figure III.10: Evolution of density as a function of Samarium content 

       Figure.III.10 shows that the density increases for all the samples sintered at 1050 °C 

with increasing Sm content, reaching a maximum value of 5.9089 (g/cm3) (73.86 % of the 

theoretical density) at Sm= 2% (sample No.2). 

III.4.3.3. Porosity 

       The variation in porosity as a function of sintering temperature for all the samples is plotted 

in fig.III.11. 
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Figure III.11: Variation in porosity as a function of sintering temperature 

       The porosity curve is the inverse of the density curve. The same behaviour was observed 

for all the samples sintered at different sintering temperatures. Porosity decreases progressively 

as the sintering temperature rises, reaching a minimum value at 1050 °C, the temperature at 

which the maximum density is recorded; after this temperature, porosity increases again; this 

behaviour indicates that the optimum sintering temperature is 1050 °C. 

       The variation in porosity as a function of samarium content at the optimum sintering 

temperature of 1050 °C for all the samples is plotted in fig. III.12. 

       Figure III.13 shows porosity and density as a function of samarium content for all the 

ceramic samples sintered at 1050 °C. We can see that the porosity curve is the inverse of the 

density curve, decreasing to a minimum for the sample with a doping rate of 2% (sample No 2), 

which corresponds to the maximum density. 
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Figure III.12: Evolution of porosity as a function of samarium content for all samples 

sintered at 1050 °C 

                             

Figure III.13: Evolution of porosity and density as a function of samarium content for all 

samples sintered at 1050 °C 
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III.5. Optical characterisation by UV-Visible 

       The optical bandgap energy of perovskite materials is a crucial factor in assessing their 

photocatalytic activity [7, 8]. 

       The optical gap (Eg) of the synthesised compounds, composition N°. 1 and N°.  2, was 

estimated by applying Tauc's relation: for a direct gap, described by the following equation: 

                                                      (𝜶𝒉𝒗) = 𝑨 (𝒉𝒗 − 𝑬𝒈)1/𝟐                                                     Eq. III.2  

Where: 

hν: The photon energy (eV).  

A: A constant. 

α: The absorption coefficient. 

Eg: The optical gap expressed in eV. 

       The optical gap (Eg) was evaluated by plotting (αhν)1/2 versus photon energy hν. The 

intersection of the linear part of this curve with the x-axis corresponds to the value of Eg, as 

shown in fig. III.14. 

       The optical gap values, determined from fig III.14, are as follows: 2.22 eV (composition 

N°. 1), 2.14 eV (composition N°.  2). It is notable that the bandgap value for composition N°.  

2 is significantly lower than that for composition N°. 1, indicating a significant reduction due 

to the doping effect. Furthermore, sample N°.  2 has the lowest bandgap value, which can be 

attributed to its high specific surface area, suggesting its potential as a material for visible light 

photocatalytic applications.    

https://doi.org/10.1016/j.mssp.2015.06.089
http://thesis.univ-biskra.dz/6823/1/Th%C3%A8se%20finale%20ACHOUR%20ACHOUAK.pdf
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Figure III.14: Evaluations of (αhʋ)1/2 as a function of energy (hʋ) for the two 

compositions studied 

III.5.1. Methylene blue (MB) self-degradation test 

       Before studying the photocatalytic activity of our catalysts, a preliminary test was carried 

out to assess the stability of the MB in the absence of any catalyst. The aim of this test was to 

check whether the MB could degrade spontaneously, without the intervention of a photo-

induced process, and thus make it possible to clearly dissociate the effect of the catalyst itself. 

Two experimental conditions were considered: 

 In total darkness: to observe any degradation linked solely to adsorption or physical  

phenomena. 

 Under solar irradiation: to determine whether solar radiation alone is capable of  

inducing MB degradation, without a catalyst [8] . 

       The tests were carried out over a period of 3 hours, with regular monitoring of the MB 

concentration in each condition. The results, presented in Tab. III.13, rule out any non-photo-

induced contribution to dye degradation. In this way, the performance subsequently observed 

can be reliably attributed to the synthesised catalysts. 
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Table III.13: Evolution of the MB concentration (without catalyst) under different 

conditions for 3 hours 

                      t= 0 Amax= 0,9740 

      t =3h without light Amax= 0,9591 

                    t=3h with light Amax= 0.8972 

 

       The results in the table show that the MB undergoes virtually no degradation in the absence 

of a catalyst, either in the dark or under direct solar irradiation. This observation confirms that 

the degradation processes observed in subsequent experiments will be essentially due to the 

photocatalytic effect of the catalysts studied. 

III.5.2. Study of the photodegradation of methylene blue 

III.5.2.1. Experimental protocol 

       The photocatalytic activities of BNT with different Sm amounts were evaluated by 

degradation of Methylene blue (MB) in an aqueous solution ([MB]0=5mg/l, catalyst 

m=100mg, pH (MB)=6) under sunlight irradiation (wavelength > 400 nm). 

       Methylene blue was selected as a model organic pollutant.  

       Before irradiation, the solutions were kept in the dark for 30 minutes to eliminate any 

interference from adsorption. A 4 mL sample was taken and analysed by UV-visible 

spectrophotometry. The suspension was then exposed to sunlight, with samples taken every 15 

minutes for 3 hours. Each sample was filtered and analysed to measure the absorbance of the 

MB. 

        The degradation efficiency (DE) of the organic dye was calculated using the following 

equation [9] : 

                                                    DE (%) = 
𝑪𝒊 − 𝑪𝒕

𝑪𝒊
 × 100                             Eq. III.3 

Where: 

DE: The degradation efficiency. 

Ci: The initial concentration of the MB.  

Ct: The concentration of the MB after a time t. 

https://link.springer.com/article/10.1007/s11144-024-02635-9
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Figure III.15: photocatalysis of methylene blue under solar irradiation 

III.5.2.2. Photocatalytic activity Sm doped and undoped BNT ceramics 

       In order to evaluate the impact of samarium (Sm³⁺) doping at site A on the photocatalytic 

activity of BNT for the degradation of methylene blue (MB) under natural sunlight, we 

monitored the temporal evolution of the UV-visible spectra of MB (fig. III.16), as well as the 

variation of the relative concentration Ct/C₀ as a function of irradiation time (fig. III.17). The 

results in terms of degradation efficiency are presented in (fig. III.18). 
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Figure III.16: Changes in the absorbance spectra of methylene blue under light 

irradiation in the presence of BNT-X=0 and BNT-X=0.02 photocatalysts 

       Figure III.16 shows that the characteristic MB absorption peak (664nm) decreases rapidly 

as a function of reaction time in the presence of the BNT-X=0.02 catalyst compared with the 

undoped compound BNT-X=0. 
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Figure III.17:  Evolution of the relative concentration Ct/C0 of MB as a function of 

irradiation time in the presence of BNT-X=0 and BNT-X=0.02 

       From Figure III.17, a faster decrease in the relative concentration of methylene blue (Ct/C₀) 

in the presence of the BNT-X=0.02 catalyst compared to BNT-X=0. This decrease results in a 

higher degradation rate for BNT-X=0.02 (63.44%) than for BNT-X=0 (58.25%), as confirmed 

by Figure III.18 and the data in Table III.14. 

       Although our results are interesting, it is important to note that a direct comparison with 

previous studies. is complex due to experimental differences. A more in-depth analysis would 

require the study of the degradation of the same dye under the same experimental conditions 

[8] . 
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Figure III.18: Photocatalytic efficiency of MB degradation by BNT-X=0 and BNT-

X=0.02 catalysts 

       Table III.14 shows the values of the gap energy (Eg) and the degradation rate (D %) of two 

compositions BNT-X=0 and BNT-X=0.02.  

Table III.14: Eg values and degradation rate (D%) for BNT-X=0 and BNT-X=0.02. 

Catalyst D (%) Eg (eV) 

  BNT-X=0  58.25 2.22 

      BNT-X=0.02 63.44 2.14 

 

        a key factor in photocatalytic activity is the optical gap energy (Eg), which is the energy 

differential between the valence and conduction bands. A lower Eg promotes the production of 

electron-hole pairs, which are in charge of the oxidation reactions that break down the pollutant, 

by enabling more effective absorption of visible light [8] . Samarium (Sm3+) doping of the BNT-

X=0 compound resulted in a decrease in Eg from 2.22 eV to 2.14 eV for BNT-X=0.02, which 

accounts for the latter catalyst's higher methylene blue degradation efficiency. 
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III.5.2.3. Kinetic study of MB degradation by BNT pure and BNT doped  

       This section presents an in-depth kinetic analysis of the photocatalytic degradation of 

methylene blue (MB) in order to evaluate the performance of the synthesised catalysts. For this 

purpose, the Langmuir-Hinshelwood pseudo-first-order kinetic model was used, expressed by 

the following equation: 

                                           Ln (
𝑪𝟎

𝑪𝒕   
) = 𝑲𝒂𝒑𝒑 . 𝒕                                                   Eq. III.4 

Where: 

C0: Is the initial concentration of BM 

 Ct: Is the concentration at an instant (t) 

 Kapp: Is the apparent pseudo-first-order rate constant  [10]. 

       Fitting the experimental data to this model allows us to extract Kapp, reflecting the speed 

of the degradation process. Figure III.19 shows the linear relationship between Ln (C0/Ct) and 

irradiation time, validating the fit to the Langmuir-Hinshelwood model. 

 

 

Figure III.19: Variation of ln(C₀/C) as a function of time for the degradation of 

methylene blue dye in the presence of BNT-X=0 and BNT-X=0.02 photocatalyst 
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       The plot of Ln (C₀/Ct) versus time, presented in Figure III.19, reveals a quasi-linear 

relationship for all the catalysts studied. The high R² regression coefficients, greater than 0.92, 

confirm that the degradation kinetics of methylene blue follow a pseudo-first-order mode  [8] .  

The apparent rate constants (Kapp), determined from the slope of the straight lines obtained, 

are reported in Table III.15. 

Table III.15: Rate constants (Kapp) estimated from the Langmuir model and linear 

regression coefficients (R2) for BM degradation by the different photocatalysts. 

 

 

Samples 

Photocatalytic degradation kinetics 

 

R2 Kapp (min-1) 

     BNT-X=0 0,94 0,00483 ± 3,49581E-4 

BNT-X=0.02 0,97 0,00535 ± 2,2872E-4 

 

       These results suggest that the BNT-X=0.02 catalyst exhibits superior reactivity, confirming 

its promising performance for the degradation of organic dyes and its relevance in water 

treatment applications. 

III.6. Conclusion 

       In this chapter we have presented all the characterisations carried out: 

 Ceramic morphology 

 DRX method (geometric addition analysis) 

 Photocatalysis  

       The crystal structure of BNT, validated by X-ray diffraction (XRD) studies, is 

rhombohedral. In addition, analysis of the microstructure of each sample using a scanning 

electron microscope (SEM) validated the presence of the desired elements in each composition. 

Above all, these in-depth studies are necessary to understand the intrinsic properties of materials 

and to assess their ability to act as photocatalysts. The results obtained are effectively the basis 

for research into making them more effective for use in photocatalysis, while also considering 

their use in the environmental pollution elimination and green energy generation sectors. 
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General Conclusion 

        

       This research focused on the development and characterisation of heterojunction 

photocatalysts, comprising the materials: (Na0.5 Bi0.5)1-x Smx (Ti0.8 Zr0.2 )0.9 (Fe 1/5 Zn1/5 In3/5 )0.1 

doped with samarium (Sm) in the A sites, where x takes different values. 

       Each material was precisely synthesised using the molten salt method and heat-treated at 

900 °C to optimise its photocatalytic properties. 

       X-ray diffraction (XRD) analyses confirmed the tetragonal crystal structures of the 

materials with pyrochlores. This structural characterisation was complemented by observation 

of the morphologies using a scanning electron microscope (SEM), which validated the presence 

of the desired elements in each composition. 

       These structural and morphological properties directly influence the optical properties of 

the materials, as shown by the UV-Vis absorption measurements. These measurements revealed 

that all the materials act as semiconductors with bandgap energies well suited to activation 

under visible light. In particular, the band gaps for BNT X= 0%, and BNT X= 2%                        

were 2.22 eV and 2.14 eV respectively. Sm3+ doping at the A site resulted in a reduction in these 

energies, suggesting an improvement in photocatalytic performance. 

       These results illustrate how Sm doping modifies the optical characteristics of the BNT 

matrix. In addition, the photocatalytic activity of BNT heterojunctions doped with 2% Sm was 

assessed by photodegradation of methylene blue dye (MB), revealing complex interactions 

between the components. The underlying mechanisms of photocatalysis were clarified through 

this study. 

       Photocatalytic tests showed remarkable efficiency in the degradation of organic pollutants 

under solar irradiation, underlining the potential of these materials for environmental 

applications. For example, BNT X=0 achieved a degradation rate of 58.25% for MB and BNT 

X=2% achieved 63.44%. The introduction of Sm3+ at the A site therefore resulted in better 

exploitation of visible light and a significant improvement in photocatalytic performance.  

        The photocatalytic mechanisms involved were mainly attributed to the activity of oxygen 

radicals (O2
.-) and photo-generated holes (h+), facilitating the transformation of pollutants into 

less harmful compounds. This interpretation was reinforced by the hypsochromic shift observed 

in the absorption spectrum of MB after treatment, indicating a degradation of the dye. 
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General Conclusion 

       Taken together, these results open up encouraging prospects for the application of these 

substances in wastewater treatment. To further improve their effectiveness and applicability, it 

will be beneficial to continue optimising these materials and exploring their integration into 

more photocatalytic systems. 
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