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Abstract 

Organic inorganic hybrid perovskites (OIHPs) have appealing optoelectronic properties. 

As sample preparation is relatively straightforward, there are opportunities to investigate 

novel compositions and structures. This thesis concerns the synthesis, structure and 

optoelectrical properties of OIHPs with azetidinium as an A-site cation.  

Azetidinium [(CH2)3NH2+, Az] is a four-member ring ammonium, and its size is 

calculated to be promising as an A-cation for OIHPs. A stable 6H hexagonal perovskite 

AzPbBr3 was synthesised and analysed, and its bandgap was determined to be 2.81 eV. 

On cooling, AzPbBr3 undergoes a symmetry lowering distortion which was identified by 

variable temperature PXRD and dielectric spectroscopy. An anisotropic change in lattice 

parameters on cooling marked a phase transition likely driven by the Pb…Pb repulsion in 

the face sharing octahedra.  

Compositional and structural analyses were performed on precipitation synthesised and 

mechanosynthesised OIHPs Az1-xFAxPbBr3 and Az1-xMAxPbBr3 (0 ≤ x ≤ 1). For samples 

obtained from precipitation synthesis, the actual FA% or MA% in the precipitate was 

found to be less than the nominal composition in the reaction solution. No such mismatch 

was found for mechanosynthesised samples. PXRD indicated partial solid solution 

formation for Az-rich and MA- or FA-rich compositions, separated by an intermediate 

two-phase region. The result suggests the extent of the solid solution of halide perovskites 

is dependent only on the average A-cation size; the size mismatch is less of an influence. 

This is in contrast to solid solution formation observed in oxide perovskites.  

A tuneable bandgap was achieved ranging from 2.00 eV (AzPbI3) to 3.41 eV (AzPbCl3) 

for the mixed halide perovskite AzPbBr3-xXx (X = Cl or I, 0 ≤ x ≤ 3). The structural 

analyses revealed a complete 6H solid solution for AzPbBr3-xClx in comparison to the 

structural progression from 6H, 4H to 9R polytypes, when varying the halide composition 

from Br (x = 0) to I (x = 3) in AzPbBr3-xIx. A linear variation in unit cell volume as a 

function of anion average radius was observed not only within the solid solution of each 

polytype (following Vegard’s law) but continuously across all three polytypes. 

Preliminary results on the synthesis and structural analysis indicate that Az2PbBr4 adopts 

the n = 1 Ruddlesden-Popper structure while azetidinium bismuth bromide has a 1D chain 

structure. Detailed structural and optical analysis are planned in future projects. 
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Chapter 1  

Background and Introduction 

 

1.1 Perovskite  

Perovskite was discovered by Russian geologist Gustav Rose in 1839.1 The term was 

initially used to describe the mineral calcium titanate (CaTiO3) but was soon applied to 

other compounds which have the same crystal structure. Perovskites share a general 

formula AMX3, where A is typically an alkali metal, alkaline earth metal, lanthanoid or 

organic cation, M is a transition metal or post-transition metal, and X is an anion. In the 

perovskite structure, M-X octahedra are connected through corner sharing and result in 

the formation of a three-dimensional framework, while the A-site element occupies the 

cuboctahedral cavities2 (Figure 1.1). 

 

 

Figure 1.1. (a) A typical model of the AMX3 perovskite unit cell (b) polyhedral 

representation of how perovskite structure extends in three dimensions, adapted from Ref. 

2 with permission from The Royal Society of Chemistry. 
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In 1912, the application of X-ray diffraction in studying matter brought a prosperous 

period of perovskite study. Many oxide perovskites such as PbTiO3 and BaTiO3 were 

discovered and are still used in industry.3 In 1893, halide perovskites were first studied 

by Wells, who discovered the synthesis and structure of all-inorganic halide perovskites 

CsPbX3 (X = Cl or Br).4 The simple solution synthesis protocol inspired trials of organic 

cation replacement at the A-site. In 1978, Weber et al. managed to synthesise the first 

organic-inorganic hybrid perovskite (OIHP) structure using the organic cation 

methylammonium (MA) CH3NH3+ on the A-site, and the crystal structures of MAPbX3 

(X = Cl, Br, I)5 and MASnBrxI3-x 6 were analysed.  

To identify potential A-site elements for corresponding M and X combinations, the 

Goldschmidt tolerance factor t was introduced to predict the formation of oxide 

perovskites, with ideal cubic perovskites having the value of t = 1. The ionic radii of A, 

M and X are taken into account in the tolerance factor, but the stability of M-X octahedra 

is not. The octahedral factor μ is used to examine the coordination of M by six X anions, 

and a combination of t and μ shows a classification accuracy of 85% for 576 AMX3 

compounds for 0.83 < t < 1.06 and 0.43 < μ < 0.78.7 Goldschmidt tolerance factor t, and 

octahedral factor μ, are defined as: 

  ! = !!	#	!"
√%(!#	#	!")

 (Equation 1.1) 

  # = 	!#
!"

 (Equation 1.2) 

where $( , $)  and $*  are the Shannon ionic radii8 of A, M and X elements in their 

corresponding valence and coordination states. The concept of tolerance factor can be 

extended to predict the formation of halide perovskites, although the accuracy is not 

satisfactory (reported as 74% in 2019 for > 1000 reported halide perovskite compounds7). 

Recently, there have been several attempts to better predict the formation of halide 

perovskites.9,10 Christopher et al.7 introduced a new tolerance factor, which combined the 

octahedral factor into their equation and improved the prediction accuracy of the original 

tolerance factor from 74% to 91%.  

Goldschmidt’s group made and analysed the very first series of synthetic perovskites, 

such as SrTiO3 and BaTiO3 in 1924-26.11 Since Goldschmidt introduced the principle of 

the tolerance factor, many perovskite compounds have been synthesised and added to the 
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perovskite family. The popularity of perovskite materials is highly dependent on their 

related properties (Figure 1.2).12 Perovskite materials have been intensively studied 

recently due to a combination of their ease of preparation and appealing photochemical 

properties. This recent boom was inspired by the study of Tsutomu and co-workers on 

the triiodide perovskite CH3NH3PbI3 in 2009, in which they reported a power conversion 

efficiency of 3.8% using the OIHP material as the key absorber layer in solar cells.13 From 

2009 to 2020, the power conversion efficiency of perovskite solar cells has steadily 

increased from 3.8% to 25.5%;14–18 the same improvement in conversion efficiency for 

Si cells took 25 years to achieve.19 The use of OIHP materials has since diversified 

beyond high-efficiency solar cells to photodetectors,20,21 light-emitting diodes (LEDs)22,23 

and optically pumped lasers24,25 while the photophysical properties underpinning these 

applications has been investigated.26,27 Illustrating the interest in this field, the number of 

halide perovskite related publications has risen from 34 in 2009 to more than 2900 in 

2020,28 with more than 6,800 indexed citations in 2020 alone.  

 

 

Figure 1.2. Volume of literature published from 1970 to 2017 on perovskite-related 

research fields, reproduced from Ref. 12 with permission. 
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1.1.1 Hexagonal perovskite polytypes 

Polytypism represents a subset of polymorphism in which the structure of crystalline is 

the same along two dimensions but differs in three dimensions. Except the typical CaTiO3 

cubic perovskite, hexagonal perovskite polytypes share the same molecular formular 

AMX3 while the stacking sequence of AX3 layers alters. There are two basic ways to 

stack successive closely packed atomic layers – hexagonal packing (h-, ABAB…) and 

cubic packing (c-, ABCABC…), which are shown in Figure 1.3a. By altering the ratio of 

h- and c- stacking of AX3 layers, different perovskite polytypes such as 2H (h-),29,30 9R 

(hhc-),31,32 4H (hc-)33 and 6H (hcc-)34,35 etc, can be achieved. These are commonly known 

as “hexagonal perovskites”, the representations of which are shown in Figure 1.3b. 

Ramsdell notation is commonly used to describe these perovskite polytypes,36,37 and takes 

the form nY, where n denotes the number of stacking layers in the cell and Y indicates the 

lattice type (R for rhombohedral, H for hexagonal and C for cubic). The great number of 

stacking possibilities results in potential new structures with diverse physical properties 

associated with octahedral connectivity, particularly the band structure. The studies in 

oxide and halide perovskites indicate that hexagonal polytypes normally occur in the case 

of tolerance factor t > 1 (Equation 1.1), which involves a relatively large A-cation with 

the same combination of M and X compared to the cubic analogue. Due to the change of 

connectivity of the metal-halide octahedra (specifically the M-X-M bond angles and M-

X bond length in the AMX3 perovskite), the bandgap of hexagonal perovskites is usually 

larger than that of the cubic perovskite.35,38 

 

1.1.2 Ruddlesden-Popper phases and other perovskite-related structures 

Ruddlesden-Popper (R-P) phases are described as a layered structure with alternating 

layers of AMX3 perovskite and AX rock-salt along c-axis with general formula 

An+1MnX3n+1 or A’2A”n-1MnX3n+1 , where n represents the number of octahedral layers, n 

= 1, 2, 3… which are separated by additional ‘A-cation excess’ rock-salt layers. The basic 

structure of R-P phases with varying n in An+1BnO3n+1 are shown in Figure 1.4a. In 1955, 

Balz and Plieth reported the first R-P phase layered structure K2NiF4 (n = 1).39 In 1957-

58, Ruddlesden and Popper found a series of layered structures in oxides.40 Nowadays, 

the R-P phase is more commonly used to represent this type of layered perovskite
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Figure 1.3. (a) Comparison of AX3 stacking sequence: cubic stacking (c-) and hexagonal 

stacking (h-), adapted from Ref. 35 with permission. Copyright (2017) American 

Chemical Society. (b) Representation of perovskite structures of cubic and hexagonal 

polytypes with 2H(h-), 9R(hhc-), 4H(hc-) and 6H(hcc-) stacking of AX3 layers. 

 

structure. In the studies on R-P phases, researchers found that tolerance factor failed to 

give a good prediction of R-P phase stability. In 1979, Ganguli reported an empirical rule 

that formation of R-P phases (especially for n = 1) is associated with the ratio of A-site 

and metal cation radius - rA/rM in the range of 1.7 to 2.4.41 Since then, a number of R-P 

phase layered perovskite structures have been synthesised and studied as 

ferromagnetics,42 LEDs43 and solar cells,44 amongst other applications. 

Several families of layered OIHPs containing alternating layers of AMX3 perovskite and 

organic cations with structures similar to R-P phases, have been discovered (Figure 1.4b). 
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Figure 1.4. (a) Idealised structures of R-P phases An+1BnO3n+1 (n = 1, 2, 3 and ∞) 

projected along a- or b- axis. The compositional examples are from Sr(II)-Ti(IV)-O 

systems, adapted from Ref. 45 with permission. (b) Representation of organic-inorganic 

hybrid layered structure (R-NH3)2An-1MnX3n+1, reproduced from Ref. 2 with permission 

from The Royal Society of Chemistry. 
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Such examples of layered organic-inorganic hybrid structures include BA2PbI4 (BA = 

C4H9NH3)46 and PEA2PbX4 (PEA = C8H12N, X = Cl, Br, I),47,48 in which the organic 

cations are too big to be accommodated in the cuboctahedral cavities of the 3D MX6 

framework. In addition, by mixing large organic cations, such as those mentioned above, 

and small organic cations such as MA, organic-inorganic hybrid materials with the 

general formular A2MAn-1PbnX3n+1 can be prepared. They show good bandgap tunability 

by modifying the number of layers (n) of AMX3.46,49 Stoumpos et al.46 reported 

orthorhombic crystal structures of BA2MAn-1PbnX3n+1 (X = Br, I) with bandgaps changing 

progressively from 2.43 eV (n = 1) to 1.50 eV (n = ∞) with intermediate values of 2.17 

eV (n = 2), 2.03 eV (n = 3) and 1.91 eV (n = 4). The thickness of (BA)2(MA)n-1PbnI3n+1 

can be reasonably controlled by modifying the ratio of BA/MA cations in the precursor 

solutions. 

Other than the 2D perovskite-related structures mentioned above, ‘1D’ organic-inorganic 

hybrid materials have also been reported where the 1D simply refers to the dimensionality 

of octahedral connectivity. For example, 1D zigzag chains were observed in H2AETHBiI5 

(H2AETH = H3NC18H24S2NH3),50 which contain corner-sharing distorted BiI6 octahedra 

(Figure 1.5a). In addition, edge-sharing chain structures were also reported for NPABiI4 

(NPA = C10H7NH3)51 and BDAPbI4 (BDA = H3NC6H4NH3)52. The crystal structure of 

NPABiI4 is shown in Figure 1.5b. The cations used in these ‘1D’ chain organic-inorganic 

hybrid materials are summarised in the next section. 
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Figure 1.5. (a) The corner-sharing BiI6 chain structure for H2AETHBiI5 viewed along 

the b-axis, reproduced from Ref. 50 with permission. Copyright (2001) American 

Chemistry Society. (b) The crystal packing of NPABiI4 with edge-sharing BiI6 chain 

structure viewed along the c-axis, reproduced from Ref. 51 with permission.  

 

1.1.3 Organic cations used in perovskites and perovskite-like structures 

The use of a wide range of organic cations can provide numerous perovskite and other 

perovskite-like structures. The recent boom in studies of OIHPs inevitably demands 

clarity about what kind of structures can be called ‘perovskite’ structure. Some 

conservative views suggest45 that only AMX3 compounds with structures formed from 

AX3 closed packing and octahedrally coordinated M-cations can accurately be termed 

perovskite, while other more liberal views would use the term ‘perovskite’ for all 

structures containing MX6 octahedra, even if the octahedra are not connected; the latter 
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have been referred to as ‘0D perovskite’.53,54 In this thesis, the only structures termed 

perovskite are those based on AX3 closed packing with octahedral M-cations, regardless 

of how octahedra are connected (corner-sharing, face-sharing or edge-sharing, including 

hexagonal polytypes). A summary of some of the most common organic cations that form 

OIHPs or perovskite-related 2D layered and 1D organic-inorganic hybrid structures is 

shown in Table 1.1. The structural data included in the table are recorded at room 

temperature. All OIHPs and perovskite-related low dimensional structures mentioned in 

the table are synthesised with protonated ammonium cations, except some 1D chain 

structures which can be obtained with (CH3)3S+. Although it is reported that organic 

cations do not contribute to the valence band or conduction band of the materials,55 the 

colour and bandgap change of OIHPs with A-cation size indicates that organic cations 

can indirectly change the band structure by altering the structure of the materials. 

Generally, small ammonium cations form (pseudo-) cubic structures with Pb. When the 

size of the cation gets bigger (Figure 1.6), other polytypes or perovskite-related structures 

such as hexagonal, 2D layered or 1D chain structures are expected. It is also reported that 

perovskites with larger cations exhibit improved humidity resistance due to their 

hydrophobic properties that result from the aliphatic organic parts.56 
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Table 1.1. Organic cations used in compounds reported as OIHPs, and 2D layered or 1D chained perovskite-like structures with 

crystallographic information, tolerance factor (t), optical appearance and bandgap. 

Cation used Compound Structure Space group t Colour Bandgap / eV Ref 

CH3NH3 CH3NH3PbI3 Tetragonal I4/mcm 0.91(2) Black 1.58 57 

CH3NH3 CH3NH3PbBr3 Cubic Pm3"m 0.92(7) Orange 2.20 20 

CH3NH3 CH3NH3PbCl3 Cubic Pm3"m 0.93(8) White 2.97 58 

CH3NH3 CH3NH3SnI3 Tetragonal P4mm 0.91(4) Black 1.20 59 

HC(NH2)2 α-HC(NH2)2PbI3 Cubic Pm3"m 0.98(7) Black 1.47 60 

HC(NH2)2 δ-HC(NH2)2PbI3 Hexagonal P63mc 0.98(7) Yellow  60 

HC(NH2)2 HC(NH2)2PbBr3 Cubic Pm3"m 1.00(8) Orange 2.26 61 

HC(NH2)2 HC(NH2)2PbCl3 Cubic Pm3"m 1.02(3) White 3.35 62 

C2H5NH3 C2H5NH3SnI3 Hexagonal P63mc 1.02(1) Dark red 1.90 63 

NH2(CH3)2 NH2(CH3)2PbI3 2H P63/mmc 1.02(2)  2.39 64 

NH2(CH3)2 NH2(CH3)2PbBr3 4H P63/mmc 1.05(2) Colourless 3.03 65 

C3H6NH2 C3H6NH2PbI3 9R R3"m 0.98(1) Orange 1.97 66 
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Cation used Compound Structure Space group t Colour Bandgap / eV Ref 
C3H7NH3 (C3H7NH3)3Sn2I7 2D Ac2a  Red 2.10 63 

C4H9NH3 (C4H9NH3)2PbI4 2D Pbca  Orange  67 

C4H9NH3 (C4H9NH3)2SnI4 2D Pbca  Dark red 1.9 63 

C5H11NH3 (C5H11NH3)2PbI4 2D Pbca  Red  67 

C6H13NH3 (C6H13NH3)2PbI4 2D Pbca  Orange  67 

NH(CH3)3 NH(CH3)3PbI3 2H P63/mmc 1.07(2)  2.81 64 

NH(CH3)3 NH(CH3)3PbBr3 2H P63/mmc 1.10(2)  3.45 64 

NH(CH3)3 NH(CH3)3SnI3 Trigonal R3c 1.07(5) Pale yellow 2.55 63 

CH(NH2)3 CH(NH2)3SnI3 Hexagonal P63/m 1.03(1) Dark red 1.90 63 

H3CCH(NH2)2 H3CCH(NH2)2 SnI3 4H P63mc  Orange 2.15 63 

N(CH3)4 N(CH3)4PbI3 2H P63/m    68 

N(CH3)4 N(CH3)4SnI3 2H P63/m 1.06(1) Pale yellow  63 

N(CH3)4 [N(CH3)4]3Sb2Cl9 Hexagonal P63/mmc  Colourless  69 

C3H12N2 (C3H12N2)PbBr4 2D P212121  Colourless 3.8 70 
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Cation used Compound Structure Space group t Colour Bandgap / eV Ref 
C7H10N (C7H10N)2PbI4 2D Pbca  Red   47 

C8H12N (C8H12N)2PbI4 2D P1"  Red   47 

C8H12N (C8H12N)2PbBr4 2D P1"  Colourless  48 

C8H12N (C8H12N)2PbCl4 2D P1"  Colourless  48 

(CH3)3S (C3H9S)2SnCl6 1D Pa3"  White 4.1 71 

(CH3)3S (C3H9S)2SnBr6 1D Pa3"  Yellow 2.9 71 

(CH3)3S (C3H9S)2SnI6 1D Pa3"  Black 1.4 71 

C2H14N2 (C2H14N2)PbBr4 1D Imma  Colourless 3.27 72 

H3NC6H4NH3 (C6H10N2)PbI4 1D Pnnm   2.58 52 

H3NC6H12NH3 (C6H18N2)BiI5 1D    2.29 50,73 

C10H7NH3 (C10H10N)BiI4 1D Pbca  Dark red 2.33 51 

H3NC12H24NH3 (C12H30N2)BiI5 1D Ibam   2.41 50 

H3NC18H24S2NH3 (C18H30S2N2)BiI5 1D Aba2   2.53 50 
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Figure 1.6. Structural formulae of the organic cations mentioned in Table 1.1. 
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1.1.4 Octahedral distortion and cation dynamics 

Understanding the nature of the photochemical properties of halide perovskites is the key 

to enhancing the performance of materials and designing novel structures for 

optoelectronics. A potential clue lies in the lattice instability of these systems in phase 

space; symmetry-lowering distortion of the group 14 divalent cation containing octahedra 

occurs while altering composition, pressure, strain and temperature (Figure 1.7). This 

instability is influenced by the electronegativity of the coordination X site, the size and 

shape of A-site cation and the stability of the lone pair carrying metal cation. Metal 

cations with lone pair s2p0 valence state (e.g. Pb2+, Sn2+, Tl+, Bi3+) are inclined to 

symmetry-lowering distortion, which is related to second-order or pseudo-Jahn-Teller 

effects.74,75 Douglas et al.76 reported a lone pair-driven Sn2+ off-centring displacement in 

CsSnBr3 from 300 K to 420 K. Laurita et al.77 compared AMX3 systems (A = MA, 

formamidinium (FA); M = Pb2+, Sn2+; X = Br!, I!) and found that the magnitude of M-

cation dynamic displacement increased with the exchange of a larger A-site cation (FA 

for MA) and a more electronegative anion (Br! for I!). 

 

 

Figure 1.7. (a) No M-site off-centering or octahedral rotation (b) M-site off-centering 

and static octahedral rotation (c) M-site off-centering and no octahedral rotation. 

Reproduced from Ref. 77 with permission from The Royal Society of Chemistry.  
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The most common type of distortion driven by the size of the A-cation is octahedral tilting, 

which affects the B-X orbital overlap and hence the optical bandgap.59 The 

crystallographic information in Table 1.1 indicates that the symmetry and packing 

configuration of OIHPs or other perovskite-related low dimensional structures is 

associated with the A-cation in addition to the choice of metal and halide. The role of the 

A-cation in OIHPs is closely related to the diverse steric constraints enforced by these 

cations (e.g. disparity in shape, length, degree of flexibility and rotation), the interactions 

between the organic cations and the inorganic framework (e.g. hydrogen bonding and 

ionic forces between the halides and ammonium end groups), and forces between the 

organic cations themselves (e.g. Van der Waals forces or aromatic interaction).50,78,79 

MAPbI3 is an example of this - MAPbI3 goes through phase transitions from cubic to 

tetragonal to orthorhombic at ca. 330 K and 160 K, respectively (Figure 1.8). Neutron 

and synchrotron XRD indicate MA cations are fully disordered (dynamically rotating), 

partially ordered and fully ordered (static) in the cubic, tetragonal and orthorhombic 

crystal structures, respectively.80 Molecular dynamic simulations indicate that the dipole-

dipole interaction between MA ions is essential to the formation of ordered domains, in 

which the MA dipoles take positions in energetically favoured, ordered structures, 

especially in the low temperature orthorhombic structure.81  

 

Figure 1.8. (a) Crystal structure of MAPbI3 going through phase transition from cubic to 

tetragonal to orthorhombic at ca. 330 K and 160 K. (b) Relative rotation of adjacent PbI6 

octahedra viewed along c-axis. Adapted from Ref. 81 and Ref. 80 with permission.  
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The formation of domains leads to the phase transitions in OIHPs, which are induced by 

the joint interactions between dipole-dipole interactions of MA cations and interactions 

between MA cations and Pb-I lattice. The process is combined with the deformation of 

the Pb-I lattice which supports the transition from free rotating dipoles to ordered domains.  

 

1.1.5 Phase transitions 

Generally, phase transitions are the physical procedures of transition between different 

states of matter: gas, liquid and solid. The concept of order of phase transition was 

suggested by Ehrenfest82 as the order of lowest differential of Gibbs Energy (G), which 

appeared to be discontinuous at a certain temperature.83 This temperature point is the 

phase transition temperature or critical temperature, TC. Gibbs Energy, first differential 

of Gibbs Energy and the gradient of entropy can be defined as: 

  % = ' + )* (Equation 1.3) 

  +% = −*+) + -+. (Equation 1.4) 

  +* = /"
#$
$

 (Equation 1.5) 

where H, T, S, V, p, Cp are enthalpy, temperature, entropy, volume, pressure and heat 

capacity, respectively. With the equations above, expression of volume and heat capacity 

can be denoted as - = 0
#%
#"
1
$
 and /" = (

#!%
#$!

	)". In other words, volume and heat capacity 

represent the first and second differential of G with appropriate constraint (constant T or 

p). Thus, for a first-order phase transition, the volume (V) displays a discontinuity (Figure 

1.9a) while heat capacity (Cp) would display a discontinuity for a second-order phase 

transition (Figure 1.9b).  

In addition to the Ehrenfest classification, one type of phase transition in thermodynamics 

includes the idea of symmetry breaking. Symmetry breaking during the phase transition 

is often measured with the dielectric response of the matter or by XRD. The dielectric 

response, with variations such as temperature and frequency of the applied field, 

represents the polarisation change during the transition (see further discussion in Section 

2.1.6). XRD can identify the phase transition with additional diffraction peaks associated 
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with the symmetry change of the materials, in addition to continuous or discontinuous 

changes in volume (see further discussion in Section 2.1.1). 

 

 

Figure 1.9. Order of phase transition defined by Ehrenfest: (a) first-order phase transition 

(b) second-order phase transition. G, V, C, T are Gibbs Energy, volume of the matter, heat 

capacity and temperature, respectively. The phase transition temperatures TC are marked 

by vertical dotted lines. Reproduced from Ref. 83 with permission. 

 

1.1.6 Band structure of perovskites 

The cubic aristotype is one of the most common crystal systems for OIHPs. The band 

structure diagram of one example of cubic OIHP (MAPbI3) is shown in Figure 1.10. From 

this diagram we can see that the MAPbI3 perovskite is a direct bandgap material. The 

valence band maximum (VBM) has most contribution from the hybridisation of the I 5p 

orbitals and Pb 6s orbitals, and the conduction band minimum (CBM) from the Pb 6p 

orbitals. This suggests that the organic cations do not contribute directly to the bandgap 

of OIHPs. It is reported that the role played by the organic A-cations is simply to stabilise 

the perovskite structure by their cation ionic size and the hydrogen bonding between the 

metal-halide framework.2,84 The size of the A-cation will also determine the degree (if 

any) of octahedral tilting, and so the M-X orbital overlap. However, this cannot fully 
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address the question of why perovskites with the same elemental composition63,85 are 

stable as different structures - for example, CH3C(NH2)2SnI3 can adopt both 4H-BaRuO3 

and 9R-BaRuO3 structures. More evidence is needed to determine how the organic 

molecules affect the structure and properties of these materials. 

 

 

Figure 1.10. Band structure of MAPbI3 perovskite, reproduced from Ref. 86 with 

permission.  

 

1.2 Synthesis of OIHPs 

Solution precipitation, vapor-assisted solution crystallisation and mechanosynthesis are 

typically used to obtain polycrystalline or single crystal perovskite materials. Other 

methods such as vapor deposition87 are less common which would not be discussed in 

detail in this section.  
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1.2.1 Solution precipitation 

Perovskite thin films are the key functional layers for perovskite photovoltaics and LEDs. 

Such films are typically made in one13,88–90 or two91 steps from precursor solutions (PbX2 

and MAX or FAX). Commonly used solvents include DMF, DMSO and GBL for the 

relatively good solubility of both lead and organic salt precursors in them, and their high 

boiling point which enables slow crystal nucleation. Kojima et al.13 reported preparing 

MAPbI3 perovskite films by one step deposition of a precursor solution of MAI and PbI2 

in DMF on TiO2 substrates. Antisolvent assisted deposition,88 blade-coating,89 and gas 

and vacuum pumping90 are all utilised to aid the uniformity of perovskite thin films. In 

two-step deposition (Figure 1.11a), solutions containing PbX2 are deposited on the 

substrate first and then dried, leaving PbX2 as the nucleation centre for the perovskite. 

The solutions of organic cation salts are then spin-coated and annealed, typically at 

100 ℃.91  

Other than thin films, perovskite single crystals can be obtained with solution 

crystallisation. Inverse temperature crystallisation is a common method which is reported 

to obtain millimetre sized crystals (Figure 1.11b).20,58 This method is possible due to the 

retrograde solubility of APbX3 (A = FA or MA and X = Br or I) in DMF and GBL.92 For 

instance, two-inch-sized single crystals of MAPbX3 (X = Cl, Br, I) can be obtained by 

increasing the temperature of precursor solution in the range of 80 to 100 ℃.58 Cooling 

HX-based precursor solutions is another common method to obtain single crystalline 

perovskite which was first reported by Poglitsch and Weber in 1987.93 This method is 

based on the reduced perovskite solubility in the HX based aqueous solvent with a lower 

temperature. For examples, cooling concentrated aqueous solution of HX acid, MA+ and 

Pb2+ from ca. 100 to 20-40 ℃ allows MAPbX3 (X = Cl, Br, I) crystal growth.59 

Ligand-assisted reprecipitation (LARP) is commonly used to obtain OIHP nanostructures, 

such as nanoplatelets, nanowires and quantum dots.94 In the presence of assisting ligands, 

the precursor solution in good solvent (e.g. DMF, DMSO) is added dropwise into a poor 

solvent (e.g. toluene, hexane). Assisting ligands reported in the literature are typically 

alkyl amines (e.g. octylamine, dodecyl amine, hexadecyl amine) and carboxylic acids (e.g. 

oleic acid, octanoic acid).94,95 After the precursor solutions are added to the poor solvent, 

an emulsion forms with the help of the assisting ligands. The subsequent addition of de-
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emulsifiers (e.g. tert-butanol or acetone) triggers recrystallisation, and perovskite 

nanocrystals are obtained. Huang et al.96 reported a study on the emulsion synthesis of 

colloidal halide perovskite MAPbBr3 with a quantum yield up to 92 %. 

 

 

Figure 1.11. Schematics of perovskite synthesis: (a) two-step solution deposition (b) 

inverse temperature crystallisation (c) antisolvent vapor-assisted crystallisation. 

Reproduced from Ref. 94 with permission from The Royal Society of Chemistry.  

 

1.2.2 Vapor-assisted solution crystallisation 

Antisolvent vapor-assisted solution crystallisation is another commonly used technique 

to obtain single crystals (Figure 1.12). Precursor solutions in an open vial are put in a 

sealed chamber with a low boiling point antisolvent (e.g. DCM, chloroform, ethyl acetate). 

Perovskite single crystals are obtained by slow diffusion of the antisolvent into the 

perovskite precursor solutions. By using this method, Shi et al.16 reported high quality 

and low trap-state density single crystals of MAPbX3 (X = Br, I). 

Other than the antisolvent vapor-assisted solution crystallisation, a two-step vapor 

deposition method is reported to synthesise perovskite nanocrystals.97 This method uses 

a first step similar to the two-step solution precipitation detailed above - the PbX2 
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solutions are deposited and dried on the substrate (Figure 1.12). Instead of using solution 

in the second step, MX vapor flow passes the PbX2-containing substrate and forms 

perovskite nanocrystals such as nanowires and nanosheets. The advantage of this two-

step vapor-assisted solution method is to produce high-quality crystalline materials for 

highly efficient photovoltaics.97 The challenges remaining for this method are to improve 

the stability of materials, and to reduce the cost and time involved in synthesis. Liu et 

al.98 reported the synthesis of nanosheets of MAPbI3 which are as thin as a single unit 

cell (ca. 1.3 nm) and can be used as photodetectors.  

 

 

Figure 1.12. Schematics of a two-step vapor deposition method to synthesise MAPbI3, 

adapted from Ref. 98 with permission. Copyright (2016) American Chemical Society.  

 

1.2.3 Mechanosynthesis 

Mechanosynthesis has been reported as a simple and effective way to obtain OIHPs. In 

addition, grinding is an environmentally friendly (solvent free) approach and can reduce 

the particle size of the samples by mechanical force. Different kinds of milling equipment 

such as planetary ball mills, shaker mills and attritor mills are utilised to synthesise 

perovskite.99 The mechanosynthesis technique was first reported to synthesise OIHPs by 

Stoumpos et al.59 In their study, they used hand grinding in an agate mortar to synthesise 

MAPbI3 and they noted that a subsequent thermal annealing in the vacuum was essential 

to obtain the pure phase products. After that, many following studies show that 

electrically powered ball milling is sufficient to synthesise single phase perovskite.100,101 

Hong et al.102 reported a successful solvent-free large scale mechanosynthesis of around 

250 g of CsSnX3 (X = I, Br or Cl) and FAPbI3. It has been reported that when using 

solution precipitation, the stoichiometry of precipitation products does not always match 

that of the reaction solution.103–106 This does not occur in mechanosynthesis. Thus, the 
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latter method is used to synthesise mixed A-cation,107 mixed metal108 and mixed halide 

perovskites109 with more carefully controlled composition. Chen et al.109 reported a 

mechanosynthesis of mixed halide perovskite APbX3 (A = MA and FA, X = Cl, Br and 

I) which yielded full-spectral emissions with a maximal photoluminescence quantum 

yield up to 92 % (Figure 1.13). 

Despite the advantages of large-scale processing and being environmentally friendly, 

grinding is not as common a method of OIHP synthesis as solution synthesis. The solution 

synthesis is preferred when manufacturing devices because solution can be easily 

processed into thin films by spin-coating and blade-coating methods compared to bulk 

powder.110 Single crystals are important when studying the structure of OIHPs, and in 

terms of single crystal growth, solution or vapor-assisted solution methods are preferred 

as grinding methods cannot obtain single crystals. Both methods are proven to obtain pure 

phase OIHPs and have no obvious impact on the stability of compounds.111  

 

 

Figure 1.13. Photos showing luminescence under a UV lamp of mixed halide FAPbX3 

(X = Cl/Br, Br/I) perovskite nanocrystals in mortar pestle (top) and in toluene suspension 

(bottom), reproduced from Ref. 109 with permission. Copyright (2019) American 

Chemical Society.  

 

1.3 Compositional variations of perovskites 

OIHPs are currently one of the fastest-growing areas of solid-state/condensed matter 

science. However, many OIHP compounds are unstable in air due to moisture-induced 

decomposition and phase changes, which hinders the light-harvesting and electron/hole 
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transportation.59,112 This is an adverse feature in their use in photovoltaics. To address 

this stability issue, different material design strategies such as mixed cations,113–115 mixed 

halides,116–119 nanostructuring120 and contact passivation121 have been explored. 

The compositional variations among A, M and X result in a diverse range of structures 

with distinct chemical and physical properties. Here, a brief review of doping on A, M 

and X sites of halide perovskites is given as a background to this thesis. 

 

1.3.1 Mixed A-site perovskite 

Based on the concept of tolerance factor, the choice of ideal A-cations for a certain 

combination of M and X to form the cubic perovskite structure is rather limited. Other 

than the ideal cases, AMX3 compounds usually adapt structural distortion - the most 

common type of distortion driven by the size of the A-cation is octahedral tilting which 

affects the B-X orbital overlap and hence the optical bandgap.59 The pioneering work in 

halide perovskites used MA+ as the A-site cation to produce a cubic 3D-perovskite 

structure,13 with FA+ also adopting the cubic structure.122 Generally, these metal halide 

perovskites suffer from lack of resistance to moisture, especially for MAPbI3, which 

decomposes to PbI2 in the presence of water.123,124 Doping A-site cations has been 

reported as an effective method to improve the moisture resistance and thus improve the 

stability of the materials; Prochowicz et al.107 obtained a mixed A-cation solid solution 

system MAxFA1-xPbI3 by mechano-synthesis to stabilise the α-FAPbI3 cubic phase in air, 

which is a key absorber layer in highly efficient solar cells.15,125  

Moreover, doping a relatively larger cation such as BA, PEA or pentylammonium and so 

on, could result in two-dimensional (2D) layered structures, which form by cutting the 

framework of the 3D perovskite into precise 2D slabs. 2D perovskite-like structure have 

been reported to be more tolerant to moisture than the 3D analogues and display bandgap 

tunability.49 Stoumpos et al.46 reported a study of layered perovskite-like structures by 

doping BA into MAPbI3, the bandgap of which can be tuned from 2.43 eV to 1.50 eV by 

changing the composition of BA2MAn-1PbnI3n+1 (n = 1, 2, 3, …). Hassan et al.126 reported 

(C18H35NH3)2MAn-1PbnI3n+1 (n = 1, 2, 3) with absorption peaks maxima at 505 nm (2.45 

eV), 565 nm (2.19 eV), and 593 nm (2.09 eV) (Figure 1.14). Bandgaps of these 2D 
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layered structures vary with the number of layers as the absorption is mainly ascribed to 

the electronic transitions within the inorganic layers. Other advantages of A-cation 

doping include improved power conversion efficiency of photovoltaic devices17,127 and 

reduced trap states in the fabrication of solar cells.56,128 Saliba et al.17 achieved high 

efficiency solar cells up to 21.6% with a mixed A-cation composition 

(Rb,Cs,MA,FA)PbI3, which retained 95% power conversion efficiency after 500 hours at 

85 ℃.  

 

Figure 1.14. (a) Schematic structure of the 2D layered structures (C18H35NH3)2MAn-

1PbnI3n+1 (n = 1, 2, 3) (b) Photo of 2D organo-lead perovskite-like nanocrystals solution 

in toluene (left to right, n = 1, 2, 3) (c) Absorption spectra and steady-state 

photoluminescence of (C18H35NH3)2MAn-1PbnI3n+1. Reproduced from Ref. 126 with 

permission.  

 

1.3.2 Mixed metal perovskite 

Although lead halide perovskites have drawn extensive attention due to their distinct 

optoelectrical properties, lead toxicity remains a problem in the commercialisation of the 
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materials. To replace lead, doping isovalent (e.g. Sn2+, Mn2+, etc)116–118 and heterovalent 

(e.g. Bi3+, In3+, etc)119,129 metal ions has been studied. For example, CsPbxMn1-xCl3 

quantum dots have been reported with a maximum photoluminescent quantum yield up 

to 54% with tuneable emission from 569 to 587 nm.118 Mn-doping in halide perovskites 

results in no change to the original crystal structure, and the absorption spectra indicate a 

small effect on the electronic structure. (Figure 1.15a). Notably, sensitized Mn 

luminescence (ca. 600 nm) from d-d transitions was found, which results from the 

efficient energy transfer from the excitons of the perovskite host (Figure 1.15b). 

Furthermore, Mn-doping in the nanocrystals in turn improved the photoluminescence of 

the perovskite host.116 In addition to Mn-doping, Bi-doped CsPbBr3 crystals exhibit much 

broader absorption spectra compared to undoped CsPbBr3, and the colour of Bi-doped 

crystals changes from orange to deep red with a higher percentage of Bi in the 

composition.119 This bandgap narrowing arises from the interaction between the electrons 

and positively charged dopants (Bi3+). Double perovskites with general formula 

AI2MIMIIIX6 (AI = Cs+, MA, MI = Ag+, Cu+ and MIII = Bi3+, In3+, Sb3+ etc) were reported 

as replacements of lead perovskites.86,130,131 Cs2AgBiBr6 and Cs2AgBiCl6 were reported 

to be stable in air with an indirect bandgap of 2.19 eV and 2.77 eV respectively.130 

Compared to CsPbBr3 (2.22 eV) and CsPbCl3 (2.99 eV), which have direct bandgaps, the 

source of indirect bandgap in double perovskites is the altered electronic structure of both 

valance band and conduction band.132  

 

Figure 1.15. (a) absorption spectra and (b) photoluminescence of Mn-doped and undoped 

CsPbX3 (X = Cl, Br) nanocrystals. Reproduced from Ref. 116 with permission. Copyright 

(2016) American Chemical Society. 
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Despite the attention paid to the lead-free perovskites, there is still a performance gap 

between them and the lead-containing perovskite materials. 

 

1.3.3 Mixed halide perovskite 

As the band structure of OIHPs has a strong dependence on halide orbitals and Pb-X 

orbital interaction, varying the halide, X, is a common method to realise bandgap 

tunability for halide perovskites. 35,109,133 Yuiga et al.133 showed that the bandgap of 

MAPbBrxI3-x varied quadratically with Br content from 1.65 to 2.38 eV while the structure 

changed from tetragonal to cubic. Jang et al.134 reported the synthesis of MAPbBr3-xClx 

and MAPbBr3-xIx nanocrystals by halide exchange reactions of MAPbBr3 with MACl and 

MAI, respectively (Figure 1.16a). Both absorption onset and photoluminescence peaks 

of MAPbBr3-xClx and MAPbBr3-xIx films showed systematic shifting with composition as 

shown in Figure 1.16b. Corresponding bandgap calculations indicate a wide range of 

tuneable bandgap from 1.6 to 3.0 eV. Levchuk et al.122 reported nanocrystals of FAPbBr3-

xClx and FAPbBr3-xIx, the photoluminance energy of which was found to change from 

1.68 eV to 2.98 eV(Figure 1.16c). Bandgap-composition relationships of MAPbX3 and 

FAPbX3 indicate their band structure has a strong dependence on the energy of Cl, Br or 

I orbitals and Pb-X orbital interaction.  

Other benefits of mixed halide perovskites include improving solar cell power conversion 

efficiency and the stability of the perovskite materials.14,135 Jun et al.135 reported that 

mixing 15-20% Br in MAPbI3 resulted in solar cells which could keep 95% efficiency for 

more than 15 days after exposure to humidity, while the efficiency of triiodide cells 

dropped below 50% after the same exposure. The authors explained that mixing MAPbI3 

with Br leads to a stable and compact structure, as the partial substitution of larger I with 

smaller Br results in the reduction of lattice constant and a transition from tetragonal to 

cubic phase. Cl doping in OIHPs has been reported to improve the carrier mobility, which 

is crucial in achieving competitive photovoltaic efficiency.127,136 Madjet et al.137 

performed molecular dynamics simulations and found that incorporation of 3% - 4% Cl 

in MAPbI3 can slow down the carriers relaxation dynamics due to the structural distortion 

caused by Cl doping. As a result, the lifetime of excitons is increased, which gives a better 

chance of charge separation, and improves the carrier mobility.  
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Figure 1.16. (a) Photo of MAPbBr3-xClx and MAPbBr3-xIx colloidal solutions, where x = 

0, 0.5, 1, 1.5, 2, and 3 (b) Absorption and photoluminescence spectra of MAPbBr3-xClx 

and MAPbBr3-xIx films. Figures (a, b) reproduced from Ref. 134 with permission. 

Copyright (2015) American Chemical Society. (c) Photoluminescence peaks plotted with 

composition and photoluminescence spectra of FAPbBr3-xClx and FAPbBr3-xIx 

nanocrystals, adapted from Ref. 122 with permission. Copyright (2017) American 

Chemical Society. 
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1.4 Summary 

This chapter provides a brief overview of perovskite and compositional variations 

introduced by doping. The family of AMX3 crystals with perovskite structure is typified 

by a 3D framework made up of MX6 octahedra. Although many structural types of oxide 

perovskite are well-studied, the field of halide OIHPs is relatively new. The recent 

research boom concerning halide perovskite and perovskite-like layered structures with 

organic A-cations opens up opportunities for using these materials in numerous 

applications such as solar cells and LEDs. These optoelectronic applications are closely 

related to the band structure of halide perovskite which is mainly affected by the MX6 

octahedra framework. Thus, it is necessary to study the behaviour of MX6 octahedra such 

as octahedral distortions and related phase transitions. Unwanted phase transitions or 

decomposition has been reported as a major challenge for the commercialisation of 

perovskite materials and doping at the A- or X-site has been reported as an approach to 

overcoming this challenge.  

 

1.5 Thesis Overview 

This thesis explores the synthesis, structure and optoelectrical properties of OIHPs with 

azetidinium as the A-site cation. The aim is to study a series of new perovskite structures 

and to investigate the relationship between structure and bandgap. 

Experimental techniques and synthesis details are given in Chapter 2. Structural analysis 

techniques such as PXRD and SCXRD, and subsequent methods of analysis are discussed. 

Equipment details of other characterisation techniques including SEM, absorption 

spectroscopy, NMR spectroscopy, impedance spectroscopy and TGA are given in 

Chapter 2. The synthesis of precursors and perovskites are given as the last part of the 

chapter. 

Chapter 3 discusses a stable 6H hexagonal OIHP AzPbBr3. PXRD and SCXRD are used 

to determine the structure of AzPbBr3. Two suspected phase transitions in AzPbBr3 at 

low temperature are investigated using variable temperature PXRD which is supported 

by the data of impedance spectroscopy. In addition, the octahedral distortion of AzPbBr3 
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is investigated using variable temperature SCXRD data. DFT calculations and absorption 

spectroscopy are explored to understand the band structure of AzPbBr3.  

Chapter 4 explores two mixed A-cation perovskites by combining Az with either MA or 

FA. Two common synthetic methods, precipitation synthesis and mechanosynthesis, are 

used for both Az1-xFAxPbBr3 and Az1-xMAxPbBr3 (0 ≤ x ≤ 1). The A-site cation 

composition in both Az1-xFAxPbBr3 and Az1-xMAxPbBr3 is systematically studied using 

NMR spectra. For samples obtained from the precipitation synthesis, the actual FA% or 

MA% in the precipitate is found to be less than the nominal composition in the reaction 

solution. Such composition mismatch is not found for mechanosynthesised samples. The 

lattice parameters of all samples are studied with PXRD and Rietveld refinement, and 

analysed as a function of the actual composition as determined by NMR spectroscopy. 

The optical properties of the mixed A-cation perovskites are studied with absorption 

spectroscopy.  

In Chapter 5, the influence of halides is explored with mixed halide perovskite AzPbBr3-

xXx (X = Cl or I, 0 ≤ x ≤ 3) prepared by mechanosynthesis. PXRD and Rietveld refinement 

are used to analyse the structure of the mixed halide perovskite solid solutions. Structure 

progression from 6H to 4H to 9R polytypes is determined in conjunction with varying 

halide composition from Cl to I in AzPbBr3-xXx samples. Using PXRD, AzPbX3 (X = Cl, 

Br or I) samples are shown to be stable in ambient air with no decomposition. The 

bandgap of mixed halide perovskites is studied with absorption spectroscopy.  

In Chapter 6, a n = 1 Ruddlesden-Popper phase Az2PbBr4, and a 1D chain structure 

azetidinium bismuth bromide are briefly explored using PXRD, SCXRD and Rietveld 

refinement. The bandgaps of both compounds are studied with absorption spectroscopy.  
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Chapter 2  

Experimental Techniques and Synthesis 

 

2.1 Experimental Techniques 

2.1.1 Powder X-ray diffraction and analysis 

In 1912, Max Von Laue discovered the diffraction of X-ray by crystals and was awarded 

the Noble prize in Physics in 1914.1 The collimated X-ray strikes the sample and the 

electromagnetic waves are scattered by the atoms/ions. Most waves cancel each other out 

through destructive interference. The signals observed by diffractometer are constructive 

interference. Lawrence Bragg and Henry Bragg summarised the rule of the constructive 

interference as Bragg’s law: 

  67 = 2+9:6	;  (Equation 2.1) 

which describes the relationship between the plane spacing d and the wavelength of the 

radiation 7. The intensity of XRD is determined by the electron density of the atoms in 

the cell, thus heavy metals and halides, such as Pb and Br/I, contribute the majority of the 

diffraction in OIHPs. With XRD, the organic cation atomic position and the orientation 

within the unit cell is hard to determine with a high degree of certainty. 

Under ideal conditions, the diffraction peaks are sharp lines. However, the laboratory X-

ray sources are not perfectly collimated and strictly monochromatic. In addition, the 

reflecting planes of crystals are not infinite. The broadening of diffraction width caused 

by microscale or nanoscale crystals is widely studied2,3 and the particle size can be 

estimated by the Scherrer equation:4  

  . = 	
&'

()*+,
 (Equation 2.2) 

where p is the mean size of the ordered domain, K is Scherrer (shape) constant which has 

a typical value of 0.9, λ is the X-ray wavelength, b is the breadth at full width at half 

maximum intensity (FWHM) in radians, and θ is the Bragg angle.  

 



 

 

45 

2.1.1.1 Laboratory powder X-ray diffraction (PXRD) 

PXRD was used to determine phase(s) formed and to check the structure of the materials. 

PXRD data were collected from powder (either solution precipitation or ball mill grinding) 

packed into a standard sample holder, or a PANalytical holder with zero-background Si 

substrate and an optional Kapton film cover. A PANalytical Empyrean diffractometer 

with Cu Kα1 (λ = 1.5406 Å) or a Rigaku Miniflex 600 diffractometer with both Cu Kα1 (λ 

= 1.5406 Å) and Kα2 (λ = 1.5444 Å) were used to collect data. Low temperature PXRD 

between 88 K and 273 K was carried out in capillary mode using a Stoe STADIP 

diffractometer with Cu Kα1 (λ = 1.5406 Å) and Cobra Plus non-liquid-nitrogen cryostream 

from Oxford Cryosystems. Data were typically collected over the range of 5-70° 2q, with 

1 hour collection time for PANalytical Empyrean diffractometer and Stoe STADIP 

diffractometer, and 15 minutes collection time for Rigaku Miniflex 600 diffractometer. 

 

2.1.1.2 Laboratory single crystal X-ray diffraction (SCXRD) 

All SCXRD data collection and analysis was carried out by Dr. David Cordes, University 

of St Andrews. SCXRD was carried out at 293 K, 173 K and 93 K using a Rigaku FR-X 

Ultrahigh Brilliance Microfocus RA generator/confocal optics with Rigaku XtaLAB 

P200 diffractometer [Mo Kα radiation (λ = 0.71075 Å)]. All data were corrected for 

Lorentz polarization effects, and a multi-scan absorption correction was applied by using 

CrystalClear.5 Structures were solved by Patterson methods (PATTY)6 and refined by 

full matrix least-squares against F2 (SHELXL-2018/3).7 Non-hydrogen atoms were 

refined anisotropically, and hydrogen atoms were refined using a riding model. 

 

2.1.1.3 Rietveld refinement 

Rietveld refinement was carried out with the program General Structure Analysis System 

(GSAS).8 GSAS is used to process and analyse PXRD. It is also used to characterise 

mixture(s) of phases by refining the structural parameters of each phase and their weight 

fraction. Reference cif files were obtained either from single crystal diffraction 

measurements or from the Inorganic Crystal Structure Database.9 The theoretical 

diffraction pattern was calculated from the reference cif files and compared to the 
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observed diffraction data. Zero point was refined in case the sample zero-point shifted. A 

shifted Chebyschev function with 13 background parameters was used to fit the 

background of the observed data.  

Other than the background, the refinement of a calculated pattern contains structure 

information factors and profile function.8 The structure information factors include lattice 

parameters, atomic positions, site occupancies and isotropic thermal displacement 

parameters (Uiso). Spherical harmonic preferred orientation is refined with 18 terms and 

cylindrical symmetry. The peak shape and asymmetry are also refined, and together with 

the structural parameters generates a calculated pattern by a least squares minimisation. 

The quality of fit is determined both by visual inspection of the profile and the goodness-

of-fit parameters. The goodness-of-fit parameters are represented by R-factor, Rp, 

weighted R-factor wRp and ‘reduced’ weighted variance <-: 

  =" =	
∑ |0"!0#|
∑ 0"

 (Equation 2.3) 

  >=" = (
∑1(0"!0#)!

∑ 0"
)4/- (Equation 2.4) 

  <- =
1(0"!0#)!

6"!6$%&
 (Equation 2.5) 

?*  and ?)  are the observed and calculated intensity respectively, >  is the weighting 

factor,	@* is the total number of observations in all histograms, and @789 is the number 

of variables in the refinement. 

 

2.1.2 Scanning Electron Microscopy (SEM) 

SEM was used to image the surface morphology and microstructure of the materials. 

Electrons are generated with either a tungsten or lanthanum hexaboride (LaB6) filament 

and then accelerated with high voltage. The image is obtained by analysing the signals 

from the beam-specimen interaction. A Jeol JSM-5600 SEM was used to obtain images 

of samples and accelerating voltage was set at 5 kV. The machine is equipped with a 

tungsten filament electron source and a secondary electron detector. Specimens were 

attached to carbon conductive adhesive on a Cu substrate.  
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2.1.2.1 Energy Dispersive X-ray spectroscopy (EDX) 

EDX was used to identify the elemental composition of materials. It is an attachment to 

the SEM and analyses the X-rays emitted from the beam-specimen interactions. The 

electrons of the specimen are excited to high atomic levels by the incident high energy 

electron beams. When the excited electrons relax to their ground state, characteristic X-

rays are generated since each element has a unique atomic structure. The target elements 

were chosen for fitting and the composition was decided by the relative signal intensities. 

An Oxford Inca EDX system was used to analyse samples with an accelerating voltage 

of 40 kV. 

 

2.1.3 UV-Vis absorption spectroscopy 

Solid-state UV-Vis absorption spectroscopy (UV) is a useful tool to study the optical 

properties of materials. As powdered solids are typically non-transparent, the solid-state 

UV measures the reflectance of samples. The light sources are a deuterium (D2) lamp 

(190 to 350 nm) for use in the ultraviolet region and a halogen (WI) lamp (350 to 900 nm) 

for use in the Vis/Near-infrared region.10 The light from the source is focused and enters 

the monochromator. The monochromatic light then travels to samples through an 

integrating sphere. Integrating spheres are provided with a light trap (Figure 2.1) so that 

the reflectance of samples can be measured by the detector. Solid-state UV of all samples 

were recorded using a JASCO-V650 double beam spectrophotometer and an ISV-722 

integrating sphere accessory, 60 mm diameter. The measurement wavelength ranges from 

190 to 900 nm and the exact range depends on the visual color of the samples. 

 

Figure 2.1. Representation of diffuse reflectance in an integrating sphere used in solid-

state UV-Vis absorption spectroscopy. 
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2.1.3.1 Bandgap calculation 

The bandgaps of the materials were calculated from the absorption spectra. The bandgap, 

i.e. the energy difference between the valence band and conduction band, was determined 

from the intersection point of the fitted baseline and the onset of the absorption spectrum. 

Figure 2.2 shows an illustration of this on an energy scale. The values of y-axis A(B) is a 

function of the absorption coefficient B, which can be defined as:  

  B = 	
:;	(=>?('))

#
= −

:;(4!8(+('))
#

 (Equation 2.6) 

where =CA(7)  and DE9(7)  are the reflection and the absorption of the sample 

respectively, and + is the sample thickness in centimetres, and A(B) depends on the band 

structure nature of the materials whether the optical transition is direct or indirect. The 

approach of Tauc et al.11,12 is used to decide the bandgap Eg, of the materials: 

Direct transition  A(B) = B-(B- ∝ (ℎH − I@) (Equation 2.7) 

Indirect transition 	A(B) 	= 	√BℎH	(√BℎH ∝ KℎH − I@L) (Equation 2.8) 

All bandgaps of the samples were determined by the Band-Gap Calculation program in 

Spectra Manager CFR of the spectrophotometer.  

 

 

Figure 2.2. Illustration of bandgap calculation method – the bandgaps were determined 

from the intersection point of the fitted baseline and the onset of the absorption spectrum. 
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2.1.4 Grinding ball mill 

Teflon ball mill pots were used for all mechanosyntheses. The diameter and depth of the 

pots were 38.6 mm and 45.9 mm, respectively. Nine high wear-resistant zirconia grinding 

media with diameter of 10 mm were added into each pot. The mixture was ground using 

a FRITSCH Pulverisette planetary ball mill. The rotational speed was set to 600 rpm and 

rotation time was set as 1 hour.  

 

2.1.5 1H and 13C NMR spectra 

1H and 13C NMR spectra were recorded on a Bruker Advance spectrometer (400 MHz for 
1H, 101 MHz for 13C). 1H and 13C NMR spectra were referenced against residual solvent 

peaks with respect to tetramethylsilane (δ = 0 ppm). The samples were dissolved in either 

d-chloroform or d6-DMSO for NMR analyses. The data were analysed using 

MestReNova software. 

 

2.1.5.1 Determination of the molar ratio of A-cation using 1H NMR spectra 

1H NMR spectroscopy was used to determine the molar ratio of the mixed-cation 

perovskite. The as-synthesised perovskite powder (ca. 60 mg) was dissolved in ca. 0.6 

mL d6-DMSO. The solutions were stirred at room temperature until the powder dissolved. 

The solutions from precipitation synthesis were transferred into NMR tubes while the 

solutions from mechanosynthesis were filtered to clear non-perovskite particles, such as 

polymer fibres or micro-particles from the ball mill before the transfer. A 

dichlorobenzene internal standard (20 µL) was added by micropipette. The solution was 

mixed before the analysis. Before integration, the baseline was corrected using Whittaker 

Smoother method and the phase was corrected using the whitening algorithm. The peaks 

of standard reagent dichlorobenzene were integrated first and normalised to 4.00 (4 ́  1H). 

Then the peaks of A+ (A = MA or FA), Az+ were integrated as ?A', ?AB', respectively. 

One example of this analysis on a mixed A-cation perovskite Az0.1FA0.9PbBr3 is shown 

in Figure 2.3. The molar ratios of organic A+ cation were calculated by the equation: 

  BA' =
0('

0('C0()'/D
 (Equation 2.9) 
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Figure 2.3. An example of the 1H NMR analysis on a mixed A-cation perovskite 

Az0.1FA0.9PbBr3 in d6-DMSO. Dichlorobenzene (20 μL) was used as the internal standard.  

 

2.1.6 Dielectric measurement 

A dielectric is an electrical insulator or wide-bandgap semiconductor which can be 

polarised by the applied electric field. Capacitance, C, is the ratio of the electric charge 

(Q) that dielectric materials can store to the applied electric potential (U); C = Q / U. The 

capacitance can also be denoted as:  

  / = O9OE
A
#
  (Equation 2.10) 

where O9 is relative permittivity, OE is the vacuum permittivity, and A and d are the area 

and the thickness of the dielectric, respectively. Relative permittivity is a useful parameter 

to indicate a phase transition within materials because of the polarisation changes induced 

by atom repositioning during the transition. The discussion above concerns the dielectric 

behaviour in a static electric field. However, in reality applied voltage may vary with time. 

The complex permittivity, O9∗	is used to describe the dielectric in alternating field:  



 

 

51 

  O9
∗ = O9

G − PO9
"   (Equation 2.11) 

where real component	O9G  is the relative permittivity, and the imaginary component or 

absolute loss O9"  indicates the energy loss in the dielectric in the alternating field. 

Dielectric loss is also expressed as a normalised loss or dissipation which is known as tan 

δ:   

  QD6R = 	 O9
" 	/	O9

G 	 (Equation 2.12) 

Besides the polarisation process and frequency, the relative permittivity of dielectrics 

depends on temperature.13,14 Figure 2.4 shows a generic model of possible relative 

permittivity changes with temperature. In O to A, the sharp decrease while cooling may 

be due to the orientation (freezing) of permanent dipoles in the material; the gentle 

decrease at lower temperature is due to the diminishing motion of the dipoles and 

decreasing contribution to the polarisation of the material. The overall polarisation gained 

from electronic and ionic polarisation does not change significantly with the temperature. 

The gap between O and O’ is due to the hysteresis of temperature response of the material 

and may either be related to the thermodynamics of any phase transition, or due to 

experimental factors such as thermal lag. In O to B, the average dipole alignment 

decreases as the activated random thermal motion hinders the collective charge 

displacement of the material in the electric field. In B to C, the sharp decrease happens 

when the material melts and the structure of it changes; the latter descent is due to the 

same process of the melted material as O to B.  

Samples for electrical measurements were prepared by pressing powdered samples into a 

pellets of 10 mm diameter under a load of 1 ton. The opposing faces of the pellets were 

then coated with either gold or silver paste electrodes. For measurements below room 

temperature, the relative permittivity and loss were collected using an Agilent 4294A 

precision impedance analyser connected to a closed-cycle cryostat. The working 

temperature range is from 50 to 320 K. The sample was mounted next to a thermocouple 

in the sealed chamber which was evacuated to a pressure no greater than 6 ´ 10-2 mbar. 

In general, heating/cooling rates of 2 K/min were used and the temperature interval of 

data collection was 2 K. Data were collected over the frequency range of 100 Hz to 10 

MHz.  
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Figure 2.4. Temperature dependence of relative permittivity, adapted from Ref. 14 with 

permission under licence "Attribution-Non-Commercial-Share Alike 2.0 UK: England & 

Wales". 

 

2.1.7 Thermo-gravimetric analysis (TGA) 

TGA is used to analyse the sample mass change with changing temperatures over time. 

Around 5 mg of samples were weighted and put into a Al2O3 crucible for the analysis. 

Then the crucible was transferred to the balance in the Netzsch Thermogravimetric 

Analyzer TG 209, which was programmed to start heating from room temperature to 

700 ℃ at a rate of 10 ℃ / min under N2 flow.  

 

2.2 Experimental details of synthesis 

2.2.1 Precursor synthesis 

2.2.1.1 Synthesis of azetidinium bromide  

AzCl (0.47 g, 5 mmol, 1 equiv.) and NaBr (1.02g, 10 mmol, 2 equiv.) were dissolved in 

50 mL EtOH. The reaction flask was sparged with N2 for 10 min and then the mixture 

was stirred at 50 ℃ under N2 for 18 h. The reaction mixture was filtered, and the solvent 
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of the filtrate was removed under reduced pressure. DCM was added to re-dissolve the 

product and a second filtration was carried out to remove the remaining sodium salts. The 

crude product was recrystallized twice from EtOH/diethyl ether. The recovered solid was 

dried under vacuum for 24 h before use. White needle-like crystals were obtained. Yield: 

82 %. Mp.: 132 - 135 °C. 1H NMR (400 MHz, CDCl3) δ (ppm) 9.37 (s, 2H), 4.24 – 4.12 

(m, 4H), 2.61 (p, J = 8.4 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ (ppm) 46.16, 18.48. 

Elemental Analysis. Calculated: C, 26.11; H, 5.84; N, 10.15; Br, 57.90; Found: C, 26.24; 

H, 5.65; N, 9.99. 

 

2.2.1.2 Synthesis of azetidinium iodide 

Potassium hydroxide (1.30 g, 23 mmol, 1.5 equiv.) was dissolved in 3 mL deionised water 

and mixed with azetidinium chloride (1.45 g, 15 mmol, 1 equiv.) under stirring for 30 

min. The intermediate azetidine was extracted at 80 ℃ under reduced pressure and 

condensed with liquid nitrogen. Hydroiodic acid (3 mL, 23 mmol, 1.5 equiv.) was then 

added into the condensed solution and reacted under stirring for 30 min at room 

temperature. The solvent was then removed under reduced pressure at 80 ℃. The crude 

products were dissolved in 3 mL EtOH and the product recrystallized from diethyl ether. 

The recovered solid was dried under vacuum for 24 h before use. White needle-like 

crystals were obtained. Yield: 86%. Mp.:137-138 °C 1H NMR (500 MHz, DMSO-d6) δ 

(ppm) 8.42 (s, 2H), 3.98 – 3.89 (m, 4H), 2.37 (p, J = 8.3 Hz, 2H). 13C NMR (126 MHz, 

DMSO-d6) δ (ppm) 46.53, 18.93. Elemental Analysis. Calculated: C, 19.48; H, 4.36; N, 

7.57; I, 68.59; Found: C, 19.61; H, 4.24; N, 7.66. 

 

2.2.1.3 Synthesis of methylammonium bromide/iodide  

The synthesis protocol is a modification of that reported in the literature.15,16 MABr/I was 

synthesised by reacting methylamine (20 mL, 0.1 mol, 1 equiv.) and hydrobromic acid 

(20 mL, 0.17 mol, 1.7 equiv.) / hydroiodic acid (24 mL, 0.12 mol, 1.2 equiv.), respectively, 

in a round-bottom flask at 0 ℃ for 2 h with stirring. The solvent was carefully removed 

under reduced pressure. The white crude products were recrystallized from EtOH/diethyl 

ether and dried under vacuum for 24 h. White needle-like crystals were obtained for both 
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products. MABr: Yield: 83 %. 1H NMR (400 MHz, CDCl3) δ (ppm) 7.50 (s, 3H), 2.38 

(s, 3H). MAI: Yield: 46 %. 1H NMR (400 MHz, CDCl3) δ (ppm) 7.48 (s, 3H), 2.38 (d, 

J = 0.8 Hz, 3H). The characterisation matches that reported in the literature.15,16 

 

2.2.1.4 Synthesis of formamidinium bromide/iodide 

The synthesis protocol is a modification of that reported in the literature.17 

Formamidinium acetate (1.04 g, 10 mmol, 1 equiv.) and hydrobromic acid (2.3 mL, 20 

mmol, 2.0 equiv.) / hydroiodic acid (2.4 mL, 12 mmol, 1.2 equiv.), respectively, were 

mixed and stirred at 50 ℃ for 20 min. The solvent was removed under reduced pressure. 

The white crude products were dissolved in EtOH and the product recrystallized from 

diethyl ether. The recovered solid was dried under vacuum for 24 h before use. White 

needle-like crystals were obtained for both products. FABr: Yield: 91 %. Mp.: 132 - 

136 °C (reported18 as 133 – 140 °C) 1H NMR (400 MHz, DMSO-d6) δ (ppm) 8.75 (s, 

4H), 7.86 (s, 1H). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 40.19. Elemental Analysis. 

Calculated: C, 9.61; H, 4.03; N, 22.42; Br, 63.94; Found: C, 9.42; H, 4.14; N, 22.30. FAI: 

Yield: 88 %. Mp.: 235 - 240 °C (reported17 as 242 °C). 1H NMR (400 MHz, DMSO-d6) 

δ (ppm) 8.84 (s, 4H), 7.86 (s, 1H). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 39.96. 

Elemental Analysis. Calculated: C, 6.98; H, 2.93; N, 16.29; Br, 73.80; Found: C, 6.97; 

H, 3.03; N, 16.25. The characterisation matches that reported in the literature.19,20 

 

2.2.2 Synthesis of perovskite 

2.2.2.1 Synthesis of AzPbCl3, AzPbBr3, and AzPbI3 

A solution precipitation method was adapted to synthesise azetidinium lead chloride 

(AzPbCl3). A mechanical grinding method was adapted to synthesise azetidinium lead 

iodide (AzPbI3). Both a solution precipitation method and a mechanical grinding method 

were adapted to synthesise azetidinium lead bromide (AzPbBr3).  

Precipitation synthesis: AzPbCl3 samples were prepared by mixing AzCl (0.094 g, 1.0 

mmol, 1 equiv.) and PbCl2 (0.278 g, 1.00 mmol, 1 equiv.) in 2 mL DMSO solution at 

room temperature and in air. After stirring for 1 h, clear solutions were obtained. A 

controlled amount of DCM (8 mL) was added slowly into the solution and the solution 
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was shaken for 1 min and then left to stand for 10 min before vacuum filtration. The 

resulting powders were washed with 10 mL DCM twice and dried in vacuum for 24 h. 

The samples were obtained as white powder. Single crystals of AzPbCl3 were obtained 

by slow diffusion of antisolvent DCM into the same concentration solution in a sealed 

vial. White needle-like crystals were obtained within 24 h. AzBr (0.138 g, 1.00 mmol, 1 

equiv.) and PbBr2 (0.367 g, 1.00 mmol, 1 equiv.) were stirred in 2 mL DMF for 10 min 

before 0.5 mL DMSO was added into the solution. The solution was stirred until it 

became homogenous. Acetonitrile (20 – 25 mL) was added slowly into the solution, 

whereupon a pale yellow precipitate formed immediately. The mixture was left to stand 

for 10 min before filtration. The resulting powders were washed with acetonitrile twice 

and dried under vacuum for 24 h. A pale yellow powder was obtained. The single crystal 

of AzPbBr3 was obtained by placing the solution into a sealed chamber with low-boiling 

point antisolvent (DCM) to allow the single crystal to grow with antisolvent diffusion. 

The diffusion took 2 to 3 days until pale yellow needle-like crystals were obtained.  

Mechanosynthesis: AzBr (0.138 g, 1.00 mmol, 1 equiv.) and PbBr2 (0.367 g, 1.00 mmol, 

1 equiv.) were mixed by gentle grinding for 5 min before the mixture was transferred into 

the ball mill and ground at 600 rpm for 1 h. A pale yellow powder was obtained. AzI 

(0.185 g, 1.00 mmol, 1 equiv.) and PbI2 (0.461 g, 1.00 mmol, 1 equiv.) were mixed by 

gentle grinding for 3 min before the mixture was transferred into the ball mill and ground 

at 600 rpm for 1 h. An orange powder was obtained. 

 

2.2.2.2 Synthesis of mixed-cation perovskite 

Both an antisolvent precipitation method and a mechanical grinding method were adapted 

to synthesise mixed A-cation samples with general compositions: Az1-xFAxPbBr3, Az1-

xMAxPbBr3 and MA1-xFAxPbBr3 (0 ≤ x ≤ 1). 

Mechanosynthesis: Az1-xFAxPbBr3 (0 ≤ x ≤ 1) samples were prepared by mixing 

appropriate molar ratios of vacuum dried AzBr and FABr with PbBr2 in a mortar and 

pestle and gently ground for 3 min. The mixture was then transferred into the ball mill 

and ground at 600 rpm for 1 h. The samples obtained ranged from pale yellow (low x) to 

red/orange (high x). Az1-xMAxPbBr3 (0 ≤ x ≤ 1) were prepared by mixing appropriate 

molar ratios of vacuum dried AzBr and MABr with PbBr2 in the ball mill and ground at 
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600 rpm for 1 h. MA1-xFAxPbBr3 (0 ≤ x ≤ 1) samples were prepared by mixing appropriate 

molar ratios of vacuum dried MABr and FABr with PbBr2 in the ball mill and ground at 

600 rpm for 1 h. 

Precipitation synthesis: Az1-xFAxPbBr3 (0 ≤ x ≤ 1) samples were prepared by mixing 

appropriate molar ratios of AzBr and FABr with PbBr2 in DMF/DMSO (4:1, 2.5 mL, 0.4 

M) solution at room temperature in air. After stirring for 1 h, clear solutions were obtained. 

20 mL acetonitrile was added slowly into the solution and the solution was shaken for 3 

min and then left to stand for 15 min before filtration. The resulting powders were washed 

with 10 mL acetonitrile twice and dried in vacuum for 24 h. The samples obtained ranged 

from pale yellow (low x) to red/orange (high x).  

Az1-xMAxPbBr3 (0 ≤ x ≤ 1) were prepared by mixing appropriate molar ratios of AzBr 

and MABr with PbBr2 in DMF/DMSO (4:1) solution (ca. 0.5 M) at room temperature and 

in air. After stirring for 2 h, clear solutions were obtained. Acetonitrile was added slowly 

into the solutions and these were left to stand for 10-30 min before filtration. The resulting 

powders were washed with acetonitrile and diethyl ether twice and dried in vacuum for 

24 h. The samples obtained ranged from pale yellow (low x) to orange (high x).  

MA1-xFAxPbBr3 (0 ≤ x ≤ 1) samples were prepared by mixing appropriate molar ratios of 

MABr and FABr with PbBr2 in DMF solution (ca. 0.5 M) at room temperature. After 

stirring for 1 h, clear solutions were obtained. 20 mL acetonitrile was added slowly into 

the solution and the solution was left to stand for 15 min before filtration. The resulting 

powders were washed with 10 mL acetonitrile twice and dried in vacuum for 24 h. The 

samples obtained were red/orange. 

 

2.2.2.3 Step antisolvent precipitation synthesis of Az0.5FA0.5PbBr3 

Set 1: AzBr, FABr and PbBr2 were dissolved in DMF/DMSO (4:1) – 0.4 M where the 

nominal composition was Az0.5FA0.5PbBr3. The solution was divided evenly into 5 

sample vials after stirring. The volume of antisolvent acetonitrile added into the solution 

ranged from 1 mL, 2 mL, 5 mL, 10 mL to 20 mL. The precipitates were dried in vacuum 

for 24 h before analysis. 



 

 

57 

Set 2: AzBr, FABr and PbBr2 were dissolved in DMF/DMSO (4:1) – 0.4 M where the 

nominal composition was Az0.5FA0.5PbBr3. The total amount of antisolvent added into 

the solution acetonitrile, including rinsing and washing, was recorded. To obtain enough 

powder for the analysis, the total amount of antisolvent ranged from 1 mL, 7 mL, 16 mL 

to ca. 30 mL. The extra volume of antisolvent was to compensate for the loss during 

vacuum filtration. The precipitates were dried in vacuum for 24 h before analysis. 

 

2.2.2.4 Synthesis of azetidinium mixed-halide perovskite 

A mechanical grinding method was adapted to synthesise AzPbClxBr3-x and AzPbBrxI3-x 

(0 ≤ x ≤ 3). AzPbClxBr3-x (0 ≤ x ≤ 3) samples were prepared by mixing appropriate molar 

ratios of vacuum dried precipitation synthesised AzPbCl3 or AzBr and PbCl2 or PbBr2 in 

a mortar and pestle and gently ground for 1 min. The mixture was then transferred into 

the ball mill and ground at 600 rpm for 1 h. The samples obtained ranged from white to 

pale yellow. AzPbBrxI3-x (0 ≤ x ≤ 3) samples were prepared by mixing appropriate molar 

ratios of vacuum dried AzBr or AzI and PbBr2 or PbI2 in the ball mill and ground at 600 

rpm for 1 h. The samples obtained ranged from pale yellow to orange. 

 

2.2.2.5 Synthesis of low dimensional structure with azetidinium  

Az2PbBr4 can be obtained by either hand grinding or mechanosynthesis. AzBr (0.276 g, 

2.00 mmol, 2 equiv.) and PbBr2 (0.367 g, 1.00 mmol, 1 equiv.) were mixed in a mortar 

and pestle and ground for 30 min. For the mechanosynthesis, the same stoichiometric 

amount of AzBr and PbBr2 were mixed in ball mill and ground at 600 rpm for 1 h. A 

yellow powder was obtained from both syntheses.  

AzBr (0.150 g, 1.09 mmol, 3 equiv.) and BiBr3 (0.325 g, 0.725 mmol, 2 equiv.) were 

stirred in 2 mL DMF solution at room temperature and in air. After stirring for 1 h, clear 

solutions were obtained. DCM (20 mL) was added into the solution, whereupon a yellow 

precipitate formed immediately. The resulting powders were washed with DCM twice 

and dried under vacuum for 24 h. A bright yellow powder was obtained. Single crystal of 

azetidinium bismuth bromide was obtained by placing the solution into a sealed chamber 

with DCM to allow the single crystal to grow with antisolvent diffusion. Bright yellow 

needle-like crystals were obtained.   



 

 

58 

References 

(1)  The Nobel Prize in Physics 1914 - NobelPrize.org https://www.nobelprize.org/ 

prizes/physics/1914/summary/ (accessed Jan 23, 2020). 

(2)  Londoño-Restrepo, S. M.; Jeronimo-Cruz, R.; Millán-Malo, B. M.; Rivera-Muñoz, 

E. M.; Rodriguez-García, M. E. Effect of the Nano Crystal Size on the X-Ray 

Diffraction Patterns of Biogenic Hydroxyapatite from Human, Bovine, and 

Porcine Bones. Sci. Rep. 2019, 9 (1). 

(3)  Muniz, F. T. L.; Miranda, M. A. R.; Morilla Dos Santos, C.; Sasaki, J. M. The 

Scherrer Equation and the Dynamical Theory of X-Ray Diffraction. Acta 

Crystallogr. Sect. A Found. Adv. 2016, 72 (3), 385–390. 

(4)  Cullity, B. D.; Stock, S. R. Elements of X-Ray Diffraction, Third Edition. Prentice-

Hall 2001, pp 92–102. 

(5)  CrystalClear-SM Expert 2.1. Rigaku Americas, Rigaku Americas, The Woodlands, 

Texas, USA, and Rigaku Corporation;Tokyo, Japan. 2015. 

(6)  DIRDIF-99. Beurskens, P. T.; Beurskens, G.; de Gelder, R.; Garcia-Granda, S.; 

Gould, R. O.; Israel, R.; Smits, J. M. M.; Crystallography Laboratory, University 

of Nijmegen, The Netherlands, 1999. 

(7)  Sheldrick, G. M.; IUCr. Crystal Structure Refinement with SHELXL. Acta 

Crystallogr. Sect. C Struct. Chem. 2015, 71 (1), 3–8. 

(8)  A. C. Larson and R.B. V. Dreele. Los Alamos National Laboratory Report LAUR; 

2004. 

(9)  Startpage ICSD | ICSD https://icsd.products.fiz-karlsruhe.de/ (accessed Feb 19, 

2021). 

(10)  Model V-630/650/660/670 Spectrophotometer Hardware/Function Manual; 2010. 

(11)  Tauc, J.; Grigorovici, R.; Vancu, A. Optical Properties and Electronic Structure of 

Amorphous Germanium. Phys. status solidi 1966, 15 (2), 627–637. 

(12)  Tauc, J. OPTICAL PROPERTIES AND ELECTRONIC STRUCTURE OF 

AMORPHOUS Ge AND Si. Mat. Res. Bull. 1968, 3, 1–21. 

(13)  Waser, R.; Böttger, U.; Tiedke, S. Polar Oxides : Properties, Characterization, 



 

 

59 

and Imaging; Wiley-VCH, 2005. 

(14)  DoITPoMS - TLP Library Dielectric materials - Effect of temperature on the 

dielectric constant https://www.doitpoms.ac.uk/tlplib/dielectrics/temperature.php 

(accessed Feb 3, 2020). 

(15)  Cao, M.; Tian, J.; Cai, Z.; Peng, L.; Yang, L.; Wei, D. Perovskite Heterojunction 

Based on CH3NH3PbBr3 Single Crystal for High-Sensitive Self-Powered 

Photodetector. Appl. Phys. Lett. 2016, 109 (23), 233303. 

(16)  Shi, D.; Adinolfi, V.; Comin, R.; Yuan, M.; Alarousu, E.; Buin, A.; Chen, Y.; 

Hoogland, S.; Rothenberger, A.; Katsiev, K.; et al. Low Trap-State Density and 

Long Carrier Diffusion in Organolead Trihalide Perovskite Single Crystals. 

Science (80-. ). 2015, 347 (6221), 519–522. 

(17)  FAI | Formamidinium Iodide | 879643-71-7 | Formamidine hydroiodide | Ossila 

https://www.ossila.com/products/formamidinium-iodide-

fai?variant=21624890817 (accessed Feb 10, 2020). 

(18)  Formamidinium Bromide, >99.5% Purity FABr | CAS 146958-06-7 | Ossila 

https://www.ossila.com/products/formamidinium-bromide-

fabr?variant=21625455361 (accessed Feb 10, 2020). 

(19)  Perumal, A.; Shendre, S.; Li, M.; Tay, Y. K. E.; Sharma, V. K.; Chen, S.; Wei, Z.; 

Liu, Q.; Gao, Y.; Buenconsejo, P. J. S.; et al. High Brightness Formamidinium 

Lead Bromide Perovskite Nanocrystal Light Emitting Devices. Sci. Rep. 2016, 6 

(June), 1–10. 

(20)  Hanusch, F. C.; Wiesenmayer, E.; Mankel, E.; Binek, A.; Angloher, P.; Fraunhofer, 

C.; Giesbrecht, N.; Feckl, J. M.; Jaegermann, W.; Johrendt, D.; et al. Efficient 

Planar Heterojunction Perovskite Solar Cells Based on Formamidinium Lead 

Bromide. J. Phys. Chem. Lett. 2014, 5 (16), 2791–2795. 

 

  



 

 

60 

Chapter 3 

Organic-inorganic hybrid perovskite – azetidinium lead 
bromide 
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3.1 Introduction 

As discussed in Chapter 1, OIHPs are currently one of the fastest-growing areas of solid-

state materials science. While much of the understanding of OIHPs borrows from the 

more mature area of oxide perovskites, there is still much to learn regarding the solid-

state chemistry due to dynamic effects associated with the organic cations, their increased 

covalency relative to oxides, and also their chemical stability.  

Azetidinium (Az+), a four-member ring ammonium (CH2)3NH2+, is here proposed to be 

a potential A-cation candidate to form lead halide OIHPs with tolerance factors close to 

1.00. Examples using Az as the A-cation in OIHPs are limited to triiodide analogues.1,2 

Pering et al.1 reported the optical bandgap of AzPbI3 to be 2.15 eV and the AzPbI3 thin 

film was reported to better withstand exposure to moisture than MAPbI3 without 

decomposing, although the exposure time was only a few seconds. Riccardo et al.2 

determined the structure of AzPbI3 to be a 9R rhombohedral polytype within the space 

group =T3. The AzPbI3 was synthesised by a two-step recrystallisation solution approach.  

DFT calculations predicted that the 2H hexagonal (δ-H phase, yellow) is more 

thermodynamically stable for APbI3 (A = MA and FA) than the black (pseudo-) cubic 

phase (tetragonal, orthorhombic).3,4 This is supported by experimental observations of 

irreversible colour change of APbI3 (A = MA and FA) thin film from black to yellow 

under ambient environment.5,6 It is essential to study the formation of the hexagonal phase 

and prevent the cubic-hexagonal phase transition in the ambient environment. Thus, 

additional examples of hexagonal perovskite polytypes are needed.  

Stoumpos et al.7 found that hexagonal perovskite structures were common in tin-based 

OIHPs. For lead-based OIHPs, 2H and 4H hexagonal polytypes have been reported with 

cations such as NH2(CH3)2+ (DMA) and NH(CH3)3+ (TMA).8–11 Gratia et al.12 also 

reported a crystallisation process with a structural change from 2H, 4H and 6H (hexagonal) 

to 3C (cubic) depending on x in the solid solution (FAPbI3)x(MAPbBr3)1−x; however, in 

that study DMSO solvent molecules were found to be present in the crystal lattice and it 

is unclear how their presence may affect the exact polymorph adopted, or its resulting 

stability.  
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The focus of this chapter is the detailed structural and optoelectronic characterisation of 

a new 6H OIHP – AzPbBr3. The analyses include variable temperature PXRD, variable 

temperature SCXRD, dielectric spectroscopy and absorption spectra. The structure of 

AzPbBr3 was determined to be a 6H polytype and the two possible phase transitions on 

cooling were analysed with variable temperature PXRD and dielectric spectroscopy. The 

octahedral distortion of AzPbBr3 was analysed based on the Pb and Br coordination data 

from variable temperature SCXRD.  

 

3.2 New stable 6H organic-inorganic hybrid lead perovskite - AzPbBr3 

3.2.1 Synthesis and structural analysis of AzPbBr3 

As AzBr is not commercially available, it was synthesised by ion-exchange using AzCl 

and NaBr and its purity verified by 1H and 13C NMR spectra and elemental analysis 

(Chapter 2). The AzPbBr3 material was obtained both by solution precipitation synthesis 

and mechanosynthesis. For the former, stoichiometric dry AzBr was mixed with PbBr2 in 

DMF/DMSO (4:1, by volume) and precipitated with anti-solvent (Table 3.1).13 In the 

mechanosynthesis, stoichiometric dry AzBr was mixed with PbBr2 using a ball mill and 

ground at 600 rpm for 1 hour. Regardless of the synthetic approach, AzPbBr3 with the 6H 

structure was obtained, suggesting that this phase is thermodynamically favoured for this 

composition. Experimental conditions with varied solvent, antisolvent and solution 

temperature, and corresponding PXRD of precipitation synthesised samples are shown in 

Table 3.1 and Figure 3.1a, respectively.  

In addition, AzPbBr3 obtained from both synthetic methods were highly stable in the 6H 

form and showed no visual or structural degradation after storage in ambient air for 6 

months (Figures 3.1b, 3.1c). The PXRD of the mechanosynthesised AzPbBr3 showed 

additional features in the base of the broad main peaks which were especially evident 

around 12 – 14°. Such features were not present in the precipitation synthesised samples. 

These features match well with the reported features from bimodal CdS particles14 and 

indicate the presence of multiple subpopulations of different sizes of 6H perovskite 

particles.  
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Table 3.1. Experimental details of solution precipitation synthesis of AzPbBr3 powder 

samples, adapted from Ref. 13 with permission. Copyright (2019) American Chemical 

Society. 

Compound 

composition  

Solvent Stirring 

temperature 

/ ℃ 

Stirring 

time / h 

Anti-

solvent 

Drying 

time / h 

Pattern 

reference 

0.0828 g 

AzBr (0.06 

mmol) + 

0.2202 g 

PbBr2 

(0.06 mmol) 

1 mL 

DMF + 

0.5 mL 

DMSO 

0 6 Acetonitrile 24 1 

20 6 Acetonitrile 24 2 

20 10 Toluene 7 3 

20 10 DCM 7 4 

60 6 Acetonitrile 48 5 

60 6 Toluene 48 6 

 

SEM of both mechano- and precipitation synthesised AzPbBr3 (Figures 3.2a, 3.2b) 

indicates the presence of a large proportion of relatively smaller particles in 

mechanosynthesised AzPbBr3 explaining the broad PXRD tails in Figure 3.1c. 

Crystals suitable for SCXRD of AzPbBr3 perovskite were obtained by slow diffusion of 

the anti-solvent chloroform into the solution of perovskite in DMF. AzPbBr3 appears as 

bright yellow needle-like crystals and SEM micrographs show the crystals to be “spear-

like” (Figures 3.2c) where the hexagonal cross-section ranges from 25 to 90 μm and 

overall length is about 1 mm. The data obtained at 293 K indicates AzPbBr3 adopts the 

6H perovskite structure in the space group P63/mmc with lattice parameter a = 8.745 Å, 

c = 21.329 Å (Figure 3.2d). The SCXRD data also indicate that the Az cations are situated 

over high-symmetry lattice sites, and show considerable disorder. As a result, they are 

represented by solid spheres and are located in the centre of electron density associated 

with the Az. For the discussion below, the Az, Pb and Br and atoms were classified as 

two categories (Az1, Az2, Pb1, Pb2, Br3 and Br4) according to their atomic positions in 

the unit cell under the symmetry operation. 

 



 

 

64 

 

Figure 3.1. (a) Associated PXRD patterns with various synthetic conditions (Table 3.1) 

of AzPbBr3 (note that the peak at 17° is from the Teflon sample holder). Comparison of 

PXRD patterns of freshly made (blue, top) and after storage in ambient air for 6 months 

(red, bottom) of (b) precipitation synthesised (c) mechanosynthesised AzPbBr3 samples. 

Figures (a, b) are adapted from Ref. 13 with permission. Copyright (2019) American 

Chemical Society. 

 

 



 

 

65 

 

Figure 3.2. SEM images of AzPbBr3 samples obtained from (a) mechanosynthesis (b) 

precipitation synthesis. The white scale bar in both images is 50 μm (c) optical images of 

powder and single crystal AzPbBr3 sample (left), and SEM micrograph of single crystals 

(right – scale bar is 200 μm) (d) 6H hexagonal perovskite structure as determined from 

SCXRD at 293 K, indicating (hcc)2 packing sequence and combination of face- and 

corner-sharing octahedra. Adapted from Ref. 13 with permission. Copyright (2019) 

American Chemical Society. 

 

Rietveld refinement of PXRD data confirms that powder samples adopt the same structure 

(Figure 3.3). The 6H perovskite structure is akin to the high temperature hexagonal 

polymorph of BaTiO315,16 and has a (hcc)2 stacking sequence in Jagodzinski notation (i.e. 

ABCBAC), resulting in pairs of face-sharing octahedra linked by corner-sharing ones. 

Single crystal and powder crystallographic data are shown in Table 3.2.  
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Table 3.2. Crystallographic data of the AzPbBr3 perovskite obtained from both SCXRD and PXRD at selected temperatures, reproduced 
from Ref. 13 with permission. Copyright (2019) American Chemical Society. 

  Single crystal Single crystal  Single crystala Powder 

(plate) 

Powder 

(capillary) 

Powder 

(capillary) 

T / K 293 173 93 293 293 173 

empirical formula  C3H8Br3NPb C3H8Br3NPb C3H8Br3NPb C3H8Br3NPb C3H8Br3NPb C3H8Br3NPb 

fw  505.02 505.02 505.02 505.02 505.02 505.02 

description yellow prism yellow prism yellow prism pale yellow pale yellow pale yellow 

space group  P63/mmc P63/mmc  P63/mmc P63/mmc P63/mmc 

a / Å 8.745(2) 8.6827(11) 8.608(2) 8.7441(8) 8.746(1) 8.671(7) 

c / Å 21.329(4) 21.251(3) 21.345(6) 21.297(1) 21.33(1) 21.23(5) 

vol / Å3 1412.6(7) 1387.5(3) 1369.7(7) 1410.2(3) 1413.1(5) 1382.(9) 

ρ (calc) / g/cm3 3.562 3.626  3.840 3.832 3.916 

reflns collected 16421 16176  3822 6499 6499 

GOF on F2 1.176 1.093  4.697b 0.8995b 0.1860b 

R1 [I > 2σ(I)] 0.0213 0.0233  0.0893c 0.0933c 0.0688c 

wR2 (all data) 0.0559 0.0534  0.083d 0.1240d 0.0936d 
a This data is provided as a representative example of obtained data from collections tried at 93 K. Goodness-of-fit parameters for Rietveld 
refinements of powder data: b c2 ; c Rp; d wRp; see Figure 3.3 for refinement profile at 293 K. Note that c2 values < 1 for the PXRD (capillary) 
results at 293 and 173 K are due to the poor signal-to-noise ratio of the data obtained.  
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Figure 3.3. Rietveld refinement profile of AzPbBr3 PXRD data at 293 K, refined in space 

group P63/mmc, lattice parameter a = 8.744(1) Å, c = 21.29(7) Å, Rwp =0.1195, c2 = 9.720, 

reproduced from Ref. 13 with permission. Copyright (2019) American Chemical Society. 

 

Thermal stability of AzPbBr3 was tested with TGA under N2 atmosphere (Figure 3.4). 

Weight loss of samples started at 220 ℃ and the decomposition temperature (Td, 5% 

weight loss temperature) is 290 ℃. The weight fraction of sample mass dropped to 75% 

and remained unchanged from 400 to 510 ℃. The weight loss continued after the 

temperature was increased above 510 ℃ and the sample fully decomposed at 600 ℃ with 

4% weight left which represents the carbon black formed during pyrolysis under N2.17 

Considering the weight fraction of PbBr2 to AzPbBr3 is 73%, the pyrolysis product was 

mainly PbBr2 in the range of 400 - 510 ℃, which then vaporised above 510 ℃. 

 

Figure 3.4. TGA data of AzPbBr3 with a decomposition temperature (Td, 5% weight loss 

temperature) at 290 ℃, reproduced from Ref. 13 with permission. Copyright (2019) 

American Chemical Society. 
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3.2.2 Variable temperature XRD  

Both PXRD and SCXRD were collected at or below room temperature due to the 

relatively low decomposition temperature (Td) of the samples. While cooling from 293 to 

88 K, PXRD data were collected in 10-20 K increments. The samples were filled in 

capillary as the first attempt (Figures 3.5a, 3.5b). Visual inspection of the diffraction 

patterns gives no clear indication of any symmetry breaking; no systematic peak 

broadening/splitting or additional reflections are observed with decreasing temperature. 

Although the data show clear ice peaks at around 25° (2θ) when the temperature went 

below 140 K, data at all temperatures were refined in space group P63/mmc. To further 

study the low-temperature structure of AzPbBr3, a more detailed data collection was 

attempted. PXRD was collected with powders from an angular range of 5° to 70°, and 

temperature ranging from 12 to 160 K in 10 K steps, from 165 to 180 K in 1 K steps, and 

then from 180 to 300 K in 20 K steps (Figures 3.5c, 3.5d). From these PXRD patterns, 

the thermal expansion of the unit cell can be divided into three stages. In the low 

temperature phase below 173 K (see examples at 130 K), there is systematic peak splitting 

clearly evidently in the (110) and (203) reflections. The intermediate phase from 174 K 

to ca. 180 K is characterised with additional peaks, e.g. at 17° and 31°. In the high 

temperature phase with temperatures higher than ca. 180 K, the structure is the high 

symmetry 6H structure with the P63/mmc space group.  

2D contour plots of the data (Figures 3.5b, 3.5d), highlight the obvious change in rate of 

thermal contraction around 173 K. PXRD data, collected from both capillary and powder, 

were refined in the space group P63/mmc, and the obtained lattice parameters are shown 

in Figure 3.6 as a function of temperature together with single crystal data collected at 

293, 173, and 93 K. Both PXRD data sets indicate a clear change on cooling below ca. 

173 K where the a parameter sharply decreases. The c parameter also decreases down to 

173 K but then expands below this temperature. Overall the cell volume is dominated by 

the change in a and also shows a sudden decrease on cooling below 173 K. Note that 

lattice parameters obtained from SCXRD also shows a similar change and confirmed this 

anisotropic change in cell dimensions. 
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Figure 3.5. Low temperature PXRD patterns of AZPbBr3 powders – 16 capillary and 

powder measurements between 12 and 300 K: Capillary measurement (a) 3 specific 

patterns at 93 K, 173 K and 273 K (b) 2D contour plot of 16 patterns (88 K to 273 K). 

Figures (a, b) are adapted from Ref. 13 with permission. Copyright (2019) American 

Chemical Society. Powder measurement: (c) 3 specific patterns at 130 K, 180 K and 

300. The characteristic peaks of the intermediate phase are marked by *, (d) 2D contour 

plot of 16 patterns (30 K to 300 K).  
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Figure 3.6. Lattice parameters as a function of temperature for AzPbBr3 obtained from 

Rietveld refinement of variable temperature PXRD, from both capillary and powder study; 

parameters obtained from SCXRD data are also included and are in good agreement. 

 

To identify the possible low temperature and the intermediate phase of AzPbBr3, 

ISODISTORT18 analysis was performed. The organic moieties are simplified and 

modelled as Mn as it has similar electron density. The Pnnm space group in the 

orthorhombic system offers a reasonable match considering the bars and peak intensities 

in Rietveld refinement (Figure 3.7). The refined lattice parameters are a = 21.312 Å, b = 

14.895 Å and c = 8.596 Å with goodness-of-fit parameters c2 = 15.88, wRp =0.161. 

Despite the multiple attempts to refine the intermediate phase, it was not possible to 

determine a satisfactory, unique space group with a plausible size of unit cell. 
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Figure 3.7. Rietveld refinement of PXRD data at 90 K in Pnnm space group with 

observed data (black dots), calculated data (red line), background (green line), reflection 

position (black bar) and difference plot (blue line). The refined lattice parameters are a = 

21.312 Å, b = 14.895 Å and c = 8.596 Å with goodness-of-fit parameters of c2 = 15.88, 

wRp =0.161. 

 

Single crystal data were collected at 293, 173, and 93 K. Compared to the variable 

temperature PXRD, the 293 and 173 K SCXRD data show considerable disorder of the 

Az molecules at the A-site with no evidence of a symmetry-breaking phase transition in 

this range (Table 3.2). Data collected from single crystals at 93 K was indexed in the 

primitive trigonal/orthorhombic crystal system. Neither a unique acceptable 

determination of the space group, nor refinement of the structure could be made, despite 

repeated attempts over several data-collections. Several plausible structure solutions (P-

31c, P63/m, Pnnm, Fmm2, etc) were investigated, but all the refinements attempted 
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resulted in significant problems. These included high R-factors, and many non-positive 

atoms found near Pb-Br frameworks and in locations likely to be occupied by Az+ cations. 

These issues are suspected to result from the incomplete phase transition, despite the 

crystals being held in cold-stream for extended periods of time. Regardless of the issue 

in the 93 K SCXRD data, the same crystals had data collected again at higher 

temperatures which proved agreeable to structure solution, so it was clearly a reversible 

factor. Although a unique satisfactory solution for the 93 K structure could not be made, 

it was possible to locate Pb and Br atoms in most plausible solutions. These solutions 

consistently gave rise to the same 6H Pb-Br framework obtained at higher temperatures, 

with some distortions which will be described in detail below. No apparent change in the 

Az+ cation behavior was observed at low temperatures compared with room temperature 

data. 

Although SCXRD is relatively insensitive to both the position and dynamics of the light 

atoms of Az+, the Pb and Br positions could be determined with greater certainty, and 

with little variation with regard to the exact space group used. The behavior of the 

surrounding Pb-Br framework was studied in more detail in order to identify possible 

origins of the anisotropic distortion on cooling below ca. 173 K. The room temperature 

structure, as determined from the single crystal data, shows some interesting features. For 

instance, the distances between c-h and c-c packing layers are markedly different (Figure 

3.8), resulting in distortion of the octahedra. The elongation of the face-sharing Pb2-

centred octahedra is particularly evident, and the Br…Br packing distance along the c-axis 

is 8% longer compared to that of the corner-sharing Pb1-centred octahedra. This is 

presumably driven by the Pb…Pb ionic repulsion as the Pb2 atoms are each displaced 

along the c-axis and away from the octahedral barycentre by 0.155 Å. This causes an 

elongation of the Pb2-Br3 bond lengths and reduction in the Pb2-Br3 bond angles to < 

90° i.e. those at the point of face-sharing in the h-layer. There is an associated 

compression of the Pb2-Br4 bonds and increase in the Pb2-Br4 bond angles, which form 

the c-layers. This is also evident from the short Br3…Br3 (ca. 3.88 Å) and long Br4…Br4 

(ca. 4.41 Å) bond lengths that form the opposing faces of the Pb2-Br octahedra in the ab 

plane (Figures 3.8c, 3.8d). The resulting effect is that the corner-sharing Pb1-octahedra 

are uniaxially compressed along the c-axis with equivalent Pb1-Br4 bond lengths. 
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Besides the Pb2…Pb2 ionic repulsion, it is assumed that this distortion is also caused in 

part by the steric effect of the Pb2+ lone pair and also the second-order Jahn-Teller effect.19  

The origin of the anisotropic behaviour on cooling is particularly evident from the 

preliminary structure solutions of the single crystal diffraction data obtained at 93 K.  

 

 

Figure 3.8. Structural features of 6H AzPbBr3 as determined from single crystal data 

at 293K. (a) Face sharing Pb2 octahedra indicating Pb-Pb repulsion and increased close 

packing distance compared to Pb1-Br4 octahedra (b) in the c-layers (c) view along c-

axis showing pinching of Br3 atoms (yellow arrows) which form one face of the Pb2 

octahedra in the h-layer, and (d) associated “pushing out” of Br4 atoms in the c-layer 

as the Pb2 atom is displaced along the c-axis (in this case, out of the page, as denoted 

by the circled dot ☉). Reproduced from Ref. 13 with permission. Copyright (2019) 

American Chemical Society. 
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Table 3.3. Variation in close packing interlayer distances, Pb2…Pb2 separation and Pb2 

off-centring (Dz) as a function of temperature as determined from SCXRD, reproduced 

from Ref. 13 with permission. Copyright (2019) American Chemical Society. 

Temp. /K c-c distance /Å c-h distance /Å Pb2-Pb2 

distance /Å 

Dz /Å 

293 3.373 3.646 3.956 0.155 

173 3.343 3.641 3.918 0.139 

93 3.193 3.740 3.979 0.120 

 

Initially the crystal undergoes the expected contraction on cooling; however, at 93 K the 

disparity in the close packing interlayer spacing between c-c and c-h layers is dramatically 

increased. This results from a sudden expansion of the c-h interlayer distance while the 

c-c layers continue to contract (Table 3.3), indicating that the net expansion in the c-axis 

on cooling (Figure 3.8) is driven solely by the h-c spacing. As a result of this h-c 

expansion, although the face-sharing Pb2 octahedra are expanded in the c-axis, the Pb2 

are less off-centred (Dz = 0.120 Å at 93 K compared to 0.155 Å at 293 K) despite the 

sudden increase in Pb2-Pb2 separation (Table 3.3). This suggests the anisotropic 

behaviour and expansion of these octahedra in the c-axis is driven by the Pb…Pb repulsion. 

In addition to the expansion of the c-h interlayer spacing there is a significant increase in 

the distortion of the Az2-Br3 close packing in the h-layer. The pinching of the Br3 atoms 

that form the shared face of Pb2 octahedra (described for the 293 K structure in Figure 

3.9) is dramatically increased. The in-plane displacement of the Br ions in the h layer 

results in a rotation of the shared octahedral face around the c-axis. A cch stacking portion 

of the structure is shown at both 293 and 93 K in Figures 3.9a and 3.9b respectively, and 

clearly reveals the rotation of the shared octahedral face in the h-layer at 93 K while the 

close packing in the c-layers and corner sharing octahedra remain relatively regular.  

Despite a lack of specific information regarding the position or orientation of the Az 

cations, this distortion in the h-layer significantly changes the coordination environment 

of the Az2 cation. In order to demonstrate this in more detail, an Az2 cation (represented 

in Figure 3.9c by a sphere) was placed on the close packing position with fractional 
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coordinates (0, 0, z) where z is the same as that of the Br3 anions. The resulting close-

packed 12-coordination environment for the Az2 cation (Figure 3.9c) clearly shows that 

the six in-plane Br3 anions bifurcate further into three alternating short (3.80 Å) and long 

(4.83 Å) bonds – denoted as Br3 (short) and Br3’ (long) as shown in Figure 3.10. The 

extent of bifurcation is evident by the comparison with the bond distances of 4.52 Å for 

Az2 to Br4 anions in the adjacent (c) layers. As the single crystal data do not appear to 

suggest any static orientation of the Az cations, this change in environment is unlikely to 

be driven by hydrogen bonding between Az and Br. Instead, the origin of this distortion 

is likely due to the Pb2…Pb2 interaction in the face-sharing octahedra. 

 

 

Figure 3.9. cch-fragment of the 6H AzPbBr3 structure viewed down the c-axis at (a) 293 

K and (b) 93 K, highlighting the distortion in the h layer (Br3 - yellow spheres) at 93 K 

compared to 293 K. (c) The resulting distortion of the dodecahedral environment 

occupied by the Az2 cation at 93 K. Az2-Br4 bonds (4.52 Å) are marked with dash lines 

and alternating short (3.80 Å) and long (4.83 Å) Az2-Br3 bonds are marked with solid 

lines and arrow, respectively. Adapted from Ref. 13 with permission. Copyright (2019) 

American Chemical Society. 
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Figure 3.10. The in-plane view of Az2-site in perovskite structure (refined in P63/mmc) 

at 93 K. Among the six Br3 in the hexagonal close-packing layer (Az2-Br3), there are 

three alternating short (3.80 Å) and long (4.83 Å) bonds with short bonds marked with 

dashed lines. The coresponding Br3 are denoted as Br3 (short) and Br3’ (long). 

Reproduced from Ref. 13 with permission. Copyright (2019) American Chemical Society. 

 

The degree of octahedral distortion may be determined quantitatively as the octahedral 

distortion parameter (Δ1) and bond angle distortion (Δ2) as defined by:20 

  ∆!= !
"∑ |%#$ − %%| (Equation 3.1) 

  ∆&= !
!&∑ |90 − )%| (Equation 3.2) 

where, Ri and φi are the respective individual bond lengths and bond angles, and Rav is 

the mean Pb-Br bond distance. Distortion indices for AzPbBr3 obtained from SCXRD are 

given in Table 3.4. Although the corner-sharing Pb1 octahedra remain regular in terms of 

their bonding (Δ1), indicating that the Pb1 atoms are centred, the octahedra become 

increasingly compressed in the c-axis on cooling, resulting in an increased deviation in 

the bond angles from 90° (increasing Δ2). In contrast, the extent of the distortion of the 

face-sharing Pb2 octahedra is relatively consistent at 293 and 173 K with similar values 
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for both Δ1 and Δ2 at each temperature. At 93 K, however, there is a clear change: Δ1 

decreases significantly as a result of the more centred Pb2 cations within the octahedra; 

Δ2 increases significantly, reflecting the distortion within the h (Az, Br3) layer and torsion 

of the three Br3’ atoms which form the shared face between octahedra.  

In the absence of any evidence for loss of Az cation dynamics from variable temperature 

SCXRD, the unusual thermal expansion behaviour, structural distortion and large 

dielectric peak at 173 K is likely driven by a combination of Pb2…Pb2 repulsion and 

increased steric effect of the Pb lone pair as the thermal motion decreases.  

 

Table 3.4. Octahedral distortion parameters for AzPbBr3 calculated from SCXRD data 

collected at 293, 173 and 93 K, reproduced from Ref. 13 with permission. Copyright 

(2019) American Chemical Society. 

Temperature 293 K 173 K 93 K 

Octahedra Pb1 Pb2 Pb1 Pb2 Pb1 Pb2 

Δ1 / Å 0 0.028 0 0.027 0 0.006 

Δ2 / ° 1.782 4.369 1.968 4.192 4.204 6.506 

 

3.2.3 Optical and electronic properties 

The absorption spectrum for AzPbBr3 is shown in Figure 3.11a, and is compared to the 

well-studied 3C perovskite MAPbBr3. The absorption edge for AzPbBr3 is blued-shifted 

by 122 nm (4920 cm-1, 0.61 eV) and shows a wider bandgap Eg, of 2.81 eV compared to 

2.20 eV for MAPbBr3. The increased bandgap is consistent with computational 

predictions that show larger bandgaps for face-sharing octahedral systems compared to 

structures based solely on corner- sharing octahedra.21 Figure 3.11b shows the 

dependence of the bandgap of lead bromide OIHPs as a function of tolerance factor t, 

including the present experimental data for AzPbBr3 and MAPbBr3 alongside those 

reported for 4H hexagonal DMAPbBr3 (experimental) and 2H hexagonal TMAPbBr3 

(calculated).8,9 As expected, the tolerance factor increases in line with the perovskite 

polymorph observed (3C < 6H < 4H < 2H), and the increased bandgap is consistent with 



 

 

78 

the observations of Stoumpos et al.7 and Gratia et al.12 for tin OIHPs and mixed-cation 

lead OIHPs. The linear trend found for the bandgap and tolerance factor (and hence 

observed polytype) can be attributed to the relative ratio of the cubic close-packing 

(corner-sharing octahedra) and hexagonal close-packing (face-sharing octahedra) as 

shown in Table 3.5. This trend can be explained by the average B-X-B bond angle, which 

varies by (180° - f) in ccp perovskites but in mixed h-c systems contains a contribution 

of ~90° bonds from the face-sharing octahedra.22 There is a significant jump in the 

bandgap between 2H and 4H, which may be filled by 9R polytypes that have yet to be 

reported. From a simple tolerance factor projection, the bandgaps of 9R OIHP lead 

bromide perovskites might be expected to be of the order 3.0 – 3.2 eV.  

To gain a better understanding of the electronic properties of the new 6H perovskite, DFT 

calculations and analyses were performed based on the crystalline model obtained from 

SCXRD at 173 K. Initially, the Az cations are substituted with Cs cations to avoid the 

complications related to the position and orientation of the organic moieties. This 

approximation is reasonable for the valence and conduction band calculation as these 

bands are usually dominated by the X and B orbitals.24  

 

 

Figure 3.11. (a) Absorption spectra and associated bandgap obtained from AzPbBr3 and 

MAPbBr3 powders. (b) Dependence of bandgap on tolerance factors for lead OIHPs with 

different A-cations and resulting close packing of the perovskites. The corresponding 

cations of these OIHPs were MA+(3C), Az+(6H), DMA+ (4H) and TMA+ (2H).9,10,23 

Adapted from Ref. 13 with permission. Copyright (2019) American Chemical Society. 



 

 

79 

Table 3.5. The proportion of the cubic close-packing and hexagonal close-packing of 

perovskite polytypes and the stacking sequence of their AX3 layers, adapted from Ref. 

13 with permission. Copyright (2019) American Chemical Society. 

Perovskite 

polytypes 

Stacking sequence Cubic close-

packing /% 

Hexagonal close-

packing /% 

3C c 100 0 

6H hcc 66.7 33.3 

4H hc 50 50 

9R hhc 33.3 66.7 

2H h 0 100 

 

The calculations adopt the PBE method,25 either in the absence of or including spin-orbit 

coupling. The band structure of 6H, ‘AzPbBr3’ perovskite, as reported in Figure 3.12a, 

clearly indicates that this compound is a direct bandgap semiconductor. The partial 

density of states of ‘AzPbBr3’ in Figure 3.12b suggests that the valence band edge is 

dominated by the anti-bonding combination of 4p atomic orbitals of Br and 6s orbitals of 

Pb (Figure 3.12d). In the meantime, the conduction band edge is dominated by 6p orbitals 

from Pb (Figure 3.12e). The DFT electronic bandgap can be compared to the optical 

bandgap from UV-vis measurements in Figure 3.11. In this respect, the 0.61 eV blue-shift 

in the optical absorption from the fully corner-sharing 3C MAPbBr3 structure to the 

mixed face-/corner-sharing 6H AzPbBr3 structure, is well reproduced by DFT 

calculations (0.47 eV), and even more so when spin-orbit coupling is taken into account 

(0.58 eV).26 

The influence of the position and orientation of the organic cation was also investigated. 

As discussed in Chapter 1, the organic cations affected the band structure by introducing 

distortion of the octahedral packing.27 This mechanism is adopted in the following 

calculations.  
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Figure 3.12. (a) Band structure of 6H ‘APbBr3’ perovskite (calculation with PBE, 

including spin-orbit coupling, A = Cs). The valence band maximum is set to zero. (b) 

Corresponding partial density of states (c) first Brillouin zone for hexagonal primitive 

lattice. Wavefunction localization of the (d) valence band edge and (e) conduction band 

edge at G point. Reproduced from Ref. 13 with permission. Copyright (2019) American 

Chemical Society. 

 

As the position and orientation was unclear in SCXRD data, three models were adopted 

to locate the Az+, two with aligned Az+ (model-1 and model-2, Figure 3.13) and one with 

randomly chosen orientation (model-3), and all performed full atomic relaxation. The 

resulting relaxed AzPbBr3 structures show tilting of the corner-shared octahedra within 

the range 162° to 178° and the resulting bandgap varies from 2.56 eV to 2.65 eV, which 

is very close to the one for the untilted Cs-substituted structure (2.55 eV). This further 
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supports the conclusion that the blue-shift of the absorption edge in the UV-vis 

measurements for AzPbBr3 compared to MAPbBr3 (Figure 3.11a) is attributed to the 

change in the organisation of the octahedral linkages, from pure corner-sharing in 

MAPbBr3 to mixed corner- and face-sharing octahedra in AzPbBr3. Model-2 gives a very 

small relative stability energy while the other two models show little variation in such 

values. The similar energies suggest a negligible driving force for the cation ordering and 

helps explain the difficulty in determination of the position and orientation of the cations 

in low temperature SCXRD study.  

 

 

Figure 3.13. Different models for AzPbBr3 6H perovskites. The models differ in the 

orientation of the Az cation. Model-1 and model-2 have a certain degree of alignment of 

the cations as a start, while the original orientation of the Az cations in model-3 is fully 

random. The atomic positions of models 1-3 are fully relaxed, with valence Pb-Br-Pb 

angles for the corner-shared octahedra as indicated. The bandgap and the relative stability 

of the three models is also given, reproduced from Ref. 13 with permission. Copyright 

(2019) American Chemical Society. 
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3.2.4 Dielectric properties  

Electrical characterisation of AzPbBr3 using impedance spectroscopy indicated no 

appreciable conductivity at temperatures up to ca. 200 °C (473 K) with sample resistivity 

remaining in excess of 107 Wcm. Figure 3.14 shows the dielectric data (relative 

permittivity er, and dielectric loss tan d) for AzPbBr3 over the temperature range 50-300 

K collected on both heating and cooling cycles at 1 K/min. The relative permittivity 

shows a sharp, frequency independent peak around 170-190 K on both cooling and 

heating suggestive of a phase transition. The peak position shows significant thermal 

hysteresis, which may indicate the transition is 1st order, but is also likely to have some 

contribution from thermal lag. The dielectric loss shows a frequency dependent peak but 

at slightly lower temperature ca. 100-120 K, again with some thermal hysteresis. The 

broad, frequency dependent dielectric loss peak at lower temperature could result from a 

change in Az dynamics. The peak in the permittivity is comparable to that observed in 

other lead OIHPs and is associated with structural phase transitions due to ordering of the 

A-cation.28 However, as discussed previously, both low temperature XRD and DFT 

calculations suggest that this is not the case. The dielectric loss peak at lower temperature 

has no clearly-associated feature in the permittivity although there is also some evidence 

of frequency dependence in er at the corresponding temperature (70 - 100 K).  

 

Figure 3.14. Temperature and frequency dependence of (a) relative permittivity εr and 

(b) dielectric loss tan δ of AzPbBr3 at the heating/cooling rate of 1 K/min, adapted from 

Ref. 13 with permission. Copyright (2019) American Chemical Society. 
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The dielectric properties of AzPbBr3 show a large dielectric anomaly in the real 

permittivity at ca. 173 K which is associated with a structural transition as discussed in 

the variable PXRD section. At lower temperatures, a clear dielectric loss peak is evident 

together with a frequency dependence of the relative (real) permittivity, Figure 3.15a and 

3.15b. The possible phase transition associated with the frequency dispersion can be fitted 

to a constant phase element (CPE) which accounts for deviations from the ideal.29,30 CPE 

can be represented as a circuit element with an complex admittance Y*: 

   (Equation 3.3) 

where A0 is the reciprocal electrical impedance (|Z*|) at 1 rad/s, i is the imaginary number, 

* is the frequency dispersion, and where 0 £ n £ 1, indicating a range of non-ideal 

behaviour ranging from n = 1 for Y*(w) for a perfect capacitor to n = 0 for that of a resistor. 

Using the relation Y*(w) = iwC0e*(w), the complex permittivity C0e*(w) is given by: 

    (Equation 3.4) 

This allows the frequency dispersion of the real permittivity to be quantitatively fitted as 

er µ wn-1, where n = 1 indicates an ideal, non-dispersive dielectric response. Frequency 

dispersion fits to the real permittivity, indicating a minimum n of ca. 0.995 (maximum 

dissipation) in agreement with the dielectric loss data (Figure 3.15c). The use of CPE 

elements is not unusual in impedance analyses of ferroelectrics31,32 and ionic 

conductors,33 but the origin in each case is typically unknown. In many cases it is a “fudge 

factor” yielding an exponent n that can represent multiple deviations from ideal behaviour, 

including electrical inhomogeneity. The value of approximately 0.995 obtained here is 

typical for crystalline solids.31–33 

  

 

Y *CPE (ω ) = A0(iω )
n

C0ε *CPE (ω ) = A0ω
n−1
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Figure 3.15. (a) Real and (b) imaginary permittivity as a function of temperature for 

AzPbBr3, showing relaxer-like frequency dependence. (c) Fit of the real permittivity to a 

CPE element (exponent n) indicating the frequency dependence of er µ wn-1. 

 

3.3 Conclusion 

A new OIHP perovskite AzPbBr3, with the 6H-perovskite structure has been successfully 

synthesised. The material is stable in air for > 6 months and has an optical bandgap of 

2.81 eV. DFT calculations are in good agreement with a calculated, direct bandgap of 

2.55 eV; the larger bandgap when compared to that of cubic close packed (3C) 

perovskites is predominantly due to poorer connectivity of the Pb-X orbital overlap on 

introduction of face-sharing octahedra in the hexagonal structure. On cooling AzPbBr3 

undergoes a symmetry lowering distortion which was identified by variable temperature 

PXRD and dielectric spectroscopy. This transition is evident by an anisotropic change in 

the lattice parameters on cooling (expansion in c and contraction in a) that is most likely 

driven by the Pb…Pb repulsion in the face sharing octahedra. However, it was not possible 

to satisfactorily determine a unique space group from SCXRD, despite multiple attempts. 
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Exploring the formation of 6H and 3C perovskite structures 
with mixed A-cation 
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4.1 Introduction 

As discussed in Chapter 1, mixing A-cations in perovskites has been reported to be 

beneficial for bandgap tuning,1 improving moisture resistance,2 and power conversion 

efficiency of photovoltaic devices.3,4 The bandgap of 6H AzPbBr3 was found to be 2.81 

eV (Chapter 3), which is much larger than the reported bandgap of the 3C perovskites 

FAPbBr3 (2.16 eV)5 and MAPbBr3 (2.20 eV, Figure 3.11). Although a complete solid 

solution is not possible due to non-isostructural end members, the degree of replacement 

of Az by FA or MA in the 6H structure, and similarly replacement of FA or MA by Az 

in the 3C structure, was investigated by preparing a series of compositions according to 

Az1-xFAxPbBr3 and Az1-xMAxPbBr3 (0 £ x £ 1) using both precipitation synthesis and 

mechanosynthesis. MA1-xFAxPbBr3 was also prepared by both synthetic methods as a 

reference system. The cation composition was studied with 1H NMR spectroscopy and 

bandgap progression as a function of cation composition was studied by absorption 

spectroscopy.  

To obtain perovskite solid solutions (e.g. with mixed A-cations), synthetic methods 

including anti-solvent6,7 and oversaturation1,8 precipitation or mechanosynthesis 

(grinding)9,10 are typically used. Principally, the choice of synthetic method has an impact 

on the morphology of the perovskite material. During precipitation synthesis, however, it 

is usually assumed that the actual sample composition retains the nominal initial molar 

ratio of ion sources of the precursor solution. Importantly, this assumes that the kinetics 

of precipitation are independent of the precursor species and nominal composition. The 

validity of this assumption is often not checked by compositional analysis but rather 

validated by the observation of a systematic change in properties. In contrast, during 

mechanosynthesis, all the precursor materials are retained, and the reaction product is 

obtained under thermodynamic control in a manner analogous to conventional high 

temperature solid-state routes. Under such conditions, the final product(s) must reflect 

the global starting composition and, therefore, if a single phase perovskite product is 

achieved then this must have the nominal starting composition. 

Any mismatch between nominal and actual composition may reduce the reliability of the 

conclusions drawn from subsequent structural and photophysical studies. Examples of 

nominal and actual composition mismatch in mixed-metal11–15 and mixed-halide13 
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perovskite systems have been studied using X-ray photoelectron spectroscopy (XPS) and 

flame atomic absorption spectroscopy. These studies demonstrated that the actual amount 

of Sn and Bi, incorporated in FAPb1-xSnxBr313 and Bi-doped MAPbX3 (X = Cl, Br, 

I)11,12,14 single crystals respectively, was significantly less than the nominal percentages 

of Sn and Bi in the initial respective solution. In another example, the actual Cl% in 

FAPbBr3-xClx13 crystals was found to be larger than the nominal value for Cl-poor target 

compositions (< 50% Cl) but smaller for Cl-rich reactions. Similar instances were also 

found for A-cation substitutions.16,17 For instance, Spanopoulos et al.16 demonstrated by 

NMR analysis that the actual ethylenediammonium (en) incorporated in (MA1-xenx)PbI3 

was less than the nominal composition. To account for such mismatches, several 

explanations have been proposed,11,14,18 including the difference between valence (and 

hence induced compensating defects) and ionic radii, and surface effects (especially for 

XPS) for mixed metal (M-site) solid solutions. Such explanations for mixed halide and 

mixed A-cation systems are absent as most studies overlooked the composition with 

respect to halide and organic A-cation content. Most compositional studies of nominal 

and actual compositions of solid solutions with substitutions at A, M, and X sites are 

carried out on samples prepared by precipitation methods and in systems that can support 

a complete solid solution due to isostructural endmembers. Beyond simple observation 

of lattice parameter variations (Vegard’s law), a lack of structural contrast makes it 

challenging to determine if the system sustains solid solution formation or has phase 

separation.  

Considering the compositional consistency of mechanosynthesis, the formation of 6H and 

3C lead bromide perovskite with mixed organic A-cations is explored to study the relation 

between the nominal and actual composition using both NMR spectra and PXRD 

analyses.  

  

4.2 Mixed A-cation perovskite  

4.2.1 Synthesis and PXRD analysis 

Az1-xFAxPbBr3 and Az1-xMAxPbBr3 (0 ≤ x ≤ 1) compositions were prepared by both 

mechanosynthesis and precipitation synthesis. For mechanosynthesis, samples of Az1-
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xFAxPbBr3 and Az1-xMAxPbBr3 (0 ≤ x ≤ 1) were prepared by mixing appropriate molar 

ratios of AzBr and FABr/MABr with PbBr2 with a mortar and pestle, and the mixture was 

then transferred into the ball mill and ground at 600 rpm for 1 hour. For the antisolvent 

precipitation synthesis, samples of Az1-xFAxPbBr3 and Az1-xMAxPbBr3 (0 ≤ x ≤ 1) were 

prepared by mixing appropriate molar ratios of AzBr and FABr/MABr with PbBr2 in a 

DMF/DMSO (4:1 by volume) solution. Acetonitrile was slowly added to the reaction 

mixture and the resulting precipitate was collected by filtration. Detailed procedures are 

given in Chapter 2. The SEM images of the single phase AzPbBr3 and FAPbBr3 samples 

obtained from both syntheses are shown in Figure 4.1. As expected, the particle size of 

precipitation-synthesised samples is larger than that of mechanosynthesised ones.  

 

 

Figure 4.1. SEM images of AzPbBr3 from (a) mechano- (b) precipitation synthesis and 

FAPbBr3 from (c) mechano- and (d) precipitation synthesis. The white scale bar is 20 µm 

for image (d) while scale bar in other images is 50 µm. Reproduced from Ref. 19 with 

permission. Copyright (2021) American Chemical Society. 
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During the precipitation synthesis, gradual addition of the antisolvent produced a 

noticeable change in colour of the precipitate. Initially, the colour of the precipitate 

resembled more closely the colour of the perovskite with the richer cation source, 

(AzPbBr3 is pale yellow and MAPbBr3/FAPbBr3 is red/orange) and in later stages of 

precipitation, the colour of the precipitate appeared to be midway between the pale yellow 

and red/orange colours of the end member compositions. The observation of colour 

progression is difficult during grinding due to the opaque chamber of the ball mill. 

However, the progress of mechanosynthesis of one sample (Az0.5FA0.5PbBr3) was tracked 

by periodic interruption of the grinding process – the colour was orange in the early stage 

of mechanosynthesis and bright yellow in the late stage of grinding (Figure 4.2).  

 

 

Figure 4.2. Colour progression of Az0.5FA0.5PbBr3 during mechanosynthesis, reproduced 

from Ref. 19 with permission. Copyright (2021) American Chemical Society. 

 

In this chapter, x’ and x are used to represent the nominal and actual FA+ or MA+ 

composition in the mixed cation perovskite, respectively. The systematic colour change 

with composition of Az1-x’FAx’PbBr3 (0 ≤ x’ ≤ 1) samples from both synthetic routes is 

shown in Figures 4.3a and 4.3b. Empirically, the transition from yellow to red/orange 

was observed at a smaller nominal composition (x’ = 0.4) for the precipitation samples 

than mechanosynthesised ones (x’ = 0.6). Comparisons of the PXRD data between 

mechano- and precipitation syntheses are shown in Figures 4.3c and 4.3d. Regions of 

solid solution formation (single phase regions) separated by a region of two-phase 

mixture at intermediate x’ can be identified for both syntheses on Az1-x’FAx’PbBr3, but 

the extent of solid solution formation is different. The PXRD of the mechanosynthesised 

samples indicates that for x’ ≤ 0.4 only peaks associated with the 6H polytype are 
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observed, and for x’ ³ 0.7 only the 3C phase is present, while at intermediate x’ values 

the PXRD indicates a two-phase mixture. The PXRD of the precipitation shows that for 

x’ ≤ 0.2 or for x’ ³ 0.8 peaks associated with the 6H or 3C polytypes were observed.  

 

 

Figure 4.3. Photos and PXRD data of powders of Az1-x’FAx’PbBr3 with nominal 

composition 0 ≤ x’ ≤ 1 (in x’ = 0.1 increments) prepared by (a, c) mechanosynthesis and 

(b, d) precipitation synthesis. Reproduced from Ref. 19 with permission. Copyright (2021) 

American Chemical Society. 

 

To ensure all starting materials were consumed during the grinding synthesis, one sample 

(Az0.4FA0.6PbBr3) in the two-phase solid solution region was reground for an additional 

hour. The PXRD of the starting materials and samples before and after regrinding are 

shown in Figure 4.4. No trace of starting materials, and no change in lattice parameters 

were observed in samples before and after regrinding. Reground samples showed no 

visual change in appearance and Rietveld refinement (discussed in section 4.2.3) 

indicated an insignificant change in both phase fraction (cubic phase ratio from 0.436 to 

0.453) and lattice parameters of 6H (~1% change) and 3C (~2% change) phase. These 

analyses suggest all starting materials were consumed during mechanosynthesis.  
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Figure 4.4. PXRD of mechanosynthesised Az0.4FA0.6PbBr3 before and after regrinding 

for an additional hour, and PXRD of starting materials PbBr2, AzBr and FABr, 

reproduced from Ref. 19 with permission. Copyright (2021) American Chemical Society. 

 

The degree of replacement of Az by MA in the 6H structure, and similarly replacement 

of MA by Az in the 3C structure, was investigated by preparing a series of compositions 

according to Az1-x’MAx’PbBr3, 0 £ x’ £ 1 in 0.1 increments for precipitation synthesis and 

in 0.2 increments for mechanosynthesis. The resulting powders obtained from 

precipitation synthesis show a gradual colour change from pale yellow in Az-rich 

compositions to orange with increasing amount of MAPbBr3 (Figure 4.5a). PXRD 

analysis of precipitation synthesised Az1-x’MAx’PbBr3 shows more extensive solid 

solutions where for x’ ≤ 0.3 or for x’ ³ 0.8 only the 6H or 3C polytypes were observed 

(Figure 4.5b), in comparison to the previously described Az1-x’FAx’PbBr3. The PXRD of 

the mechanosynthesised samples indicates that for x’ ≤ 0.2 only peaks associated with the 

6H polytype are observed, and for x’ > 0.4 only the 3C phase is present (Figure 4.5c). As 

the intermediate x’ associated with two-phase mixture is small (0.2 < x’ ≤ 0.4), Az1-

x’MAx’PbBr3 samples with 0.067 increments were prepared by mechanosynthesis in this 

composition range of two-phase mixture and the analysis is shown in the following 

section.  
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Figure 4.5. (a) Colour change of precipitation synthesised samples prepared according 

to composition Az1-x’MAx’PbBr3 (0 ≤ x’ ≤ 1); PXRD data of samples obtained from (b) 

precipitation synthesis (c) mechanosynthesis. Figures (a, b) are adapted from Ref. 6 

with permission. Copyright (2019) American Chemical Society. Figure (c) is 

reproduced from Ref. 19 with permission. Copyright (2021) American Chemical 

Society. 

 

The PXRD peaks for Az1-x’MAx’PbBr3 and Az1-x’FAx’PbBr3 prepared by 

mechanosynthesis are generally wider than that of the precipitation synthesis, presumably 

due to the smaller crystallite size. The crystallite size of the 6H phase in Az1-x’FAx’PbBr3 

(x’ ≤ 0.8) and 3C phase for x’ ≥ 0.8 was estimated from the Scherrer equation:20  
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  + = 	 '(
)*+,- (Equation 4.1) 

where p is the mean crystallite size, K is Scherrer (shape) constant, λ is the X-ray 

wavelength (1.5406 Å), b is the breadth at full width at half maximum intensity (FWHM) 

in radians, and θ is the Bragg angle. The Scherrer equation analysis on 6H and 3C phase 

is shown in Table 4.1. The FWHM of the high intensity (011) and (001) peak was chosen 

for the analysis on 6H and 3C phase respectively. The shape constant was set to the typical 

value 0.9. 20 The crystallite size of the 6H phase from the precipitation synthesis is more 

than twice as large as that from mechanosynthesis, which was confirmed by SEM (Figure 

4.6). However, the crystallite size of 3C phase was hard to determine in the two-phase 

mixture region, due to the presence of overlapping major peaks from the 6H phase. The 

crystallite size of FAPbBr3 from the precipitation synthesis was also estimated to be 

slightly larger than that from the mechanosynthesis with the Scherrer equation, which is 

in agreement with the SEM images in Figure 4.1. 

 

 

Figure 4.6. Examples of SEM images of Az0.6FA0.4PbBr3 from (a) mechano- (b) 

precipitation synthesis. The white scale bar is 50 µm in both images. Reproduced from 

Ref. 19 with permission. Copyright (2021) American Chemical Society. 
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Table 4.1. Calculation of crystallite size of 6H phase in the mixed-cation perovskite 

Az1-x’FAx’PbBr3 (x’ ≤ 0.8) and 3C phase for x’ ≥ 0.8 in both mechano- and precipitation 

synthesis using the Scherrer equation, adapted from Ref. 19 with permission. Copyright 

(2021) American Chemical Society. 

Grinding Precipitation 

x' 
Peak position 

(2θ)/ ° 
FWHM / ° p / nm x' 

Peak position 

(2θ)/ ° 
FWHM / ° p / nm 

0 12.398 0.185 43.2 0 12.417 0.107 74.7 

0.1 12.367 0.332 24.1 0.1 12.376 0.091 87.8 

0.2 12.452 0.264 30.3 0.2 12.423 0.092 86.9 

0.3 12.504 0.224 35.7 0.3 12.385 0.101 79.1 

0.4 12.520 0.382 20.9 0.4 12.442 0.098 81.5 

0.5 12.544 0.316 25.3 0.5 12.401 0.115 69.5 

0.6 12.595 0.357 22.4 0.6 12.416 0.114 70.1 

0.7 12.376 0.236 33.9 0.7 12.390 0.102 78.3 

    0.8 12.456 0.121 66.0 

Average 
28.8 ± 

7.7 
Average 

77.1 ± 

7.7 

0.8 14.689 0.151 53.0 0.9 14.776 0.104 77.0 

0.9 14.787 0.151 53.1 1 14.760 0.072 111 

1 14.736 0.080 100     

Average 
68.7 ± 

27 
Average 

94.0 ± 

24 
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4.2.2 Cation composition analysis 

Using o-dichlorobenzene as an internal standard, solution-state 1H NMR analysis (details 

included in section 2.1.5.1) was carried out on the as-synthesised samples to determine 

the actual FA+/MA+ composition, x, and compare it with nominal x’, in Az1-x’FAx’PbBr3 

and Az1-x’MAx’PbBr3 prepared by both synthetic methods. The comparison between 

actual x and nominal x’ is shown in Figure 4.7. As expected, the actual x obtained by 1H 

NMR spectra closely matches with nominal x’ in both sets of mechanosynthesis samples 

as all starting materials are retained during the ball milling reaction. To ensure that this 

analysis represented the as-synthesised perovskite, 1H NMR analysis of both the isolated 

bulk powder and the residue left in the ball mill was carried out for Az1-xFAxPbBr3, with 

both samples revealing similar compositions (Table 4.2). By contrast, the 1H NMR 

analysis of samples from the precipitation synthesis indicated that the actual FA/MA 

content (x) is consistently lower than the nominal value in the precursor solution (x’) for 

both Az1-xFAxPbBr3 and Az1-xMAxPbBr3 (Figure 4.7b and 4.7d). The cation composition 

mismatch is apparent for x’ < 0.8 in Az1-xFAxPbBr3, which suggests the mixed cation 

perovskite precipitation is affected by the relative cation concentration of the precursor 

solution. The reason behind the composition mismatch is discussed in the section below. 

 

Table 4.2. Comparison of actual x in mechanosynthesis of Az1-xFAxPbBr3 between the 

powder removed from ball mill (actual x) and powder left in ball mill (actual xresidue), 

adapted from Ref. 19 with permission. Copyright (2021) American Chemical Society. 

Nominal x’ Actual x Actual 

xresidue 

Nominal x’ Actual x Actual 

xresidue 

0.1 0.142 0.158 0.8 0.799 0.800 

0.2 0.268 0.265 0.9 0.906 0.900 

0.6 0.634 0.597    
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Figure 4.7. The comparison of nominal (x’) and actual (x) FA+/MA+ cation content 

determined by 1H NMR analysis on Az1-xFAxPbBr3 and Az1-xMAxPbBr3 samples prepared 

by (a, c) mechanosynthesis and (b, d) precipitation synthesis. Dash lines are a linear fit to 

the actual values and black dot-dash lines indicate the instance for x = x’ composition for 

comparison Adapted from Ref. 19 with permission. Copyright (2021) American 

Chemical Society. 
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4.2.3 Rietveld refinement of PXRD of Az1-xFAxPbBr3 

Rietveld refinement of the PXRD data of Az1-xFAxPbBr3 samples from both syntheses 

was carried out to study the phase mixture and the solid solution regions. Examples of 

refinement of AzPbBr3, FAPbBr3 and Az0.4FA0.6PbBr3 are shown in Figure 4.8. The 

weight fraction of both 6H and 3C phase was determined from the refinements and are 

shown in terms of mol fraction versus actual x (obtained by 1H NMR analysis on Az1-

xFAxPbBr3) in Figures 4.9a and 4.9b. For Az1-xFAxPbBr3 samples obtained by 

mechanosynthesis, an intermediate two-phase region appears for 0.42 ≤ x ≤ 0.79. This 

contrasts with samples obtained from the precipitation synthesis, where the region is 

much larger 0.10 ≤ x ≤ 0.94. A rise in temperature of the milling beaker was observed 

and thus the temperature inside the beaker was measured with a hand-held pyrometer 

immediately after the grinding. The temperature was found to be 50.4 ± 3.9 ℃. It was 

hypothesised that the increase in temperature could provide sufficient thermal energy to 

aid FA+ and Az+ diffusion into 6H and 3C phases during grinding, however this was 

discounted based on post-synthesis annealing experiments which showed no change on 

heating as discussed in section 4.2.5. 

The observation of the colour change of the precipitate mentioned in the beginning of 

section 4.2.1 indicates that the precipitation of 6H and 3C phases tend to progress at 

different rates, which is related to their cation concentration in the precursor solution. In 

order to investigate the A-cation stoichiometry of samples as precipitation progressed, a 

stepwise antisolvent addition experiment was performed (experimental details in section 

2.2.2.3). Based on the observed colour change during precipitation, the initial assumption 

was that the 6H phase precipitates first and the 3C phase follows with increasing volume 

of antisolvent. 
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Figure 4.8. Example of Rietveld refinement profile of PXRD data for (a) AzPbBr3 (b) 

FAPbBr3 and (c) Az0.4FA0.6PbBr3 with observed intensity (open circles), calculated 

intensity (red line), background (green line), reflection position (black bar for 6H phase 

and magenta bar for 3C phase) and difference curve (blue line). Reproduced from Ref. 

19 with permission. Copyright (2021) American Chemical Society. 
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Figure 4.9. Mole fraction and cell volume (per formula unit) of hexagonal (6H) and cubic 

(3C) perovskite phases as determined by Rietveld refinement of PXRD data for Az1-

xFAxPbBr3 samples prepared by (a, c) mechano- and (b, d) precipitation synthesis. Values 

are shown as a function of overall, actual x as determined by NMR spectra. The vertical 

dashed lines indicate the boundaries between the single-phase solid solution and 

intermediate two-phase regions. Reproduced from Ref. 19 with permission. Copyright 

(2021) American Chemical Society. 

 

The actual x obtained by 1H NMR analysis (Table 4.3) of the precipitated samples shows 

that they are deficient in FA+ in the early stages of addition of the antisolvent. In set 1, 

different amounts of antisolvent were added into parallel batches of perovskite solution, 
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while the overall amount of antisolvent added into one perovskite solution was recorded 

in set 2. The details of the two sets of synthesis are in Section 2.2.2.3. The incorporation 

of such a small amount (ca. 6%) of FA+ in the early stages of precipitation is evident from 

the colour of the powders, which appeared close in colour to AzPbBr3 (Figure 4.10). 

Similarly, there is no 3C phase detected by PXRD in these precipitated samples, the actual 

x of which is less than 0.07. This result is consistent with the solid solution/two phase 

regions indicated in Figure 4.9. These stepwise antisolvent experiments show that the 6H 

phase is more likely to precipitate first with antisolvent present under a similar cation 

concentration, while the 3C phase only precipitates with lower Az+ cation concentrations. 

This kinetic difference accounts for both the composition mismatch found in Figure 4.9b 

and the small solid solution region observed in Az1-xFAxPbBr3 samples obtained by 

precipitation. 

 

Table 4.3. Actual x and unit cell volume of 6H phase of two trials (set 1 and set 2) of 

stepwise antisolvent precipitation synthesis of Az0.5FA0.5PbBr3, adapted from Ref. 19 

with permission. Copyright (2021) American Chemical Society. 

Set 1 Set 2 

Volume of 

acetonitrile / 

mL 

Actual x 
Unit cell 

volume / Å3 

Volume of 

acetonitrile / 

mL 

Actual x 
Unit cell 

volume / Å3 

1 0.025 1420.308 1 0.024 - 

2 0.044 1419.838 7 0.060 - 

5 0.063 1418.322 16 0.294 - 

10 0.171 1410.823 30 (ex.) 0.803 - 

20 (ex.) 0.298 1419.055    
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Figure 4.10. Stepwise antisolvent precipitation synthesis of Az0.5FA0.5PbBr3: (a, c) 

visualisation of the colour of the powders (b, d) PXRD analysis. (a, b) are from set 1 and 

(c, d) are from set 2. Reproduced from Ref. 19 with permission. Copyright (2021) 

American Chemical Society. 

 

In the mixed-cation system Az1-xFAxPbBr3, a complete solid solution is impossible as the 

end members are not isostructural (6H and 3C perovskite), although partial solid solutions 

may form at either end given the similar A-cation size from calculation.21,22 In the single 

phase (solid solution) regions (as determined by PXRD, Figures 4.9c and 4.9d), the actual 

x values as determined from 1H NMR analysis correspond to the actual FA+ composition 

of the solid solution. A more conventional expression of solid solution general formulae 

is needed; Az1-yFAyPbBr3 (6H, Az-rich) and AzzFA1-zPbBr3 (3C, FA-rich), where y and z 

denote the degree of substitution of FA and Az at the A-site from the parent structure. 

This also allows us to distinguish them from Az1-xFAxPbBr3 especially for mixed phase 

samples; in the two-phase region, x corresponds to the global FA content with an 

unknown distribution over the two phases.  
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The lattice parameters of each polytype as a function of x were determined by Rietveld 

refinement, including two-phase refinement for intermediate x. The cell volume (Figure 

4.9c and 4.9d) of Az1-xFAxPbBr3 as a function of composition shows a close resemblance 

to the reported BaTiO3–CaTiO3 solid solution system,23 in which the lattice parameter 

progression changes from decreasing to essentially invariant as the composition extends 

from the single phase region into the two-phase region. In the single phase 6H solid 

solution region, the lattice constant and cell volume show a systematic decrease with 

increasing FA content. This is more evident in samples obtained via mechanosynthesis. 

For the 3C region of those samples, the solid solution shows an increase in cell volume 

with increasing Az content. These volume-composition dependencies suggest that FA+ is 

smaller than Az+ in contrast to computational studies which suggest FA is marginally 

larger.21,22 The suggestion that FA+ is smaller than Az+ is also consistent with the 

experimental results that AzPbBr3 forms a 6H structure and FAPbBr3 forms a cubic 

structure while their tolerance factors, using computed cation sizes, are both 1.0. However, 

the size effect of organic cations in extended structures is largely based on a hard sphere 

approximation, which implies their free rotation. This may not be true for either FA+ or 

Az+ in these structures at room temperature and requires further study.  

For samples obtained from the precipitation synthesis, the cell volume in the Az-rich 

region is invariant as a function of x, which suggests a relatively small degree of 

substitution by FA when compared to mechanosynthesised samples of the same 

composition. Presumably, this is due to the phase separation between 3C and 6H phases 

during the precipitation as a result of the different precipitation rates. The sharp decrease 

of the volume at x = 0.84 is possibly due to the error of the refinement as the fraction of 

the 6H phase in these samples is very low. For precipitation synthesised samples in the 

FA-rich region, the slight increase in cell volume indicates a relatively small degree of 

substitution by Az. Overall, there is limited solid solution formation during the 

precipitation synthesis. 

 

4.2.4 Rietveld refinement of Az1-xMAxPbBr3 

The lattice parameters of each polymorph (6H, 3C) as a function of x were determined by 

Rietveld refinement, including two phase refinement for intermediate x. Rietveld 
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refinements for the Az1-xMAx system shows the presence of limited solid solutions of Az1-

yMAyPbBr3 (6H) and AzzMA1-zPbBr3 (3C) for both syntheses (Figure 4.11). For samples 

obtained from the mechanosynthesis, an intermediate two-phase region appears for 0.27 

≤ x ≤ 0.49, compared to precipitation synthesised samples, where the two-phase region is 

larger (0.07 ≤ x ≤ 0.71). The cell volume expansion as a function of increasing Az content 

(fitted lines, Figure 4.11) in the 3C solid solution region is similar for both mechano- and 

precipitation syntheses. The unit cell volume of the 6H phase in precipitation synthesised 

samples is invariant as a function of x (Figure 4.11d), presumably due to the 

incompressibility of the face-sharing Pb-Br octahedra in the 6H-structure due to the 

Pb…Pb repulsion, which does not allow collapse of the unit cell volume on insertion of 

the smaller MA cation.  

 

4.2.5 Comparison between Az1-xMAx and Az1-xFAx solid solutions 

The solid solution ranges of the Az1-xMAx and Az1-xFAx systems are included in Table 4.4. 

Experimental results suggest that the size of Az+ is larger than that of FA+, and both 

cations are larger than MA+. The relative size relationship between FA+ and MA+ can be 

confirmed from the lattice parameters of the reported (cubic) FAPbBr3 and MAPbBr3, 

where a(FAPbBr3) = 5.98 Å and a(MAPbBr3) = 5.92 Å.6,24 In oxide perovskites, it is 

generally acknowledged that solid solution formation follows Hume–Rothery rules,25 

which describe the empirical observation that the size difference between the solute and 

solvent atoms should be within 15% for substitutional solid solutions. This is because too 

large a size mismatch generates local strain. In the (Ba, Sr, Ca)TiO3 system, for example, 

all three end members form (pseudo-)cubic perovskites. The cation radii for Ba2+, Sr2+ 

and Ca2+ are 1.61, 1.44 and 1.34 Å, respectively26, and complete solid solutions form for 

Ba1-xSrxTiO3 and Sr1-xCaxTiO3, indicating this full range of A-cation size can be 

accommodated in the crystal structure (the average A-cation size varies continuously 

across the combined solid solutions). However, for Ba1-xCaxTiO3 only < 30% Ca 

substitution can be tolerated due to the large size mismatch and resulting local strain.27–

30 Similarly, it is expected to be easier for relatively larger Az+ to replace the cations in 

the larger A-site interspace in FAPbBr3 than MAPbBr3 independent of the synthetic 

method and for a more extensive solid solution to form. 
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Figure 4.11. Mole fraction and cell volume (per formula unit) of 6H and 3C phases 

determined by Rietveld refinement of PXRD data for Az1-xMAxPbBr3 samples prepared 

by (a, c) mechano- and (b, d) precipitation synthesis. Values are shown as a function of 

actual x determined by NMR spectra. Vertical dashed lines indicate the boundaries 

between the single-phase solid solution and intermediate two-phase regions. Dash-dot 

lines and dash-dot-dot lines are linear fits to the cell volume as a function of actual x for 

samples in the 3C solid solution region. Reproduced from Ref. 19 with permission. 

Copyright (2021) American Chemical Society. 

 

However, the observations here are contrary to this notion. For mechanosynthesis of the 

3C solid solutions, in AzzFA1-zPbBr3, the degree of Az substitution extends to z = 0.21 

compared to z = 0.51 for AzzMA1-zPbBr3. Synthesised samples by precipitation show 



 

 

109 

similar results where the solid solution range of AzzFA1-zPbBr3 is smaller than that of 

AzzMA1-zPbBr3, but this observation does not take into account any possible kinetically-

limited aspects.  

A possible explanation for this observation is that the extent of solid solution formation 

observed here is dependent only on the global average A-cation size and that local strain 

due to size mismatch plays a less significant role. In other words, mixed A-cation halide 

perovskite would not tolerate the single phase 3C solid solution if the average A-cation 

size is larger than a certain value. This can be estimated by examining the maximum unit 

cell volume of the 3C phase in each system (Figure 4.12a). Under the assumption that 

Vegard’s law holds for all these solid solutions, a linear relationship between the average 

A-cation radius and cell volume can be fitted to the results from MA1-xFAxPbBr3 samples 

with rFA = 253 pm and rMA = 217 pm (Figure 4.12b).21 

 

Table 4.4. Solid solution ranges for Az1-xFAx and Az1-xMAx samples prepared by 

mechano- and precipitation syntheses, reproduced from Ref. 19 with permission. 

Copyright (2021) American Chemical Society. 

 Solid solution 

range 

Mechano-

synthesis 

Precipitation 

synthesis 

6H 
Az1-yFAyPbBr3 y ≤ 0.42 y ≤ 0.10 

Az1-yMAyPbBr3 y ≤ 0.27 y ≤ 0.07 

3C 
AzzFA1-zPbBr3 z ≤ 0.21 z ≤ 0.06 

AzzMA1-zPbBr3 z ≤ 0.51 z ≤ 0.29 
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Figure 4.12. (a) Unit cell volume of 3C perovskite phases determined by Rietveld 

refinement of PXRD data for MA1-xFAxPbBr3, Az1-xFAxPbBr3 and Az1-xMAxPbBr3 

samples prepared by mechanosynthesis (b) unit cell volume of 3C FA/MA perovskite 

samples plotted with average A-cation radius under the assumption of Vegard’s law with 

rFA = 253 pm and rMA = 217 pm.21 The line is fitted with the results from MA1-xFAxPbBr3 

and the hollow points from Az1-xFAxPbBr3 and Az1-xMAxPbBr3 samples are added in 

according to their unit cell volume. Black dotted lines indicate the upper limit cell volume 

(ca. 219 Å3 per formula unit) of cubic single-phase solid solution and corresponding 

average A-cation radius (ca. 268 pm), which separates the 3C single phase and 3C-6H 

two-phase region. Reproduced from Ref. 19 with permission. Copyright (2021) American 

Chemical Society. 

 

By extrapolation, the cation radius of Az is estimated to be 315 ± 11 pm (from Az1-xFAx 

data) or 304 ± 6 pm (from Az1-xMAx data). These crude estimations for the Az+ cation 

radius are significantly larger than the computed cation radius (rAz = 250 pm) reported by 

Kieslich et al.21 and clearly requires further study. The tolerance factor of AzPbBr3 

calculated with rAz = 310 pm (average of the two values above) is 1.14, which is in 

agreement with the fact that it forms 6H hexagonal structure rather than cubic (Chapter 

3). The reason behind the differing influence of local strain on the extent of solid solution 

formation between oxide and halide perovskites might result from the strong M-O bonds 

and resulting rigid framework in comparison to the M-X framework in halides. The 

Young’s moduli of halide perovskites are of the order 10 – 20 GPa (for MAPbX3, X = Cl, 
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Br, I),31 which are approximately an order of magnitude lower than for oxide perovskites 

(> 100 GPa).32  

The 6H solid solution ranges described by Az1-yFAyPbBr3 and Az1-yMAyPbBr3 are both 

extremely limited in the precipitation synthesised samples. For the mechanosynthesised 

6H solid solution Az1-yFAyPbBr3, the degree of FA substitution extends to y ≤ 0.42 and 

to y ≤ 0.27 for Az1-yMAyPbBr3, which are consistent with size predictions. In other words, 

the replacement of Az+ in the 6H-structured solid solutions favours the cation of similar 

size (FA+) rather than the smaller cation (MA+).  

Annealing is reported to be a common method in perovskite device fabrication, which 

initiates and accelerates perovskite formation, removes residual solvent, and improves 

crystal growth.33 These benefits result from interdiffusion and reorganization induced by 

the temperature. Samples in the two-phase region obtained by both mechano- and 

precipitation syntheses were kept in 100 ℃ (a commonly used annealing temperature33,34) 

for 5 hours. These heated samples were analysed by 1H NMR spectra and PXRD and the 

results are shown in Figure 4.13. The composition (actual x), phase fraction and lattice 

parameters of mechanosynthesised AzFA and AzMA perovskite samples in the two-

phase region showed no significant change after heating. Similarly, the actual x, phase 

fraction and lattice parameters of the corresponding precipitation synthesised AzFA- and 

AzMA-containing perovskite samples did not vary (within error). Presumably, these 

perovskite samples are stable at 100 ℃ and no interdiffusion was observed after 5 hours 

of heating. 
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Figure 4.13. Nominal (x’) and actual (x) MA+/FA+ cation content determined by 1H NMR 

analysis, and mole fraction and cell volume (per formula unit) of hexagonal (6H) and 

cubic (3C) perovskite phases as determined by Rietveld refinement of PXRD data for 

heated (a, b) Az1-xFAxPbBr3 and (c, d) Az1-xMAxPbBr3 samples, prepared by (a, c) 

mechano- and (b, d) precipitation synthesis. The results from heated samples are marked 

with stars. Reproduced from Ref. 19 with permission. Copyright (2021) American 

Chemical Society. 

 

4.2.6 MA1-xFAxPbBr3 as a reference system 

Both MAPbBr3 and FAPbBr3 adopt the cubic (3C) perovskite structure6,24 and have been 

shown to form a complete solid solution and so can be used as a reference system for the 

synthesis routes described above. MA1-xFAxPbBr3 has been studied by solution synthetic 

methods such as solution deposition35 and LARP.36 For instance, Slimi et al.35 dissolved 
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MABr/FABr in DMF solution and synthesised MA1-xFAxPbBr3 by spin-coating these 

solutions onto ITO substrates; the lattice parameters of the MA1-xFAxPbBr3 thin films 

showed a systematic linear decrease with increasing nominal MA content (Figure 4.14), 

although A-cation compositions were not studied. A complete solid solution of cubic 

phase was found for MA1-xFAxPbBr3, however, the presence of a very small amount of 

PbBr2 was found in PXRD for nearly equimolar fraction composition (x = 0.4 – 0.6) and 

its presence was explained with competitive formation of MA/FA perovskite. The 

influence of the presence of PbBr2 on perovskite cation composition is unclear. 

 

 

Figure 4.14. Interplanar d-spacing (lattice parameter a) and bandgap as a function of 

(nominal) MA content of MA1-xFAxPbBr3 thin films. Adapted from Ref. 35 with 

permission. 

 

To further study the competitive solid solution formation and actual cation composition 

of products, similar synthesis protocols were applied (precipitation and grinding) to the 

MA1-xFAx system (0 ≤ x ≤ 1). The compositional analysis of MA1-xFAxPbBr3, shows x ≈ 

x’ for both synthetic routes (Figure 4.15a and 4.15b). As shown in Figure 4.16, no 

presence of PbBr2 was observed in the PXRD of MA1-xFAxPbBr3, even at the composition 

with nearly equimolar fraction (x = 0.4, 0.6). Rietveld refinement of PXRD data shows 
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that the cell volume varies linearly as a function of actual x (Figure 4.15c). The linear fit 

of lattice parameters as a function of FA cation content shows a similar dependence for 

samples obtained from both synthetic routes. These results suggest a complete solid 

solution of MA1-xFAxPbBr3, which is presumably due to the reasonably similar size of A-

site cations (rFA = 253 pm and rMA = 217 pm21) and isostructural (3C) end members. 

Importantly, no compositional mismatch was observed regardless of synthetic route. 

 

Figure 4.15. The comparison of nominal (x’) and actual (x) FA+ content determined by 

NMR in MA1-xFAxPbBr3 prepared by (a) mechanosynthesis (b) precipitation synthesis. 

Dash lines are linear fit to the actual values and black dot-dash lines represent x’ = x 

composition for comparison (c) unit cell volume of 3C perovskite phase as determined 

by Rietveld refinement of PXRD data for MA1-xFAxPbBr3 samples prepared by mechano- 

(circles) and precipitation synthesis (diamonds). The dash-dot lines and dash-dot-dot lines 

are fit of unit cell volume with actual x of mechano- and precipitation samples. Adapted 

from Ref. 19 with permission. Copyright (2021) American Chemical Society. 
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Figure 4.16. PXRD data of MA1-xFAxPbBr3 samples obtained from (a) mechanosynthesis 

and (b) precipitation synthesis. 

 

4.3 Optical properties of mixed cation perovskite 

The optical properties of the solid solutions/two-phase mixtures of Az1-xFAxPbBr3 and 

Az1-xMAxPbBr3 samples were studied by absorption spectroscopy (Figure 4.17). 

Regardless of how the Az1-xFAxPbBr3 samples were synthesised (Figure 4.17a and 4.17b), 

the absorption onsets are systematically red-shifted with increasing FA+. Optical 

measurements indicate that the absorption edge for the 6H solid solution samples Az1-

yFAyPbBr3, obtained from the mechanosynthesis is red-shifted from ca. 440 nm (AzPbBr3) 

to ca. 540 nm (y = 0.38). The absorption edge of Az0.62FA0.38PbBr3 is relatively close to 

that of FAPbBr3 (585 nm). As the solid-state absorption spectra is surface sensitive, the 

shifted absorption edge at such composition may be due to the presence of some 3C 

crystallites formed at the surface, the amount of which is insufficient to be detected by 

PXRD. Moreover, the absorption edge for the 6H solid solution samples obtained from 

the precipitation synthesis remains invariant at ca. 440 nm (0 £ y £ 0.051). By contrast, 

the 3C solid solution, AzzFA1-zPbBr3, from both syntheses shows a blue-shift from ca. 

585 nm (FAPbBr3) to ca. 565 nm (z = 0.20, mechanosynthesis) and ca. 576 nm (z = 0.08, 

precipitation synthesis), respectively. In the two-phase region (0.10 ≤ x ≤ 0.94) of the 

precipitation synthesised samples, the low volume fraction of the 6H phase for 0.62 ≤ x 

≤ 0.74 (Figure 4.9b) means that the absorption is dominated by the 3C component and 

the absorption edge remains around 560 nm. For the 0.14 ≤ x < 0.62 compositions, which 



 

 

116 

have a significant phase fraction of both 6H and 3C, two absorption edges were observed 

corresponding to each phase (6H ~470 nm; 3C ~ 560 nm).  

 

 

Figure 4.17. Absorption spectra of Az1-xFAxPbBr3 samples prepared by (a) 

mechanosynthesis and (b) precipitation synthesis. Absorption spectra of Az1-xMAxPbBr3 

samples prepared by (c) mechanosynthesis and (d) precipitation synthesis. Spectra from 

single phase (solid solution) compositions as determined by PXRD are plotted with solid 

lines. Multi-phase samples are plotted with dashed lines and are also marked with arrows. 

Adapted from Ref. 19 with permission. Copyright (2021) American Chemical Society. 

 

The absorption spectra of the corresponding Az1-xMAx samples are shown in Figures 

4.17c and 4.17d as a comparison, and show a similar absorption edge shift as a function 

of x. For precipitation synthesised samples, optical measurements (Figure 4.17d) indicate 

that the absorption edge for the 6H solid solution Az1-yMAyPbBr3 (0 £ y £ 0.061) is rather 

invariant at around 450 nm. By contrast, the 3C solid solution AzzMA1-zPbBr3 from both 

syntheses, shows a blue-shift from ca. 575 nm (MAPbBr3) to ca. 550 nm (z = 0.51, 
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mechanosynthesis) and ca. 560 nm (z = 0.29, precipitation synthesis), respectively. In the 

two-phase region (0.07 £ x £ 0.71) of the precipitation synthesised samples, the 

absorption is dominated by the 3C component and the absorption edge remains around 

540 nm, even for the two-phase mixture. For the x = 0.27 composition, which has a 

significant phase fraction of both 6H and 3C, a similar feature to Az1-xFAxPbBr3 was 

observed where two absorption edges appear, which correspond to each phase (6H ~450 

nm; 3C ~ 540 nm).  

 

4.3.1 Bandgap variation in mixed cation perovskites 

The bandgap (Eg) values calculated from the onset of the absorption spectra from both 

Az1-xFAx and Az1-xMAx samples are shown in Figures 4.18a and 4.18b. The bandgap of 

the Az1-xFAx samples in the 6H solid solution region shows a nonlinear character which 

can be rationalised in terms of the bowing effect,23,37 where a smaller bandgap was 

obtained for the intermediate composition of solid solutions than expected from linear 

interpolation of the end member values. Bandgap bowing is often fitted to a second order 

polynomial to account for the divergence from linearity, with a bowing parameter b as 

the binominal coefficient of the fitting equation:37 

  -.(/) = (1 − /)-.|(123) + /-.|(12!) − 3/(1 − /) (Equation 4.2) 

The bowing parameters of the mechanosynthesised mixed cation Az1-xFAxPbBr3 is 0.94 

with a goodness-of-fit R2 value of 0.944. The bandgaps of Az1-xMAx samples and the 

precipitation synthesised Az1-xFAx samples show a linearly progressive increase with 

increasing Az content (decreasing x) in both the 3C solid solution and two-phase region. 

Bandgaps of MA1-xFAx samples are also included in Figure 4.18c for comparison. Both 

precipitation and mechanosynthesised samples display a similar trend of slightly 

decreasing bandgap with increasing MA substitution. This trend is due to the unit cell 

expansion as a result of variation of the Pb-Br bond, with varying A-cation size as 

discussed in Chapter 3. The bandgap of MA1-xFAxPbBr3 has been reported with a nearly 

linear relationship with MA composition within a short range (2.25 – 2.29 eV, Figure 

4.14).35 A slightly larger bandgap variation is observed here (2.14 – 2.20 eV).  
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Figure 4.18. Bandgap determined from the absorption spectra of (a) Az1-xFAxPbBr3 (b) 

Az1-xMAxPbBr3 and (c) MA1-xFAxPbBr3 synthesised from both mechano- and 

precipitation synthesis. Adapted from Ref. 19 with permission. Copyright (2021) 

American Chemical Society. 

 

4.4 Conclusion 

Solid solution formation in the systems Az1-xFAxPbBr3 and Az1-xMAxPbBr3 (0 ≤ x ≤ 1) 

was explored using both mechano- and precipitation syntheses. For samples obtained 

from the precipitation synthesis, the actual FA% or MA% in the precipitate was found to 

be less than the nominal composition in the reaction solution as a result of different 

precipitation rates of 3C and 6H perovskite polytypes. No such composition mismatch 
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was found for mechanosynthesised samples. A 3C-6H two-phase region was found to be 

present for 0.42 ≤ x ≤ 0.79 and 0.10 ≤ x ≤ 0.94, for mechano- and precipitation synthesis 

of Az1-xFAxPbBr3, respectively; the two-phase region for mechanosynthesised and 

precipitation synthesised Az1-xMAxPbBr3 appeared for 0.27 ≤ x ≤ 0.49 and 0.07 ≤ x ≤ 0.71. 

The cell volume as a function of the composition (volume increases with increasing Az+ 

content) in both 6H (Az-rich) and 3C (FA-rich) solid solution regions suggests the Az+ 

cation is actually larger than FA+, which is incongruent to the cation size reported in the 

literature.21,22 Under the assumption of Vegard’s law, the cation radius of Az+ is estimated 

to be ~310 pm and therefore the tolerance factor of AzPbBr3 is 1.14, which is consistent 

with the fact that it forms a 6H hexagonal perovskite rather than a cubic perovskite. By 

comparison, in the 3C solid solution regions (Az-poor), the solid solution range in 

AzzFA1-zPbBr3 is surprisingly smaller than in AzzMA1-zPbBr3, given that MA+ is much 

smaller than FA+. This suggests that the extent of the single-phase solid solution of halide 

perovskites is dependent only on the average A-cation size, while the size mismatch is 

less of an influence, in contrast to solid solution formation observed in oxide perovskites. 

Overall, the work in this chapter reveals the importance of cross-checking the nominal 

(reaction) with the actual (product) composition, especially when the synthetic method 

may be under kinetic control or multi-phases can be formed in the system. When doping 

larger A-site organic cations in OIHPs, the average A-cation radius might be used as a 

guide to prevent unwanted phase separation. The computed size of organic cations and 

the presence of any dynamic/preferential bonding effects should be re-examined and 

considered during study of OIHP systems.  
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Chapter 5  

 

Exploring mixed-halide perovskite with azetidinium 
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5.1 Introduction 

In Chapter 4, the bandgaps of Az-based OIHPs were tuned using mixed cations at the A-

site - Az1-xFAxPbBr3 and Az1-xMAxPbBr3 (0 ≤ x ≤ 1). Due to partial solid solution 

formation, the scope for bandgap tuning with A-site substitution is limited, especially in 

the 6H-rich single-phase region (Figure 4.18). Mixing halide is likely much more 

effective for bandgap tuning due to the changes in Pb-X orbital interactions.1–4 Noh et 

al.4 reported a linear relationship between Br content, and the lattice parameters and 

corresponding bandgap in the MAPbBrxI3-x perovskite. Chen et al.2 reported a grinding 

synthesis of APbX3 (A = MA or FA, X = Cl, Br, I) nanocrystals, the emission maxima of 

which shifted from 400 nm (3.10 eV) to 780 nm (1.59 eV) with the halide changing from 

I to Cl, as the band structure of APbX3 has a strong dependence on halide electronic 

energies.  

The 6H AzPbBr3 has been discussed in Chapter 3 and Panetta et al.5 determined the 

structure of AzPbI3 as the 9R rhombohedral perovskite polytype. The assumption is that 

the formation of either solid solutions or different structures are feasible in Az mixed 

halide perovskites considering the reported mixed halide perovskite compounds in other 

systems. For example, Gratia et al.3 reported a mixed halide/cation composition with a 

progressive structural change from 2H, 4H and 6H to 3C depending on x in 

(FAPbI3)x(MAPbBr3)1−x. They reported the halide exchange drives the polytypic 

transformation. By comparison, a two-phase solid solutions region is reported for 

MAPbBrxI3-x mixed halide perovskite while the crystal systems of the end members are 

cubic (MAPbBr3) and tetragonal (MAPbI3).6 Mechanosynthesis is a solvent-free, 

environmentally friendly synthetic method, which has been reported as a simple and 

effective way to synthesise OIHPs.7,8 In this chapter, mixed halide perovskites AzPbBr3-

xXx (X = Cl or I) were prepared by mechanosynthesis and their lattice parameters and 

optical absorption were analysed by PXRD and absorption spectra, respectively.  

 

  



 

 

127 

5.2 Mixed halide perovskites 

5.2.1 Synthesis and PXRD analysis 

The crystallisations of AzPbCl3, AzPbBr1.5I1.5 and AzPbI3 were carried out by slow 

diffusion of antisolvent DCM/acetonitrile/acetonitrile into DMSO, DMF/DSMO (4:1) 

and DMF/GBA (1:1) solution, respectively. AzPbCl3 appears as white needle-like 

crystals, AzPbBr1.5I1.5 is bright yellow, and AzPbI3 crystals are dark red. Stoichiometric 

amounts of dry AzCl and PbCl2 were dissolved in DMSO and the anti-solvent DCM was 

slowly diffused into the perovskite/DMSO solution to obtain crystals suitable for SCXRD. 

AzPbCl3 appears as white needle-like crystals. As AzI is not commercially available, AzI 

was synthesised by a two-step method: AzCl was deprotonated into azetidine, which was 

then reacted with HI. The crystals of AzI were white and needle-like, with a yield of 86 %. 

AzPbCl3 powder was obtained by precipitation synthesis - stoichiometric AzCl was 

mixed with PbCl2 in DMSO and precipitated with anti-solvent DCM. The precipitation 

synthesised AzPbCl3 (confirmed by PXRD) was then used as the Cl source in the 

mechanosynthesis, as the purity of commercial AzCl was found to be < 90% (discussed 

below). The mechanosynthesis of AzPbClxBr3-x and AzPbBrxI3-x (0 ≤ x ≤ 3) was carried 

out by mixing appropriate molar ratios of Az/halide source (AzPbCl3, AzBr or AzI) and 

lead/halide source (PbCl2, PbBr2 or PbI2) in the ball mill and grinding at 600 rpm for 1 

hour. Detailed procedures are provided in Chapter 2. 

While AzPbCl3 was obtained by precipitation synthesis, AzPbClxBr3-x (0 ≤ x < 3) samples 

were prepared by mechanosynthesis. The mechanosynthesis of Cl-containing samples 

was complicated by the purity of commercial AzCl, which is labelled by the manufacturer 

as below 95%. 1H NMR analysis of the commercial AzCl is shown in Figure 5.1 and 

indicates it is not pure; elemental analysis indicated that the purity was actually below 

90% (Calculated: C, 38.52; H, 8.62; N, 14.97; Cl, 37.89; Found: trial 1 - C, 34.30; H, 

7.59; N, 12.23; trial 2 - 35.13; H, 8.05; N, 12.79). The purity issue of commercial AzCl 

was significant in mechanosynthesis and extra PbCl2 peaks were found in the PXRD of 

the mechanosynthesised AzPbCl3, which was obtained by mixing the stochiometric 

amounts of AzCl and PbCl2 (Figure 5.2). Excess AzCl (PbCl2:AzCl = 1:1.3) was required 

for the mechanosynthesis of the single phase AzPbCl3 as determined by PXRD; it cannot 

be excluded, however, that excess AzCl may remain but is not detectable by PXRD. 
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Recrystallisation of commercial AzCl was carried out by preparing a highly concentrated 

solution of AzCl in ethanol at 70 ℃ and slowly cooling it down to 0 ℃, during which the 

crystals of AzCl precipitate. 1H NMR spectra of the recrystallised AzCl samples (Figure 

5.1) indicated that it is possible to largely remove the impurities. However, the poor 

solubility of the samples in polar solvent (e.g. ethanol, acetone, methanol) and the similar 

solubility between samples and impurities in the solvent resulted in a low yield (< 10 %). 

Due to the difficulty in obtaining sufficient amounts (ca. 3 g) of recrystallised AzCl, it 

was not used as a precursor for the mechanosynthesis. Instead, AzPbCl3 prepared by 

precipitation synthesis was used as the Cl source in the mechanosynthesis. 

 

 

 

Figure 5.1. 1H NMR spectra of commercial AzCl (top), and after recrystallisation 

(bottom) in d-chloroform. Characteristic peaks of Az are marked by *. 
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Figure 5.2. PXRD data of the commercial PbCl2, mechanosynthesised AzPbCl3 with 

PbCl2:AzCl = 1:1 and 1:1.3, and the simulated reference patterns of AzPbCl3 (determined 

by SCXRD). PbCl2 peaks are clearly evident in PbCl2:AzCl = 1:1 composition. 

 

The colour progression (Figure 5.3a) of the as-synthesised AzPbClxBr3-x is subtle and 

ranges from white (AzPbCl3) to pale yellow (AzPbBr3). The colours of the AzPbBrxI3-x 

series show a clear systematic change from pale yellow (AzPbBr3) to red-orange (AzPbI3). 

The PXRD of the mixed halide perovskites are shown in Figures 5.3b and 5.3c. The 

PXRD of AzPbCl3 shows the same 6H hexagonal structure as AzPbBr3 (Chapter 3) while 

SCXRD confirms this 6H polytype (Figure 5.4) with same P63/mmc space group [PXRD: 

a = 8.515(6) Å, c = 20.44(9); SCRXD (293 K): a = 8.5166(2) Å, c = 20.4424(6) Å]. The 

PXRD of the Br-rich region show additional broad features in the base of the main peaks 

which are especially evident around 12 – 14°. These features are similar to the PXRD of 

the mechanosynthesised AzPbBr3 (Figure 3.1c), which indicate the presence of multiple 

subpopulations of different sizes of 6H perovskite particles in those samples. 

AzPbI3 is reported as the 9R polytype5 and the Rietveld refinement of the PXRD data for 

AzPbI3 with the reported space group R35c results in a good fit of the peak positions and 

intensities (goodness-of-fit parameters: c2 = 1.545, wRp = 0.056), as shown in Figure 5.4. 
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Figure 5.3. (a) Photos and (b, c, d) PXRD patterns of mixed halide perovskite: AzPbBr3-

xXx (X = Cl or I) with composition 0 ≤ x ≤ 3 (in x = 0.5 increments) were prepared by 

mechanosynthesis, except AzPbCl3 which was prepared by precipitation synthesis. ‡6H, 

†4H, ¤9R marks the peaks from the corresponding phases in the patterns. 

 

This confirms that the 9R AzPbI3 perovskite can also be obtained easily by 

mechanosynthesis compared with the reported two-step recrystallisation solution 

method.5 This is also confirmed by SCXRD with lattice parameters being close to those 

seen in the refined PXRD data [SCXRD (293 K): a = 9.0835(5) Å, c= 35.104(3) Å; PXRD 

a = 9.101(1) Å, c = 35.00(2) Å]. Single phase perovskite samples (AzPbI3 and AzPbCl3) 

were re-examined by PXRD after being stored in air for 6 months and no visual or 

structural decomposition was observed (Figure 5.5, PXRD of AzPbBr3 is in Figure 3.1). 
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Figure 5.4. Rietveld refinement profile of PXRD data for AzPbI3 refined in the 9R 

structure with observed data (cross), calculated data (red line), background (green line), 

reflection position (magenta bar) and difference plot (blue line). Goodness-of-fit 

parameters: c2 = 1.545, wRp = 0.056. 

 

 

Figure 5.5. Comparison of PXRD patterns of freshly made mechanosynthesised AzPbCl3 

and AzPbI3 samples, and again after storage in ambient air for 6 months. 
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5.2.1.1 Determination of the intermediate structure of AzPbBrxI3-x  

The PXRD data of AzPbBrxI3-x (x ≤ 2) in Figure 5.3b seem to indicate a structure that was 

neither 6H, 9R nor a two-phase mixture of these two polytypes. From the visual similarity 

of the PXRD patterns, it is assumed that the intermediate structure is also a perovskite 

polytype. The two most intense peaks, in the range 12° to 15°, are characteristic of both 

6H (AzPbBr3) and 9R (AzPbI3) structures and have Miller indices (011)(012) and 

(0115)(012), respectively. Assuming the Miller indices of two major peaks of the unknown 

intermediate phase might also be (010)(011) or (011)(012), analysis of the PXRD of 

AzPbBr1.5I1.5, and in particular the d-spacing of the two major peaks at 11.41° and 12.86°, 

is shown in Table 5.1. Under the assumption of the intermediate structure being a 

hexagonal perovskite polytype, the average distance 6̅ between close packed layers of 

this phase should lie between those of AzPbBr3 and AzPbI3. While no reasonable factor 

could be found for 6̅cal using (011)(012) indexing, the average layer distance 6c̅al using 

(010)(011) indices when divided by 4, sits in the correct range: 6c̅al = ccal /4 = 15.18 / 4 = 

3.796 Å compared with 6̅(AzPbBr3) = 3.555 Å and 6̅(AzPbI3) = 3.897 Å. Using the same 

(010)(011) indexing, acal = 8.956 Å also lies between a(AzPbBr3) = 8.743 Å and a(AzPbI3) 

= 9.085 Å. Thus, a 4H structure9 with P63/mmc space group is a likely candidate because 

the factor found for 6̅cal is 4.  

 

Table 5.1. Lattice parameter calculation (ccal and acal) using the two major peaks from 

the PXRD of AzPbBr1.5I1.5 and the lattice parameter from AzPbBr3 and AzPbI3 single 

crystals. 

2θ (°) 

d-

spacing 

/ Å 

(hkl)1 (hkl)2 
ccal 

/ Å 

acal 

/ Å 
 c / Å a / Å 

packing 

layer 

distance 

6̅ / Å  

11.41 7.756 011 012 26.30 9.373 AzPbBr3 21.33 8.743 3.555 

12.86 6.907 010 011 15.18 8.956 AzPbI3 35.07 9.805 3.897 

Note: d-spacing is calculated with the Bragg equation (Equation 2.1), where X-ray 

wavelength is 1.5406 Å. (hkl)1 and (hkl)2 are the assumed Miller indices of the two major 

peaks from the PXRD of AzPbBr1.5I1.5.  
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A 4H structural MnPbBr1.5I1.5 model was constructed for Rietveld refinement, where Mn 

is used as a proxy for the Az cation as it has similar electron density. The different halide 

anions are randomly distributed across the anion sites. The goodness-of-fit parameters 

from the Rietveld refinement of AzPbBr1.5I1.5 to an adapted 4H model (Figure 5.6) 

indicate a good fit: c2 = 3.509, wRp = 0.075.  

 

 

Figure 5.6. The Rietveld refinement profile of PXRD data for AzPbBr1.5I1.5 with 

observed (cross), calculated data (red line), background (green line), reflection position 

(magenta bar) and difference plot (blue line) which adapted 4H structure9 with P63/mmc 

space group. Goodness-of-fit parameters: c2 = 3.509, wRp = 0.075. 

 

The 4H perovskite structure has a (hc)2 stacking sequence in Jagodzinski notation, 

resulting in alternating face-sharing and corner-sharing octahedra (Figure 5.7). With 

varying halide composition from Cl to Br to I, the structure progresses from 6H (Cl 

through Br) to 4H (Br-rich Br/I solid solution) to 9R (I-rich) polytypes. This is in 

accordance with the corresponding change in ratio of corner-sharing to face-sharing 

octahedra (Table 3.5). The positions of 4H characteristic peak at around 22° shift to lower 
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diffraction angles with increasing I ratio in the composition, which indicates cell volume 

expansion (Figure 5.3d). SCXRD of the AzPbBr1.5I1.5 suggests that a mixture of phases 

exists in the precipitation-prepared single crystals. Potentially, AzPbX3 single-halide 

materials were included in the crystals, however no evidence of mixed phase was evident 

in the same compositions prepared by mechanosynthesis, again highlighting the need for 

caution with samples prepared using the kinetically-controlled precipitation route 

compared to the thermodynamically-controlled mechanosynthesis as discussed in 

Chapter 4. However, it was possible to isolate and structurally characterise AzPbBr1.5I1.5 

by SCXRD. No major difference was found in lattice parameters of SCXRD (Table 5.2) 

and the refined PXRD data [SCXRD (293 K): a = 8.958(4) Å, c= 14.846(6) Å; PXRD 

(ambient): a = 8.964(3)Å, c = 14.82(9) Å]. Due to the high-symmetry of the SCXRD 

structural model, both Br and I are placed equally on the same halide sites with half-

occupancy in the refinement of SCXRD. 

 

Figure 5.7. Crystal structure of different hexagonal/rhombohedral azetidinium lead 

halide perovskite polytypes: 6H (AzPbX3, X = Br, Cl), 4H (AzPbBr1.5I1.5) and 9R (AzPbI3) 

viewed along a-axis, where the AX3 stacking sequence is denoted with h- and c- for 

hexagonal and cubic close packed layers. 
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Table 5.2. Selected crystallographic data obtained by single crystal X-ray diffraction of samples prepared by precipitation. 
 AzPbCl3 AzPbCl3 AzPbBr1.5I1.5 AzPbBr1.5I1.5 AzPbI3 AzPbI3 

temperature [K] 293 173 293 93 293 173 

empirical formula  C3H8Cl3NPb C3H8Cl3NPb C3H8Br1.5I1.5NPb C3H8Br1.5I1.5NPb C3H8I3NPb C3H8I3NPb 

fw  371.64 371.64 575.51 575.51 645.99 645.99 

crystal description Colorless prism Colorless prism Yellow prism Yellow prism Red prism Red prism 

crystal size [mm3] 0.06×0.03×0.02 0.12×0.09×0.04 0.05×0.03×0.03 0.05×0.03×0.03 0.14×0.04×0.03 0.14×0.04×0.03 

space group  P63/mmc  P63/mmc  P63/mmc  P63/mmc  R3m R3m 

a [Å] 8.5166(2) 8.47 63(2) 8.958(4) 8.851(5) 9.0835(5) 8.983(2) 

c [Å] 20.4424(6) 20.3303(6) 14.846(6) 14.760(8) 35.104(3) 35.130(10) 

vol [Å]3 1284.09(7) 1264.99(7) 1031.7(11) 1001.4(13) 2508.4(3) 2454.9(14) 

Z 6 6 4 4 9 9 

ρ (calc) [g/cm3] 2.884 2.927 3.705 3.817 3.849 3.933 

μ [mm-1] 20.556 20.866 26.578 27.382 23.375 23.885 

F(000) 996 996 988 988 2466 2466 

reflections collected 15836 15651 10667 3027 9911 9671 

independent reflections (Rint) 669 (0.0307) 661 (0. 0324) 399 (0.1002) 390 (0.0875) 616 (0.2150) 611 (0.0924) 

parameters, restraints 48, 12 48, 8 12, 0 12, 0 17, 0 17, 0 

GOF on F2 1.123 1.085 1.226 1.177 1.154 1.116 

R1 [I > 2σ(I)] 0.0217 0.0225 0.0545 0.0684 0.0842 0.0422 

wR2 (all data) 0.0562 0.0602 0.1829 0.2038 0.2370 0.1230 

largest diff. peak/hole [e/Å3] 1.214, -1.045 1.550, -0.983 2.760, -1.033 3.118, -2.028 4.546, -5.568 2.719, -2.686 
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To study the transition between these polytypes, the lattice parameters of each were 

determined by Rietveld refinement. The lattice parameters of the single halide perovskites 

AzPbX3 (X = Cl, Br, I) and the mixed halide composition 4H-AzPbBr1.5I1.5 are shown in 

Table 5.3. The average interlayer distance along the c-axis (!̅) and lattice parameter a 

increase with the transition sequence from 6H to 4H to 9R. The cell volume of those 

polytypes (normalised to the number of formula units per unit cell) varies linearly as a 

function of average anion radius. In Figure 5.8a, the average anion radius was calculated 

using rI = 220 pm, rBr = 196 pm and rCl = 181 pm according to Shannon.10 While this 

linear variation within each polytype solid solution is expected in accordance with 

Vegard’s law, it is interesting to note that the linear relationship extends continuously 

across all three polytypes. Presumably this reflects the AX3 close packing volume, and it 

also suggests that the polytype adopted is largely driven by the degree of Pb…Pb 

interactions, which is emphasised in face-sharing (h) layers. The substitution of 

increasingly large, and less electronegative, halide anions result in an expansion of MX6 

octahedra, which decreases the electrostatic energy (Madelung energy) of the ionic 

crystals and allows for more face sharing octahedral layers and Pb…Pb proximity.  

 

Table 5.3. Lattice parameters and goodness-of-fit parameters for Rietveld refinement of 

PXRD data for trihalide and mixed halide perovskite compositions. 

 AzPbCl3 AzPbBr3 AzPbBr1.5I1.5 AzPbI3 

Space group P63/mmc P63/mmc P63/mmc R3$ 

Polytype 6H 6H 4H 9R 

a / Å 8.515(6) 8.758(2) 8.964(3) 9.101(1) 

c / Å 20.44(9) 21.42(5) 14.82(9) 35.00(2) 

volume / Å3 1284.2(6) 1423.3(0) 1032.0(4) 2510.8(3) 

!̅ / Å * 3.408 3.570 3.707 3.889 

c2 3.066 4.697 3.509 1.545 

wRp 0.069 0.083 0.075 0.056 

* The average interlayer distance along c-axis.  
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In addition to the 4H, 6H and 9R single phase solid solutions, intermediate two-phase 

regions of 6H-4H and 4H-9R were also identified by PXRD, as shown in Figure 5.8a. 

For the 6H-4H two phase-region, the peaks of both phases could be readily identified, but 

the boundary of the 4H-9R two-phase region was difficult to ascertain due to the overlap 

of the major peaks (Figures 5.3b, 5.3d). Attempts at a two-phase refinement of the PXRD 

data of both two-phase regions were unsuccessful due to the overall breadth of peaks, 

overlap of major peaks and relatively low peak intensities of non-overlapping peaks. As 

a result, no lattice parameters are provided for the 6H-4H two-phase region. For the 4H-

9R two-phase region, the data for compositions AzPbBrI2 and AzPbBr0.6I2.4 were refined 

as single-phase approximations 4H and 9R respectively, and the resulting lattice 

parameters matched quite well with the linear fit as a function of average anion radius. 

All the refined lattice parameters of Az mixed halide perovskite were plotted as a function 

of average halide ionic radius and the data show a linear variation. As a general 

comparison, the cell volumes as a function of average anion radius for 3C FAPbX3 and 

MAPbX3 mixed halide perovskites11–13 are shown in Figure 5.9 and display similar linear 

behaviour. Unlike the AzPbX3 compositions of the current study, all MA- and FA-

compositions adopt a single (3C) polytype. 

 

 

Figure 5.8. (a) Cell volume (per formula unit) of mixed halide perovskite determined by 

Rietveld refinement of PXRD data and (b) the bandgap determined from absorption 

spectra of samples AzPbBr3-xXx (X = Cl or I) with composition 0 ≤ x ≤ 3 plotted as a 

function of average halide anion radius. Intermediate 6H-4H (shaded) and 4H-9R 

(hatched) two phase-regions are indicated. 
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Figure 5.9. (a) Perovskite cell volume (per formula unit) and (b) bandgap determined 

from absorption spectra of samples APbClxBr3-x and APbBrxI3-x (A = Az, FA,12,13 MA,11 

0 ≤ x ≤ 3) plotted as a function of average halide anion radius. 

 

5.2.2 Optical properties of mixed halide perovskites 

The optical properties of the hexagonal/rhombohedral samples were studied by 

absorption spectroscopy (Figure 5.10). The absorption onsets are systematically red-

shifted with increasing average anion size (from Cl to I). The absorption onset of 

AzPbBr3-xXx (X = Cl or I, 0 ≤ x ≤ 3) samples are red-shifted from ca. 360 nm (3.44 eV, 

AzPbCl3) to ca. 450 nm (2.76 eV, AzPbBr3) to ca. 615 nm (2.02 eV, AzPbI3). The 

background absorption of intermediate compositions in AzPbClxBr3-x samples lies above 

the normalised zero baseline, especially for x = 2.5. This might result from a small number 

of Br-rich crystallites on the sample surface, the amount of which is too small to be 

detected in PXRD. The absorption spectrum of AzPbI3 bore close resemblance to the 

reported spectrum,5 where three well defined transitions could be detected. The peak 

maxima of the three well defined transitions are at 551, 506, 470 nm while the reported 

transitions peak at 554, 503, 462 nm. 

The bandgap as a function of halide composition for the mixed halide perovskites is 

shown in Figure 5.8b. The bandgap of AzPbCl3 and AzPbI3 were calculated to be 3.41 ± 

0.01 eV and 2.00 ± 0.02 eV, respectively. The errors were determined with the multiple 
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bandgap values measured from multiple samples (>3). The latter is in good agreement 

with the previously reported value of 1.97 eV.5 

 

 

Figure 5.10. Absorption spectra of (a) AzPbBr3-xClx (b) AzPbBr3-xIx (0 ≤ x ≤ 3, in x = 0.5 

increments) samples prepared by mechanosynthesis. 

 

The bandgap varies linearly as a function of average anion radius, despite the change of 

halide composition and octahedral connectivity. As discussed in Chapter 3, the varying 

ratio of corner-sharing to face-sharing octahedral connectivity changes the efficiency of 

Pb-X orbital overlap; in conjunction with the change in Pb-X bond length, average bond 

angles and covalency, this gives rise to the bandgap variation. Comparison of the 

behaviour of the Az-based perovskites with corresponding MA-, and FA-based mixed 

halide perovskites shows that the lattice parameter progression as a function of halide 

composition is linear in all cases. However, the reported relation of bandgap versus halide 

composition is not consistent across these studies. Some studies have reported a nonlinear 

relationship, which is described as a bowing effect,4,11,14 while other studies have 

documented a linear progression15,16 as observed here. Bandgap bowing is often fitted to 

a second order polynomial, with a bowing parameter b as the binominal coefficient of the 

fitting equation. The bowing parameters of MAPbBr3-xXx (X = Cl or I) are relatively small 

(7 ´ 10-4 to 0.33)4,11 compared to the bowing parameters found for other mixed metal 

perovskite systems (0.5 to 1.33).17–20 The work in this Chapter illustrates a good example 

of a linear variation between bandgap and halide composition, and it is yet unclear why 

both linear and non-linear relationships have been reported for mixed halide perovskites 
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with the same organic cation and metal. This may related to anion segregation when 

prepared using kinetically-controlled precipitation routes as discussed in Chapter 4.6  

 

5.3 Conclusion 

Following the studies on AzPbBr3 and mixed A-cation Az-containing perovskites, mixed 

halide compositions AzPbBr3-xXx (X = Cl or I) were successfully synthesised using a 

mechanosynthesis grinding method. The single phase trihalide materials AzPbX3 (X = Cl, 

Br or I) were shown to be stable in air for > 6 months. In addition to the 6H polytype 

adopted by AzPbBr3, as shown in Chapter 3, and 9R polytype reported for AzPbI3,5 

AzPbCl3 was also shown to form in the 6H polytype and an additional 4H polytype was 

found for AzPbBr3-xIx (ca. 0 < x ≤ 2) compositions. With varying halide composition, the 

structure progresses from 6H to 4H to 9R perovskite polytype. A complete and continuous 

solid solution is formed for compositions with the 6H structure and partial solid solutions 

form between the 6H and 4H and 4H and 9R polytypes. A linear variation in unit cell 

volume (scaled per formula unit) as a function of anion average radius is observed not 

only within the solid solution of each polytype (according to Vegard’s law) but 

continuously across all three polytypes. This appears to be the first time that Vegard’s 

law-type behaviour has been observed across several polytypes. This linear relationship, 

extending across all compositions, is accompanied by a linearly tuneable bandgap ranging 

from 2.00 to 3.41 eV as a function of average anion radius without any observations of 

the bowing effect. The linear variation of bandgap across all AzPbX3 compositions and 

polytypes is comparable to that observed in APbBr3-xXx (A = MA, or FA, X = Cl or I) but 

they all adopt a single (3C) polytype.11–13  
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Chapter 6  

Exploring low dimensional perovskite-like structures with 
azetidinium – preliminary results 

 

6.1 Introduction 

Ruddlesden-Popper-like (R-P-like) layered phases have demonstrated higher moisture 

stability compared to 3D perovskite analogues.1,2 R-P-like layered phases involve single 

or multiple inorganic sheets of MX6 octahedra sandwiched between large organic cations. 

Although these look visually similar to R-P phases they often do not have the required 

rocksalt-structured interlayer between the 2D perovskite layers. Examples of organic 

cations commonly used for these R-P-like 2D layered structures are included in Table 1.1. 

A wider range of A-cations is available for layered phases because the cations are able to 

be positioned in between the 2D inorganic sheets of interconnected M-X octahedra, 

compared to the choice of A-cation in 3D perovskite which is limited by the size of 

cuboctahedral cavities. For example, PMA2PbI4 was reported to be a R-P-like layered 

structure with a space group of Pbca.3  

As mentioned in Chapter 1, 1D chain structures have also been reported. They have the 

advantage of large surface-to-volume ratios, which improves the light harvesting by 

reducing Rayleigh scattering.4,5 However, the bandgaps of reported 1D materials are 

typically large (>2.2 eV). Although these large bandgaps limit their use in the visible 

range for photovoltaics,6 it is reported that 1D materials can be used as white light 

emitters.7 The remarkable optoelectrical properties of lead halide perovskite can be 

attributed to the 6s26p0 electronic configuration of Pb2+. The valence band of OIHPs has 

most contribution from the hybridisation of the halide p orbitals and Pb 6s orbitals, and 

the conduction band from the Pb 6p orbitals. The high density states of the hybridisation 

of halide p orbitals and Pb 6s orbitals allow the large absorption coefficient of the 

materials.8,9 The ionic radius of Bi3+ is similar to that of Pb2+,10 and both metal cations 

have 6s26p0 electronic configuration. Therefore, Bi3+ is a suitable candidate for Pb 

substitution. 



 

 

145 

In this chapter, a n = 1 R-P phase Az2PbBr4 and a 1D corner-sharing chain structure 

azetidinium bismuth bromide, ‘Az3Bi2Br9’ were synthesised. The lattice parameters and 

optical absorption of Az2PbBr4 were analysed by PXRD and absorption spectra 

respectively. Although SCXRD of azetidinium bismuth bromide suggests a structure 

consisting of 1D zig-zag chains of corner sharing BiBr6 octahedra, the location of the Az 

cations could not be ascertained, and the inclusion of solvent molecules could not be ruled 

out. PXRD of powder samples gave different diffraction patterns than expected from the 

single crystal results. Nevertheless, these intriguing results indicate an opportunity for 

further study in this system. 

 

6.2 Synthesis and structural analysis of Az2PbBr4 

Chapter 3 focuses on the precipitation synthesised AzPbBr3. For solvent-free green 

chemistry purposes, mechanosynthesis of AzPbBr3 (AzBr:PbBr2 = 1:1) with hand 

grinding and ball mill was carried out. During grinding synthesis carried out by hand, a 

clear colour change from white to yellow was observed as grinding progressed. PXRD 

data of hand ground samples indicated they were highly crystalline (Figure 6.1), although 

the PXRD pattern was found not to match that of the expected 6H hexagonal AzPbBr3 

product (Figure 3.1). When compared to the PXRD pattern of PbBr2, the presence of 

PbBr2 peaks and other, sharp, unidentified peaks were observed in the hand ground 

samples (AzBr:PbBr2 = 1:1), which indicated that these might be a mixture of PbBr2 and 

a new Az-rich perovskite-related compound. Single A-cation layered perovskite-like 

structures have been reported with a general formula A2MX4 (such as BA2PbI4).11 Thus 

mechanosynthesis of samples with composition of AzBr:PbBr2 = 2:1 was attempted. 

 

6.2.1 Synthesis of Az2PbBr4 

Az2PbBr4 samples were obtained by mechanosynthesis by both ball mill and hand 

grinding. Stoichiometric dry AzBr was mixed with PbBr2 (AzBr:PbBr2 = 2:1) in the ball 

mill and ground at 600 rpm for 1 hour, or the mixtures were ground by hand in a mortar 

pestle for 25 minutes. Both methods produced yellow powders.  
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Figure 6.1. PXRD patterns of samples obtained from hand grinding mechanosynthesis 

with composition of patterns from top to bottom: AzBr:PbBr2 = 1:1, AzBr:PbBr2 = 2:1 

(Az2PbBr4) and reference starting material PbBr2 and AzBr. 

 

6.2.2 Analysis of Az2PbBr4 

Az2PbBr4 powder samples synthesised by both ball mill and hand grinding were analysed 

by PXRD and comparable patterns were obtained from both syntheses. PXRD of these 

samples indicated that the additional peaks due to PbBr2 were no longer present (Figure 

6.1). The structure of these samples was determined to be a R-P n = 1 phase with I4/mmm 

space group (Figure 6.2a).12,13 The Az cations, which are represented as solid spheres 

situated at the centre of electron density (corresponding to the Mn positions from 

refinements), form rocksalt layers with the Br anions. Ganguli12 reported an empirical 

prediction that possible R-P phase structures are associated with a ratio of A-site and 

metal cation radius (rA/rM) in the range of 1.7 to 2.4. As discussed in Chapter 4, estimation 

of the cation radius of Az (~310 pm) is different from that calculated (250 pm).14 The 

rAz/rPb calculated with this estimation equals 2.60, and that from the literature14 equals 

2.10. The fact that it is possible to obtain the tetragonal R-P phase n=1 structure with 

Az2PbBr4 needs further study to check if the empirical prediction for the R-P phase is 

suitable for organic-inorganic hybrid systems.  
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For simplicity, Rietveld refinements were carried out by replacing the organic Az cation 

with Mn, as they have a similar electron density. Figure 6.2b shows an example of PXRD 

data refinement of samples obtained from ball mill mechanosynthesis. The refined lattice 

parameters were a = 5.993(6) Å and c = 21.501(1) Å, with goodness-of-fit parameters c2 

= 10.21 and wRp =0.115. The difference between the organic moieties and Mn, which is 

associated with their actual atomic position and thermal motion, is one possible reason 

for such a high c2 value for the refinement and might lead to the differences in the peak 

shape and intensities shown.  

 

 

 

Figure 6.2. (a) R-P phase (n = 1) layered structure of Az2PbBr4 showing alternating layers 

of AzPbBr3 perovskite and AzBr rocksalt along the c-axis (b) Rietveld refinement of 

PXRD data of Az2PbBr4 obtained from ball mill mechanosynthesis in I4/mmm space 

group with observed data (open circles), calculated data (red line), background (green 

line), reflection position (black bar) and difference plot (blue line). The refined lattice 

parameters are a = 5.993 Å, and c = 21.501 Å with goodness-of-fit parameters c2 = 10.21 

and wRp =0.115. 
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The absorption spectrum of Az2PbBr4 samples synthesised by ball milling is shown in 

Figure 6.3. The absorption onset is at ca. 450 nm and the calculated bandgap is 2.74 eV, 

which is very similar to the calculated bandgap of AzPbBr3 (2.81 eV, Figure 3.11). It is 

worth exploring if azetidinium lead trichloride and triiodide counterparts possess similar 

layered structures and similarly if other members of the R-P homologous series with 

varying n exist. 

 

 

Figure 6.3. Absorption spectrum of Az2PbBr4 obtained from ball milling. 

 

6.3 Synthesis and structural analysis of azetidinium bismuth bromide 

The ionic radii of Bi3+ is similar to that of Pb2+,10 and they both have 6s26p0 electronic 

configuration. These features make Bi3+ an appropriate candidate for Pb substitution in 

halide perovskites. For instance, Kamminga et al.15 reported MA3Bi2I9 adopts a 

hexagonal structure with P63/mmc space group at 300 K and goes through two phase 

transition at 223 K and 143 K when cooling. The crystal structure and the simulated 

powder pattern of MA3Bi2I9 at 300 K are shown in Figure 6.4. As a result, the attempt to 

synthesise azetidinium bismuth bromide was carried out with a target composition of 

Az3Bi2Br9. 
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Figure 6.4. (a) Crystal structure of MA3Bi2I9 at 300 K with P63/mmc space group, 

reproduced from Ref. 15 with permission. Copyright (2017) American Chemistry Society. 

(b) Simulated powder pattern with the crystallographic file at 300 K from Ref. 15. 

 

6.3.1 Synthesis of azetidinium bismuth bromide 

For precipitation synthesis stoichiometric amounts of dry AzBr and BiBr3 (AzBr:BiBr3 = 

3:2) were dissolved in DMF and the anti-solvent DCM was slowly diffused into the 

perovskite/DMF solution to obtain the crystals suitable for SCXRD. Powder samples of 

azetidinium bismuth bromide were prepared by mixing appropriate molar ratios of AzBr 

and BiBr3 (AzBr:BiBr3 = 3:2) in a DMF solution. DCM was slowly added to the reaction 

mixture and the resulting precipitate was collected by filtration. Mechanosynthesis was 

carried out by placing stoichiometric amounts of dry AzBr and BiBr3 (AzBr:BiBr3 = 3:2) 

in a ball mill and grinding at 600 rpm for 1 hour. Detailed procedures are given in Chapter 

2. 
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6.3.2 Analysis of azetidinium bismuth bromide 

Single crystals of azetidinium bismuth bromide were analysed by SCXRD and the 

structure was determined to contain 1D chains of corner-sharing BiBr6 octahedra in a zig-

zag formation (Figure 6.5), although it was difficult to identify the position of the Az 

cations with certainty. 1D chains of BiBr6 octahedra run along the c-axis and located at 

the centre and cell edges. Initial data collection at low temperature (173 K) indicated the 

crystals had Pbcm symmetry, however on heating to room temperature a base centred 

(Cmcm) orthorhombic unit cell was found with the same 1D BiBr6 octahedral framework. 

This Cmcm symmetry was preserved on re-cooling to 173 K for a second time. This 

indicates these crystals went through irreversible change and reduced in crystallinity 

when they were not kept in the cold stream. A possible reason for this change may be loss 

of solvent; this also implies incorporation of solvent molecules even in the Cmcm phase 

cannot be discounted. However, given the sensitivity of X-rays to the Bi and Br positions, 

the nature of the octahedral framework is considered reliable. The lattice parameters of 

the orthorhombic azetidinium bismuth bromide were determined to be a = 13.11 Å, b 

=17.54 Å and c = 8.315 Å at 293 K with Cmcm space group. Despite the crystallographic 

information of the azetidinium bismuth bromide, the composition of the single crystal has 

not been determined yet due to the difficulty in determining the position of organic 

ions/molecules within the structure.  
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Figure 6.5. Cystal structure of azetidinium bismuth bromide at 293 K viewed along (a) 

a-axis (b) [110] direction (c) c-axis. The structure contains 1D chains of BiBr6 octahedra 

in a zig-zag formation. Solid lines and dashed lines connecting Bi are drawn to guide 

visualisation of the structure.  

 

PXRD patterns were obtained from powders from the antisolvent precipitation synthesis 

and from crushing single crystals (Figure 6.6). These two patterns were found to be 

comparable. The PXRD of the mechanosynthesised samples indicates they are mixtures 

of different phases. One of the phases is observed in the precipitation synthesised powders 

but other phases are yet to be determined. There is no evidence of peaks from the starting 

materials (AzBr and BiBr3), which suggests these starting materials were consumed 

during the synthesis. All three PXRD patterns were found to be contain a different phase(s) 

to the diffraction pattern simulated from the single crystal structure with space group 

Cmcm. One possible explanation for the structural disparity between powder and crystals 

is that the antisolvent DCM remains in the crystals and changes the structure. This 

explanation is unlikely as the same PXRD pattern was obtained from powder which was 

soaked in DCM and sealed in the sample holder. The reason behind the structural 

difference between the powder and crystals requires further study. 
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Figure 6.6. PXRD patterns of azetidinium bismuth bromide prepared by precipitation 

synthesis, crushing single crystals, and mechanosynthesis. PXRD pattern of simulation 

from single crystal with Cmcm space group, and reference patterns of raw materials AzBr 

and BiBr3. 

 

The absorption spectrum of azetidinium bismuth bromide powder samples synthesised by 

anti-solvent precipitation is shown in Figure 6.7. The absorption onset is at ca. 468 nm 

and the calculated bandgap is 2.61 eV, which is smaller than the calculated bandgap of 

AzPbBr3 (2.81 eV, Figure 3.11) and larger than the reported organic-inorganic hybrid Bi-

I compounds such as NPABiI5 and BDABiI4 etc. (2.29 – 2.53 eV, Table 1.1).6,16 As phase 

mixtures were found for the azetidinium bismuth bromide prepared by mechanosynthesis, 

the corresponding absorption was not measured until further determination of the phases. 
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Figure 6.7. Absorption spectrum of azetidinium bismuth bromide samples obtained from 

antisolvent precipitation synthesis.  

 

6.4 Conclusion 

Two organic-inorganic hybrid compounds based on Az were synthesised and analysed - 

Az2PbBr4 and azetidinium bismuth bromide. Az2PbBr4 was determined to be a R-P phase 

(n = 1) layered structure with a space group of I4/mmm. Its bandgap (2.74 V) is 

comparable to that of AzPbBr3 (2.81 eV). The single crystal structure of azetidinium 

bismuth bromide was determined to be 1D chain structure with Cmcm space group. A 

phase transition from base centred (Cmcm, 293 K) to simple (Pbcm, 173 K) orthorhombic 

unit cell was found with SCXRD. PXRD analysis of azetidinium bismuth bromide 

powders, prepared by both precipitation synthesis and mechanosynthesis, found several 

phases different from the structure determined by single crystal. These phases have yet to 

be determined.  
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Chapter 7  

Summary, conclusion and further work 

 

7.1 Summary and Conclusion 

OIHPs have attracted great interest for their structural diversity and optoelectronic 

properties. The aim of this thesis was to explore Az as an A-site cation in OIHPs. A 

detailed structure study of AzPbBr3 was undertaken at room temperature and low 

temperature, which is presented in Chapter 3. Two follow-up studies on mixed A-cation 

and mixed halide perovskites based on Az are presented in Chapter 4 and Chapter 5. Some 

preliminary results of a layered structure Az2PbBr4 and a 1D chain structure azetidinium 

bismuth bromide are presented in Chapter 6. Characterisation of Az-based OIHPs was 

performed using powder and single crystal XRD, 1H NMR spectra, absorption 

spectroscopies and SEM. 

With the organic cation radius reported by Kieslich et al,1 AzPbBr3 was identified as a 

promising OIHP candidate, the tolerance factor of which was calculated to be 1.00. 

AzPbBr3 was synthesised from solution using various anti-solvents at three temperatures 

(0 ℃, 20 ℃ and 60 ℃) and the structure of AzPbBr3 was determined to be a 6H hexagonal 

perovskite with space group P63/mmc. A detailed structure analysis was carried out at 

ambient temperature and low temperature, and octahedral distortion was found at both 

temperatures. Two potential phase transitions were identified from the PXRD and 

dielectric spectra. The low temperature phase is proposed to be Pnnm while the space 

group of the intermediate phase is yet to be ascertained. Using absorption spectroscopy, 

the bandgap of AzPbBr3 was found to be 2.81 eV. 

AzPbBr3 was proven to be stable in ambient environment for >6 months with no 

decomposition, and its bandgap (2.81 eV) is larger than that of MAPbBr3 (2.20 eV) and 

FAPbBr3 (2.16 eV). The mixed cation perovskite with Az and MA or FA should display 

a tuneable bandgap between those of the end members. In the mixed cation study, Az1-

xFAxPbBr3 and Az1-xMAxPbBr3 (0 ≤ x ≤ 1) were explored using both mechano- and 

precipitation syntheses. For samples obtained from the precipitation synthesis, the actual 
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FA% or MA% in the precipitated product was found to be less than the nominal 

composition in the reaction solution as a result of different precipitation rates of 3C and 

6H perovskite polytypes. Such composition mismatch was not found for 

mechanosynthesised samples. A 3C-6H two-phase region was found to be present for 

0.42 ≤ x ≤ 0.79 and 0.10 ≤ x ≤ 0.94, for mechano- and precipitation synthesis of Az1-

xFAxPbBr3, respectively; the two-phase region for mechanosynthesised and precipitation 

synthesised Az1-xMAxPbBr3 appeared for 0.27 ≤ x ≤ 0.49 and 0.07 ≤ x ≤ 0.71. The cell 

volume as a function of the composition (volume increases with increasing Az+ content) 

in both 6H (Az-rich) and 3C (FA-rich) solid solution regions suggests the Az+ cation is 

actually larger than FA+, which is distinct to the cation size reported in the literature.1,2 

Under the assumption of Vegard’s law, the cation radius of Az+ is estimated to be ~310 

pm and therefore the tolerance factor of AzPbBr3 is 1.14, which is consistent with the fact 

that it forms a 6H hexagonal perovskite rather than a cubic perovskite. By comparison, in 

the 3C solid solution regions (Az-poor), the solid solution range in AzzFA1-zPbBr3 is 

surprisingly smaller than in AzzMA1-zPbBr3, given that MA+ is much smaller than FA+. 

This suggests that the extent of the single-phase solid solution of halide perovskites is 

dependent only on the average A-cation size, while the size mismatch is less of an 

influence, in contradiction to the solid solution formation observed in oxide perovskites. 

The work in this thesis reveals the importance of cross-checking the nominal (reaction) 

with the actual (product) composition, especially when the synthetic method may be 

under kinetic control or multiple phases can be formed in the system. When doping larger 

A-site organic cations in OIHPs, the average A-cation radius might be used as a guide to 

prevent unwanted phase separation. The computed size of organic cations and the 

presence of any dynamic/preferential bonding effects should be re-examined and 

considered during study of OIHPs.  

With different anion radii, different structures are possible for Az mixed halide perovskite. 

In the mixed halide study, AzPbBr3-xXx (X = Cl or I) were obtained by mechanosynthesis. 

The single-phase mono-halide materials (AzPbX3 (X = Cl, Br or I) were shown to be 

stable in air for > 6 months. In addition to the 6H AzPbBr3, hexagonal 6H and 4H, and 

rhombohedral 9R polytypes were found in the composition of AzPbCl3, AzPbBr3-xIx (ca. 

0 < x ≤ 2) and AzPbI3, respectively. A linear variation in unit cell volume as a function 

of anion average radius was observed not only within each solid solution in agreement 
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with Vegard’s law, but extending linearly across all polytypes when cell volume is scaled 

per formula unit. A tuneable bandgap was achieved ranging from 2.00 to 3.41 eV, which 

also varies linearly across all three polytypes as a function of average anion radius.  

During the hand grinding synthesis of AzPbBr3, Az2PbBr4 was isolated and determined 

to be a R-P phase (n = 1) structure with an optical bandgap of 2.74 eV. The single crystal 

structure of azetidinium bismuth bromide was determined to be a 1D chain structure with 

Cmcm space group. However, the PXRD analysis on the azetidinium bismuth bromide 

powder, prepared by both precipitation synthesis and mechanosynthesis, indicated several 

structures different from the structure determined by single crystal. These structures have 

yet to be determined. 

The structure and properties of all the Az-based OIHPs investigated are generally 

consistent with previous reported OIHP systems and follow empirical, size-based rules 

such as tolerance factor and Vegard’s law. Two synthetic methods of OIHPs – 

mechanosynthesis and precipitation synthesis - were compared. Mechanosynthesis 

consistently resulted in the target composition, while composition mismatch was found 

for samples prepared by precipitation synthesis, especially for systems that allow multi 

phases. This composition mismatch is due to the formation of perovskite under kinetic 

control in the solution method.  

 

7.2 Further work  

Despite the effort spent on the low temperature SCXRD and PXRD of AzPbBr3, the 

intermediate phase could not be identified. Higher quality crystals are required to 

determine the intermediate phase. Other crystal growth methods are worth trying to obtain 

these, such as solvothermal growth and top-seeded solution growth methods.3,4  

In the mixed halide perovskite chapter, only samples from mechanosynthesis were 

explored. Samples synthesised using solution precipitation are worth exploring as the 

solution method is the most common method to synthesise OIHPs, as mentioned in 

Chapter 1. However, in the literature on mixed halide perovskites, it has been reported 

that the halide composition in other OIHP systems prepared by solution precipitation 

routes did not match that of the precursor solution.5,6 This compositional mismatch 
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hinders the intention to achieve a full range of bandgap tunability. For example, the actual 

Cl% in FAPbBr3-xClx crystals was found to be larger than the nominal value for Cl-poor 

target compositions (< 50% Cl) but smaller for Cl-rich reactions.5 Similarly, MAPbCl3-

xIx compositions cannot be extensively tuned by merely altering the Cl/I ratio of the 

reaction solution, and only 3% - 4% of Cl was found in the spin coated thin film when 

the Cl/I ratio in the precursor solution was 1:3.6 It would be interesting to study the halide 

composition, lattice parameters and phase ratios of the Az-based precipitation synthesised 

mixed-halide perovskites to assess if composition mismatch is also observed in these 

OIHP systems.  

Az2PbBr4 has been successfully synthesised and determined to be R-P phase (n = 1). 

Further synthesis of other layered members (n > 1) can be carried out for the potential 

bandgap tunability. In the literature,7 BA2PbI4 has been reported and it is the n = 1 case 

of the mixed cation layered structure BA2MAn-1PbnI3n+1 (n = 1, 2, 3…), which adopt R-

P-like structures and are used as the key functional layer in high-efficiency solar cells8 

and red LEDs.9 Azetidinium lead perovskite may therefore have the potential to obtain 

similar layered structure compounds Az2MAn-1PbnX3n+1 (X = Br, I), the bandgap of which 

should be tuneable by changing the number of inorganic layers (n). As discussed in 

Chapter 1, the optoelectronic properties of OIHPs are mainly determined by the band 

structure, which is related to the structure and connectivity of Pb-X framework. Az-based 

layered structure compounds Az2MAn-1PbnX3n+1 (X = Br, I), if successfully synthesised, 

are expected to have similar band structure as BA2MAn-1PbnI3n+1, which has potential for 

application in solar cells and LEDs.  

Studies of mixed A-cation and mixed halide Az-based perovskites are reported in this 

thesis, so mixed metal (M-cation) Az-perovskite systems would be an obvious avenue for 

further studies. As discussed in Chapter 1, the appealing optoelectrical properties of 

OIHPs can be attributed to the 6s26p0 electronic configuration of Pb2+.10,11 The ionic radii 

of Bi3+ and Sn2+ are similar to that of Pb2+,12 and Bi3+ and Sn2+ have 6s26p0 and 5s26p0 

electronic configuration, respectively. Sn-doped and Bi-doped OIHPs have been reported 

in the literature. Hao et al.13 reported MASn1-xPbxI3 mixed metal perovskite with a 

tuneable bandgap, and a bandgap of 1.17 eV could be achieved. These studies suggest 

Sn-doped and Bi-doped azetidinium lead halide OIHPs are materials that can potentially 

lead to further bandgap tuning. The synthesis and brief investigation of ‘Az2Bi3Br9’ is 
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presented in Chapter 6. However, the PXRD of powders from precipitation synthesis and 

mechanosynthesis were different from the calculated powder pattern from the structure 

determined by SCXRD. The reason behind this difference needs to be explored.  
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