o’ .
veel materials
ve w

Article

0D/2D Mixed Dimensional Lead-Free Caesium Bismuth Iodide
Perovskite for Solar Cell Application

Salma Maneno Masawa

check for
updates

Citation: Masawa, S.M.; Li, J.; Zhao,
C.; Liu, X.; Yao, J. 0D/2D Mixed
Dimensional Lead-Free Caesium
Bismuth Iodide Perovskite for Solar
Cell Application. Materials 2022, 15,
2180. https://doi.org/10.3390/
mal5062180

Academic Editor: Juan F. Van der

Maelen

Received: 15 February 2022
Accepted: 10 March 2022
Published: 16 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2

,Jihong Li 13, Chenxu Zhao 13, Xiaolong Liu 13 and Jianxi Yao 3*

Beijing Key Laboratory of Energy Safety and Clean Utilization, North China Electric Power University,
Beijing 102206, China; salma.masawa@udom.ac.tz (S.M.M.); lijihong2413@gmail.com (J.L.);
zhaochenxuphd@gmail.com (C.Z.); xL.liu@ncepu.edu.cn (X.L.)

Department of Petroleum and Energy Engineering, College of Earth Sciences and Engineering,

The University of Dodoma, Dodoma P.O. Box 259, Tanzania

State Key Laboratory of Alternate Electrical Power System with Renewable Energy Sources,

North China Electric Power University, Beijing 102206, China

*  Correspondence: jianxiyao@ncepu.edu.cn

Abstract: Bismuth-based perovskites are potentially a promising alternative for lead-free perovskites.
During bond formation, however, trivalent ions on Cs3BiIg with CsI/Bilj ratio of 1.5/1 form 0D-
neutral charged compounds with higher bandgap (>2.0 eV) and poor absorption capacity. Mixed
0/2-dimensional structures are potentially suitable substitutes due to their low bandgap. So far, the
reported Csl/Bilj ratios for 0D/2D structures are 1:1, 1:2 and 1:3. Herein, a new ratio of 1/1.5 is
reported. Caesium bismuth iodide at a ratio of CsI/Bilz of 1/1.5 was synthesised using a one-step
processing method with/without solvent vapour annealing. During solvent annealing, a 1/4 (v/v)
mixture of DMF/methanol was used as a solvent. The crystal structure formed at a ratio of 1/1.5 is
more similar to 1.5/1 than to 1/3. The XRD pattern revealed additional characteristics peaks at 009,
012, 209 and 300, indicating the growth of another phase. The formed heterogeneous mixed 0D/2D
structure has an extended light absorption capacity greater than 720 nm. Solvent vapour annealing
improved film morphology by enhancing grain size and packing density. When cells with and
without solvent vapour annealing are compared, the power conversion efficiency of caesium bismuth
iodide increases from 0.26% without solvent annealing to 0.98% with solvent vapour annealing. This
study establishes a new route for future research on crystal configuration, nomenclature, film and
morphology, quality tailoring and applications toward the goal of lead-free perovskite solar cells.

Keywords: perovskite solar cells; lead-free; solvent vapour annealing; caesium bismuth iodide

1. Introduction

Organic-inorganic lead halide perovskite solar cells have paved the way for low-cost
thin-film solar cells. Tremendous improvement in power conversion efficiency and easiness
of the fabrication method have triggered great attention from 2009 to 2021, efficiency has
increased from 3.8% to 25.7% [1-4]. However, lead is known to be toxic to the ecosystem and
human health, potentially affecting its propagation [2,5-9]. Moreover, poor stability and
hysteresis effect hinder progress towards commercialisation [9-12]. The best way to achieve
commercialisation of thin-film low-cost perovskite solar cells is by considering all inorganic
lead-free perovskites [13-15]. Miyasaka et al. [16] reported that the SQ efficiency of lead-free
narrow bandgap solar absorbers can be higher (about 35%) than that of lead-based solar
absorbers. The search for lead replacement revealed that the lead group-mates such as Sn
and Ge could be suitable candidates [17-21]. However, these elements exhibit poor stability
under ambient conditions as well as a potentially harmful resultant degradation product
(Snlp) [22,23].

Bismuth-based perovskite materials seem to be a promising alternative for lead-free
perovskites due to their suitable optoelectronic properties, high defect tolerance, less toxicity
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and good stability towards humidity, light and heat [2,24,25]. The effective ionic radius
of bismuth (1.03° A) is equivalent to that of lead ions (1.19° A). Further, it possesses
analogous electronegativity and the same 65 lone pair on the valence shell as Pb*" [26].
Additionally, due to BiXE* octahedron structure, bismuth-based solar cells can generate
perovskite structures with diverse dimensionality similar to that of lead [27].

Bismuth iodide perovskite solar cells materials that employ caesium as the A-site
cation possesses high absorption coefficients and higher stability with uniform and dense
morphology [28]. The first 0-D Cs3Bi,lg solar cell, with the ratio of (CsI:Bil3), (1.5:1) was
fabricated by B. W. Park et al., 2015. Due to its dimensionality, the cell was found to have
large indirect bandgap (2 eV), but with poor quality of the films due to low rate of crystal
formation and surface coverage, poor photocurrent density as well as poor interfacial
contact between hole and electron transport materials [28]. The introduction of a new
molar ratio of 1:3 led to the formation of a new compound CsBi3l;y with reduced bandgap
(1.77 eV). The cell was also found to have extended visible light absorption spectrum at
longer wavelength which exceeded that of Cs3Bislg by approximately 100 nm [29]. The
effect of various hole transport materials was studied elsewhere [30-33]; it was found that
the use of inorganic hole transport material or dopant-free hole materials can enhance the
solar cell performance and stability.

Solvent vapour annealing (SVA), anti-solvent crystallisation (AC) or combined method
(both AC and SVA) have also been employed to tailor the film morphology, with significant
improvement [30,33-35]. Shin et al. [34] reported that using an anti-solvent during spin-
ning on bismuth-based perovskites can effectively control the nucleation and growth rates,
resulting in an increase in fill factor and thus power conversion efficiency. The comparison
between the three most common types of solvent; toluene, isopropanol (IPA) and chloroben-
zene was conducted by Ghosh et al. [30]. Toluene displayed higher power conversion
efficiency compared to isopropanol and chlorobenzene. The use of mixed solvents such as
chlorobenzene and isopropyl alcohol or ethyl ether and n-hexane has also been reported
to slow down the perovskite film formation, facilitating the film with high nucleation
density and crystal grains with good orientation and smooth surface. Zhu et al. [31] used
4-tert-butylpyridine (TBP) as an anti-solvent to enhance the film quality of CsBisl;g. SEM
images showed that the TBP recrystallisation tends to enlarge the crystals of the formed
film. The anti-solvent tends to remove the excess Csl ions and bismuth iodide, causing
early nucleation and increase of grain size, consequently reducing the defect density of the
cell [31].

Liang et al. [35] observed high phase purity and better crystallinity with dense mor-
phology whenCsBisly perovskite film was fabricated using a one-step processing method
under solvent vapour annealing with a mixture of DMF/DMSO vapour. Khadka et al. [33]
conducted a comparative study using solvent annealing, anti-solvent crystallisation or
combined method on the optophysical and structural properties of caesium bismuth iodide
perovskite. Uniform film with compact morphology was observed when chlorobenzene
was used during anti-solvent crystallisation, followed by DMF solvent vapour annealing.

Recent studies report potential improvement of solar cell performance by shifting
towards mixed dimensional structures (0D /2D) [2,36]. The characteristics of 0D, 2D and
(0D/2D) mixed dimensional structures through molar ratio variation were thoroughly
investigated by Johansson et al. [36]. Good optoelectronic properties were observed at
the ratio CsI:Bil3 of 1:1 and 1:2. 0D hexagonal structure at ratio 1.5:1 was characterised
with a large indirect bandgap (2.07 eV) and the lowest power conversion efficiency (0.07%).
Addition of CsI to form 1:1, 1:2 and 1:3 ratios created a mixed 0D/2D structure. The
structural transformation is mainly due to reallocation of the adjacent Bilg octahedral from
the face-sharing position to corner sharing along a and b directions. The Fermi levels are
also shifted closer to the valence band due to the high amount of metallic Bi-inducing
p-type doping material. The power conversion efficiency with mixed dimensionality was
found to be higher than that of the pure structures. The best-performing cell was obtained



Materials 2022, 15, 2180

30f13

at 1:1 ratio with PCE of 0.62%. The bandgap decreases from 2.07 eV with 1.5:1 molar ratio
to 1.77 eV for the rest of the dimensionality structures.

In this study, caesium bismuth iodide solar cell was fabricated at the new ratio of
1:1.5 or simply 2:3 to create a mixed dimensional structure by the solution method. This
ratio is the inverse of ratio 1.5:1 for the commonly known and well-studied Cs3Bislg. The
solvent vapour annealing method was further employed to enhance crystallinity and
surface morphology using a polar organic solvent mixture of DMF/CH3;0H vapour at
a volume ratio of 1/4. The optical, structure and electrical properties were investigated.
The cell with the best performance had a power conversion efficiency of 0.98%. The
cell structure was further characterised by a higher photocurrent and extended visible
light absorption spectrum at a longer wavelength. The cell covered a visible spectrum
greater than 720 nm, which exceeded that of Cs3Bilg and CsBizljg. The solar cell device
maintained 86% of its efficiency without encapsulation for 20 days. This research opens a
new avenue for investigating the potentiality of lead-free bismuth-based perovskites for
solar cell applications and other optoelectronic uses.

2. Materials and Methods
2.1. Chemicals and Reagents

CslI (99.9%), acetonitrile (99.5%) and chlorobenzene (99.8%, anhydrous) were ob-
tained from Acros, while bismuth (III) iodide (99%), dimethyl sulphoxide (DMSO, an-
hydrous, >99.9%), acetylacetone (99.6%), Bis (trifluoromethane) sulphonamide lithium
salt (99.95%, Li-TFSI, trace metals basis), Spiro-OMeTAD (99% HPLC) and methanol
(99.9%) were purchased from Sigma Aldrich. N-N dimethylformamide (DMF, anhydrous,
99.8%) was obtained from Alfa Aser,4-tert-butyl pyridine was purchased from Aladdin,
FK 209-cobalt(III)-TFSI was purchased from MaterWinChemicals and tris(2-(1H-pyrazol-1-
yl)-4-tert-butylpyridine)cobalt(Ill)tris(trifluoromethylsulfonyl)imide) was obtained from
Aladdin while isopropanol was from J&K Scientific and Dyesol 30 NR-D (Queanbeyan,
Australia). All chemicals were utilised directly without further purification.

2.2. Solar Cell Device Fabrication

A device structure glass/FTO/c-TiO, /m-TiO, / perovskite /Spiro-OMeTAD/ Au was
fabricated with or without solvent vapour annealing, as shown in Figure 1. In the ul-
trasonic cleaner (Hwotech, BZS250GF-TS, 250 W power), fluorine-doped tin oxide (FTO)
glass substrates were sequentially cleaned successively with deionised water and ethanol
prior to UV /O3 treatment for 20 min on each step. Then, a compact TiO; layer was de-
posited on a clean substrate by spray pyrolysis using 0.6 mL of titanium diisopropoxide
bis(acetylacetone) dissolved in 7 mL isopropanol and 0.4 mL acetylacetone. Dyesol 30 NR-
D was then dissolved in ethanol solution (1/3.5), (w/w) and then spin-coated at 4000 rpm
for 30 s followed by sintering at 460 °C for 1 h on a hot plate to form the mesoporous
TiO; layer.

Solvent annealing

N

Direct annealing

Figure 1. Method employed for the fabrication of caesium bismuth iodide solar cell.
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Perovskite precursor solutions were prepared by mixing CsI and Bilz at a molar ratio
of 1:1.5 and dissolving in DMF alone or the mixture of DMF: DMSO (9:1) (v/v) to form
1M solution. The solutions were magnetically stirred at 70 °C for 18 h with DMF only
and for 30 min with a mixture of DMF and DMSO. Caesium bismuth iodide was further
prepared at a molar ratio of Csl/Bil3, 1.5:1 and 1:3 in DMF solution to form 1M solution
for comparison purposes. The perovskite precursor solution was spin-coated on top of the
electron transport layer (FTO/c-TiO, /m-TiO,) at 3000 rpm for 30 s followed by annealing
with and without DMF/CH3OH vapour (1:4) (v/v) at various annealing temperatures (125,
140, 160 °C) for 30 min.

The hole transport layer was formed by spin-coating Spiro-OMeTAD onto the per-
ovskite layer at 4000 rpm for 20 s. The Spiro-OMeTADprecursor solution was prepared by
dissolving 72.3 mg of Spiro-OMeTAD mixed with 28.8 uL of tert-butylpyridine, 17.5 uL of
a Li-TFSI solution formed from 520 mg mL ™! bis(trifluoromethane)sulphonamide lithium
salt dissolved in acetonitrileand 8 uL of an FK209-cobalt(III)-TFSI solution in 300 mg mL~!
FK209-cobalt(III)-TFSIin acetonitrile in 1 mL ofchlorobenzene. The thermal evaporation
method was used to deposit a 70 nm thick gold electrode at a pressure of 4 x 10~ Pa. Then,
a black mask defined a 1 mm? (1.66 x 0.60 cm?) active layer for characterisation.

2.3. Characterisation

The J-V characteristics were obtained using a Keithley 2400 source meter aligned with a
sunlight simulator (XES-300T1, SAN-EI Electric, AM 1.5G, Kamishinjo, Higashiyodogawa-
ku, Osaka, Japan). Standard silicon solar cell was used for calibration. Surface film
morphology (SEM images) was obtained using an SUS010SEM (Hitachi, Matsuda, Japan).
XRD patterns were recorded using an X-ray diffractometer (XRD, SmartLab, Rigaku Corp.,
Tokyo, Japan) with Cu-K« radiation (1.5418). All characterisation was carried out in
ambient air without encapsulation. Afield emission scanning electron microscope (FE-
SEM, sirion200, FEI Corp., Eindhoven, Holland) was used to examine the film’s surface
morphology, while a Shimadzu UV-2450 spectrophotometer (Shimadzu Corp., Kyoto,
Japan) was used to record the films” UV-vis spectra.

3. Results
3.1. SEM Analysis

SEM images for solar cells fabricated with DMF alone show rough morphology with
large crystals grains and hexagonal flakes growing parallel to the surface. The scaffold
layer of m — TiO, is clearly visible in Figure 2a, indicating that the perovskite layer on
the substrate is not completely covered. Similar findings have been reported by previous
researchers [28,36-38]. In the DMF solution, perovskite precursors form an intermediate
complex, which induces dissolution—recrystallisation based on Ostwald ripening theory
in which small grains are redissolved and redeposited on large grains [39]. When DMF
is used alone without anti-solvent treatment, the rate of grain growth exceeds the rate
of nucleation, resulting in the island growth of film with large grains. Furthermore, no
significant improvement was observed when DMF was used in parallel with DMF/CH;0H
vapour annealing as shown in Figure 2b. The combination of DMF with DMSO tends
to reduce the grain size and, as a result, increases film packing density, resulting in the
formation of a more compact film. Figure 2c shows that the cells made by mixed solvent
have more uniform grains and smaller grains with higher packing density than cells made
with DMF alone. Pinholes, on the other hand, can be seen. Results of improving film
morphology using the mixed solvents (DMF: DMSO) on bismuth-based perovskite films at
the required proportion have been reported elsewhere [34]. As a coordinating molecule,
DMSO reduces the fast interaction between Csl and Bil; by donating a lone-pair electron
on oxygen to form an intermediate complex which produces perovskite film with compact
grains and small size upon annealing [39-41].
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Figure 2. SEM images for the films annealed: (a) with DMF only; (b) with the mixture of DMF and
DMSO; (c) with DMF only under DMF/CH30H solvent vapour annealing; and (d) with DMF and
DMSO under DMF/CHj30H solvent annealing.

Cells fabricated with the mixture of DMF and DMSO, followed by solvent annealing
under DMF : CH30H vapour, demonstrated good film morphology, as shown in Figure 2d.
DMEF dissolves the formed perovskite and the low boiling point of CH3OH allows quick
supersaturation and precipitation, enabling fast nucleation and rapid crystal growth, re-
sulting in uniform film with good reproducibility. The DMF/CH3zOH vapour increases the
packing density, resulting in improved film morphology. Solvent annealing with solvent
vapour rather than solvent dripping while spinning for lead-free perovskites has also been
reported to improve the quality of film morphology elsewhere [33,35,39].

3.2. The Influence of Solvent Vapour Annealing on I-V Characteristics

The I-V characteristics for the device structure FTO/c-TiO, /mp-TiO, / caesium bis-
muth iodide/Spiro-OMeTAD/Au demonstrate that the mixture of DMF and DMSO im-
proves the current density while decreasing the open-circuit voltage. However, as shown in
Figure 3, the cell fabricated solely with DMF had a higher open-circuit voltage but a lower
current density. When comparing cells made with and without solvent vapour annealing,
the cells made with DMF/CH3OH vapour have higher open-circuit voltage and current
density, as shown in Figure 4a and Table 1. Solvent vapour annealing tends to enlarge
the grain size, allowing the charges to be transported and collected through a single grain
without encountering grain boundaries. It further increases the charge recombination
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lifetime by reducing trap density, resulting in increased charge carrier mobility and faster
charge extraction [42]. Yu et al. [43] reported that solvent vapour annealing on lead-based
perovskite solar cells causes a red shift in absorption spectrum and extended absorption
capacity to 800nm. This is due to the fact that crystallinity of the perovskite film is an
important parameter that is related to the perovskite’s light absorption, charge transport
and recombination characteristics. High crystallinity means that the resulting devices
will perform well [43]. The influence of solvent type has been found to affect solar cell
absorption capacity, as seen in Figure 5b. Solar cells which have been thermally annealed
under solvent vapour annealing have higher absorption capacity with extended absorption
wavelength than the cells annealed without solvent vapour annealing.

—e—DMF:DMSOF,,
—+—DMF:DMSO R
«dDMF F,,
~w»—DMFR,,

.

Current Density (nA/mm?)

0 T T 1
0.0 0.1 0.2 0.3 0.4 0.5

Voltage (V)

Figure 3. The influence of precursor solvent in open-circuit voltage and current density.
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Figure 4. (a) I-V characteristics for the cells annealed with and without solvent vapour annealing at
160 °C, while (b) shows the effect of annealing temperature on PCE under solvent vapour annealing
for the solar cells fabricated under DMF solution.
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Table 1. Influence of annealing condition and solvent type on I-V characteristics.
Annealing 2 o o
Solvent Type Condition Scan. Voc (V) J. mA/em*  FF (%) PCE (%)
CA Reverse 0.37 1.42 46.13 0.25
DMEF only Forward 0.40 1.44 45.08 0.26
At 160 °C ) Reverse 0.49 3.56 53.53 0.94
withSVA  porward 050 3.58 54.42 0.98
CA Reverse 0.35 141 32.11 0.16
DMF : Dl)\/ISO Forward 0.35 1.38 31.14 0.15
9:1
o Reverse 0.35 5.37 34.60 0.65
At 140 °C ;
withSVA porward 036 5.32 3410 0.65
—s— 125°C 25 .
40 e 140°C ' )
[—=—=140°C DMIFDNISO - WSA|
1 —&— 160°C |——140°C DMFDMSO - SA
354 |====140°C DMF
i 2.0+ |===160°C DMFDMSO - SA
Tapd 160°C DMF - SA
£ = 160°C DMF - WSA
L )
©
£ 254 T 154
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@20 g » 1
o 0
[m]
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Figure 5. (a) The effect of annealing temperature on I-V characteristics; (b) effect of solvent type on
absorption spectrum.

The annealing temperature was also found to affect solar cell performance, as shown
in Figures 4b and 5a. The performance of the cell fabricated with DMF only at 160 °C was
superior to that of the cells fabricated at 140 °C and 125 °C. Therefore, annealing tempera-
ture of 160 °C was adopted for fabrication of the rest of the solar cells for characterisation.
With the mixture of DMF and DMSO, the highest efficiency was obtained when cells were
annealed at a temperature of 160 °C.

3.3. The UV-Vis Measurements

To analyse the corresponding absorption capacity, UV-Vis measurements were per-
formed on the absorber material fabricated at a new ratio of CsI/Bilz (1/1.5). The solar
absorber material had a higher photocurrent and more extensive visible light absorption
spectrum at a longer wavelength. Higher photocurrent and extended visible light absorp-
tion spectrum at longer wavelength characterised the improved solar absorber structures.
As shown in Figure 6, the solar cell absorber material covered a visible spectrum greater
than 730 nm, outperforming Cs3Bislg and CsBizljg. The new ratio produced a blackish film
with a bandgap of 1.70 eV and additional excitation absorption peaks at 2.06 eV and 2.36 eV.
Previous researchers have also reported the formation of additional excitation absorption
peaks on caesium-bismuth-iodide-based solar cells [29,33].
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Figure 6. Absorption spectra for the caesium bismuth iodide fabricated at CsI/Bil3 ratio of1/1.5.

The relatively modest power conversion efficiency reported in this study might be
contributed by the nature of the hole transport material used and the quality of film
morphology. Spiro-OMeTAD is used in this study due to its high solubility, appropriate
oxidation potential, broad absorption spectrum and amorphous structure [44]. However,
pristine wide bandgap Spiro-OMeTAD has low conductivity and low mobility. As a re-
sult, P-type dopants such as lithium salt, 4-tert-butylpyridine (TBP) and cobalt complexes
are commonly added to improve conductivity and reduce charge recombination [34,44].
These additives add challenges to the performance of hole-transporting materials by in-
ducing degradation on charge-selective layers. The hygroscopic nature of dopants makes
the hole-transporting layer highly hydrophilic, causing chemical degradation and com-
promising the device’s stability [45-47]. Johansson et al. [36] reported that 4-tert-butyl
pyridine in Spiro-OMeTAD tends to dissolve the CsBizl;o perovskite layer and hence is
not suitable for 0D /2D lead-free bismuth-based perovskite materials. P3HT on the other
hand, leads to low open circuit voltage due to its disadvantageous energy level. Previous
researchers recommended the use of dopant-free or inorganic hole transport materials for
bismuth-based compounds [32,33]. Most of the cells fabricated by using inorganic hole
transport material such as Cul and NiOx displayed power conversion efficiency greater
than 1% as seen in Table 2. Similarly, as reported for lead-based perovskites, non-wetting
hole transport layers have great potential in suppressing heterogeneous nucleation and
facilitating crystal growth with large grains and with less drag force, which dramatically
reduces charge recombination [48,49]. The electronic properties and power conversion
efficiency of both organic and inorganic electronic materials are heavily influenced by
material crystallinity. Through addition to thermal annealing, solvent annealing, which
involves the introduction of solvent vapour during the crystallisation of bulk or thin film
materials, has been found to be an effective method for increasing the crystallinity of some
very specific organic semiconductors.
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Table 2. Photovoltaic performance of lead-free bismuth-based perovskite solar cells so far fabricated.

Compound Device Structure Jsc mAcm™2)  Voc (V) FF% PCE (%) REF
Cs3Bisl FTO/c-TiO, é E‘eTI{ng)/ 8;31219/ Spiro- 215 0.85 60 1.09 [28]
Cs3Bislo FTO/c-TiO,/m-TiO, /Cs3Bislo /P3HT/Ag 0.18 0.26 37 0.02 [29]
CsBis 1y FTO/c-TiO, /m-TiO, /CsBigly/P3HT/Ag 3.40 0.31 38 0.4 [29]
Cs3Bizlo FTO/ C'Tloz(/)ﬁgfgé//isfub/ Spiro- 0.67 0.49 64 0.21 [30]
CsBislyo FTO/c-TiO,/m-TiO, /CsBizly/P3HT/Au 2.40 0.34 44 0.36 [31]
CsBislyg FTO/c-TiO, /m-TiO, /CsBisl; /P3T1/Au 2.60 047 38 047 [31]
CsBislyo FTO/c-TiO,/m-TiO, / CsBizli/TQ1/Au 2.38 0.62 52 0.77 [31]
Cs;Bislo FTO/c-TiO, /Cs3Biyly /Spiro-OMeTAD/ Au 445 0.79 50 1.77 [32]
Cs3Bislo FTO/c-TiO,/Cs3Birly/PTAA/ Au 482 0.83 57 23 [32]
Cs3Bislo FTO/c-TiO, /Cs3Bislo /Cul/Au 5.78 0.86 64 32 [32]
Cs;Bislo FTO/c-TiO, /m-TiO, /m-ZrO, / Cs3Biply /C 475 0.46 69 1.51 [50]
Cs3Bislo ITO/NiOx/Cs3Biply/PCBM/C60/BCB/Ag 0.51 0.75 59 0.23 [51]

Cs3BinlgBrs  ITO/NiOy/Cs3BirIBrs/PCBM/C60/BCB/Ag 3.15 0.64 57 1.15 [51]
Cs;Bislo ITO/PTAA /Cs3Birlo/PCBM/AZO/Ag 1.76 047 45 037 [33]
Cs3Bislo ITO/PEDOT-PSS/Cs3Bislo/PCBM/AZO/Ag 0.54 0.38 35 0.073 133]
Cs3Bislo ITO/NiOx/Cs3Bislo/PCBM/AZO/Ag 342 0.74 51 1.26 [33]
CsBislyo FTo/ C_Tlozéﬁgfgé//is:mw/ Spiro- 445 0.55 0 1.03 [35]
Cs3Bislo AZO/c-TiO, /Cs3Bisly /CuSCN/ graphite 143 037 32 0.17 [52]
CsaBip Iy FTO/c-TiO,/m-TiO5/CsaBiply11)/TQ1/Au 2.22 0.57 49 0.62 [36]
Cs4BipIx FTO/c-TiO, /m-TiO5/CsaBiply1.2)/ TQ1/Au 2.79 0.43 42 0.5 [36]
CsaBipIx FTO/c-TiO; /m-TiO5 / Cs,Bip 1.3/ TQ1/ Au 3.18 037 40 047 [36]

. FTO/c-TiO,/m-
CsaBipIx TiOy /CoaBighyr a0,/ TQ1 /Au 0.29 0.68 33 0.07 [36]
CsaBip Iy FIO/c-TiO,/ %ﬁ%ﬁgjﬁfxﬂw/ Spiro 3.58 0.50 54 0.98 Sg;sy

3.4. XRD Characterisation

Films were made with different molar ratios of Csl/Bils for crystal comparison, with
ratios of 1.5:1, 1:1.5 and 1:3. The normal Cs3BisIy at a ratio 1.5:1 was found to adhere to
a 0-dimensional structure with characteristic peaks at 100, 101, 110, 105, 202, 203, 204,
205 and 220 and space group P63/mmc and lattice parameters a = 8.409 A and ¢ = 21.243 A
(Figure 7). These findings corroborate the previous ones [36,37]. Caesium bismuth iodide
at ratio 1:1.5, on the other hand, was found to have additional characteristics peaks at 009,
012, 209 and 300, indicating the growth of another phase. According to Johansson et al. [36],
any sample fabricated using intermediate precursor ratios (1:1, 1:2, 1:3 and 1:9) contains a
heterogeneous mixed phase with 0D /2D structure. As a result, this new compound also
has a 0D/2D structure. Figure 8b shows that at 26 = 12.8°, the film with Csl/Bil; at ratio
1:3 is right-skewed, whereas at ratios of1:1.5 and 1.5:1, it orients almost at the same plane,
indicating that it resembles CszBiylg more than CsBisly.
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3.5. Stability Analysis

Figure 9 shows that after 20 days, the best solar cell device fabricated by new ratio 1:1.5
stored in a nitrogen glove box maintained 86 percent of its efficiency without encapsulation,
with only 5 percent decay occurring within the first ten days. The previous researcher
reported similar results for the stability of 0/2-dimensional structures [35]. The V. was
almost constant, while the current density increased slightly with age.
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4. Conclusions

In conclusion, we fabricated a 0D /2D mixed dimensional caesium bismuth iodide
solar cell with CsI/Bilz at a molar ratio of 1:1.5. This intermediate precursor ratio of 1:1.5
produced a heterogeneous mixed phase with 0D Cs3Bizlg and 2D Bil;. The cell was further
discovered to have an extended absorption capacity of more than 720 nm. According to
SEM images, DMF/CH3OH solvent vapour annealing improves crystallinity and surface
morphology. The power conversion efficiency was found to increase from 0.26% to 0.98%
upon solvent vapour annealing. The cell samples fabricated with the mixture of DMF and
DMSO display higher current density than samples fabricated with DMF only. The XRD
pattern further revealed that samples fabricated at a ratio of 1:1.5 had greater resemblance
with 1.5:1 than with 1:3. The results are promising when compared to other mixed 0D /2D
cell structures. The use of Spiro-OMeTAD as the hole transport material, on the other hand,
maybe a hindrance to the limited efficiency.

This research will pave the way for developing stable, non-toxic and hysteresis-free,
lead-free, all-inorganic perovskite solar cells.

Author Contributions: Research and conceptualisation, S.M.M., X.L. and ].Y.; data curation, S.M.M.
and C.Z,; formal analysis, S.M.M.; funding acquisition, J.Y.; investigation, SM.M,, J.L. and C.Z;;
methodology, SM.M., ].L. and C.Z.; project administration, X.L. and ].Y.; resources, ].Y.; supervision,
X.L. and ].Y,; validation, ]J.Y.; visualisation, ].Y.; writing—original draft, 5$.M.M.; writing—review and
editing, S.M.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (No.
51772095) and the Hebei Province Key Research and Development Project (No. 20314305D).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.



Materials 2022, 15, 2180 12 of 13

Acknowledgments: The authors would like to thank William Mwegoha and Godlisten Kombe for
their technical writing advice and document review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal Halide Perovskites as Visible-Light Sensitizers for Photovoltaic
Cells. J. Am. Chem. Soc. 2009, 131, 6050-6051. [CrossRef] [PubMed]

2. Jena, AK,; Kulkarni, A.; Miyasaka, T. Halide Perovskite Photovoltaics: Background, Status, and Future Prospects. Chem. Rev.
2019, 119, 3036-3103. [CrossRef] [PubMed]

3. Nair, S,; Patel, S.B.; Gohel, ].V. Recent trends in efficiency-stability improvement in perovskite solar cells. Mater. Today Energy
2020, 17, 100449. [CrossRef]

4. NREL, Best Research Cell Efficiency. Available online: https:/ /www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies-
rev211214.pdf (accessed on 14 February 2022).

5. Lyu, M,; Yun, ].-H.; Cai, M.; Jiao, Y.; Bernhardt, P.V.,; Zhang, M.; Wang, Q.; Du, A.; Wang, H.; Liu, G; et al. Organic-inorganic
bismuth (III)-based material: A lead-free, air-stable and solution-processable light-absorber beyond organolead perovskites. Nano
Res. 2016, 9, 692-702. [CrossRef]

6. Mao, X.; Sun, L.; Wu, T.; Chu, T.; Deng, W.; Han, K. First-Principles Screening of All-Inorganic Lead-Free ABX3 Perovskites. J.
Phys. Chem. C 2018, 122, 7670-7675. [CrossRef]

7.  Abate, A. Perovskite Solar Cells Go Lead Free. Joule 2017, 1, 659-664. [CrossRef]

8.  Zhang, Q.; Ting, H.; Wei, S.; Huang, D.; Wu, C.; Sun, W.; Qu, B.; Wang, S.; Chen, Z.; Xiao, L. Recent progress in lead-free perovskite
(-like) solar cells. Mater. Today Energy 2018, 8, 157-165. [CrossRef]

9. Ava, T.T,; Al Mamun, A.; Marsillac, S.; Namkoong, G. A Review: Thermal Stability of Methylammonium Lead Halide Based
Perovskite Solar Cells. Appl. Sci. 2019, 9, 188. [CrossRef]

10. Boyd, C.C.; Cheacharoen, R.; Leijtens, T.; McGehee, M.D. Understanding Degradation Mechanisms and Improving Stability of
Perovskite Photovoltaics. Chem. Rev. 2018, 119, 3418-3451. [CrossRef]

11.  Chen, M,; Ju, M.-G,; Garces, H.F,; Carl, A.; Ono, L.K,; Hawash, Z.; Zhang, Y.; Shen, T.; Qi, Y.; Grimm, R.L.; et al. Highly stable and
efficient all-inorganic lead-free perovskite solar cells with native-oxide passivation. Nat. Commun. 2019, 10, 16. [CrossRef]

12. Roy, P; Sinha, N.K,; Tiwari, S.; Khare, A. A review on perovskite solar cells: Evolution of architecture, fabrication techniques,
commercialization issues and status. Sol. Energy 2020, 198, 665-688. [CrossRef]

13. Hoefler, S.E,; Trimmel, G.; Rath, T. Progress on lead-free metal halide perovskites for photovoltaic applications: A review. Mon.
Chem.-Chem. Mon. 2017, 148, 795-826. [CrossRef]

14. Chu, L,; Ahmad, W,; Liu, W,; Yang, ].; Zhang, R.; Sun, Y,; Yang, ].; Li, X. Lead-Free Halide Double Perovskite Materials: A New
Superstar Toward Green and Stable Optoelectronic Applications. Nano-Micro Lett. 2019, 11, 16. [CrossRef] [PubMed]

15. Mabhajan, P; Datt, R.; Tsoi, W.C.; Gupta, V.; Tomar, A.; Arya, S. Recent progress, fabrication challenges and stability issues of
lead-free tin-based perovskite thin films in the field of photovoltaics. Co-Ord. Chem. Rev. 2020, 429, 213633. [CrossRef]

16. Miyasaka, T.; Kulkarni, A.; Kim, G.M,; 0Oz, S.; Jena, A K. Perovskite Solar Cells: Can We Go Organic-Free, Lead-Free, and
Dopant-Free? Adv. Energy Mater. 2020, 10, 1902500. [CrossRef]

17.  Kamat, P.V,; Bisquert, ].; Buriak, J. Lead-free perovskite solar cells. ACS Energy Lett. 2017, 2, 904-905. [CrossRef]

18.  Chen, M.; Dong, Q.; Eickemeyer, ET.; Liu, Y.; Dai, Z.; Carl, A.D.; Bahrami, B.; Chowdhury, A.H.; Grimm, R.L.; Shi, Y.; et al.
High-Performance Lead-Free Solar Cells Based on Tin-Halide Perovskite Thin Films Functionalized by a Divalent Organic Cation.
ACS Energy Lett. 2020, 5, 2223-2230. [CrossRef]

19. Yang, W,; Igbari, F; Lou, Y.; Wang, Z.; Liao, L. Tin Halide Perovskites: Progress and Challenges. Adv. Energy Mater. 2019,
10, 1902584. [CrossRef]

20. Gu, F; Zhao, Z.; Wang, C.; Rao, H.; Zhao, B.; Liu, Z. Lead-Free Tin-Based Perovskite Solar Cells: Strategies Toward High
Performance. Sol. Rrl 2019, 3, 1900213. [CrossRef]

21. Nasti, G.; Abate, A. Tin Halide Perovskite (ASnX 3) Solar Cells: A Comprehensive Guide toward the Highest Power Conversion
Efficiency. Adv. Energy Mater. 2019, 10, 1902467. [CrossRef]

22. Igbari, F; Wang, ZK,; Liao, L.S. Progress of Lead-Free Halide Double Perovskites. Adv. Energy Mater 2019, 9, 1803150. [CrossRef]

23. Singh, T.; Kulkarni, A.; Ikegami, M.; Miyasaka, T. Effect of Electron Transporting Layer on Bismuth-Based Lead-Free Perovskite
(CH3NHB3)3 Bi2I9 for Photovoltaic Applications. ACS Appl. Mater. Interfaces 2016, 8, 14542-14547. [CrossRef] [PubMed]

24. Li,]. Fabrication of Sulfur-Incorporated Bismuth-Based Perovskite Solar Cells via a Vapor-Assisted Solution Process. Sol. Rrl
2019, 3, 1900218. [CrossRef]

25. Miller, N.C.; Bernechea, M. Research Update: Bismuth based materials for photovoltaics. APL Mater. 2018, 6, 084503. [CrossRef]

26. Sani, F; Shafie, S.; Lim, H.N.; Musa, A.O. Advancement on Lead-Free Organic-Inorganic Halide Perovskite Solar Cells: A Review.
Materials 2018, 11, 1008. [CrossRef] [PubMed]

27. Lee, L.C.; Huq, T.N.; MacManus-Driscoll, ].L.; Hoye, R.L. Research Update: Bismuth-based perovskite-inspired photovoltaic

materials. APL Mater. 2018, 6, 084502. [CrossRef]


http://doi.org/10.1021/ja809598r
http://www.ncbi.nlm.nih.gov/pubmed/19366264
http://doi.org/10.1021/acs.chemrev.8b00539
http://www.ncbi.nlm.nih.gov/pubmed/30821144
http://doi.org/10.1016/j.mtener.2020.100449
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies-rev211214.pdf
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies-rev211214.pdf
http://doi.org/10.1007/s12274-015-0948-y
http://doi.org/10.1021/acs.jpcc.8b02448
http://doi.org/10.1016/j.joule.2017.09.007
http://doi.org/10.1016/j.mtener.2018.03.001
http://doi.org/10.3390/app9010188
http://doi.org/10.1021/acs.chemrev.8b00336
http://doi.org/10.1038/s41467-018-07951-y
http://doi.org/10.1016/j.solener.2020.01.080
http://doi.org/10.1007/s00706-017-1933-9
http://doi.org/10.1007/s40820-019-0244-6
http://www.ncbi.nlm.nih.gov/pubmed/34137969
http://doi.org/10.1016/j.ccr.2020.213633
http://doi.org/10.1002/aenm.201902500
http://doi.org/10.1021/acsenergylett.7b00246
http://doi.org/10.1021/acsenergylett.0c00888
http://doi.org/10.1002/aenm.201902584
http://doi.org/10.1002/solr.201900213
http://doi.org/10.1002/aenm.201902467
http://doi.org/10.1002/aenm.201803150
http://doi.org/10.1021/acsami.6b02843
http://www.ncbi.nlm.nih.gov/pubmed/27225529
http://doi.org/10.1002/solr.201900218
http://doi.org/10.1063/1.5026541
http://doi.org/10.3390/ma11061008
http://www.ncbi.nlm.nih.gov/pubmed/29899206
http://doi.org/10.1063/1.5029484

Materials 2022, 15, 2180 13 of 13

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Park, B.-W.,; Philippe, B.; Zhang, X.; Rensmo, H.; Boschloo, G.; Johansson, E.M.]. Bismuth Based Hybrid Perovskites A3BiyIgA:
Methylammonium or Cesium) for Solar Cell Application. Adv. Mater. 2015, 27, 6806-6813. [CrossRef] [PubMed]

Johansson, M.B.; Zhu, H.; Johansson, E.M.]. Extended Photo-Conversion Spectrum in Low-Toxic Bismuth Halide Perovskite Solar
Cells. J. Phys. Chem. Lett. 2016, 7, 3467-3471. [CrossRef] [PubMed]

Ghosh, B.; Wu, B.; Mulmudi, HK.; Guet, C.; Weber, K.; Sum, T.C.; Mhaisalkar, S.G.; Mathews, N. Limitations of Cs3BiyIg as
Lead-Free Photovoltaic Absorber Materials. ACS Appl. Mater. Interfaces 2018, 10, 35000-35007. [CrossRef]

Zhu, H.; Johansson, M.B.; Johansson, E.M.]. The Effect of Dopant-Free Hole-Transport Polymers on Charge Generation and
Recombination in Cesium-Bismuth-Iodide Solar Cells. ChemSusChem 2018, 11, 1114-1120. [CrossRef]

Bai, F; Hu, Y.;; Hu, Y.; Qiu, T,; Miao, X.; Zhang, S. Lead-free, air-stable ultrathin Cs3Bi2I9 perovskite nanosheets for solar cells. Sol.
Energy Mater. Sol. Cells 2018, 184, 15-21. [CrossRef]

Khadka, D.B.; Shirai, Y.; Yanagida, M.; Miyano, K. Tailoring the film morphology and interface band offset of caesium bismuth
iodide-based Pb-free perovskite solar cells. . Mater. Chem. C 2019, 7, 8335-8343. [CrossRef]

Shin, S.S.; Baena, ].P.C.; Kurchin, R.C.; Polizzotti, A.; Yoo, ].].; Wieghold, S.; Bawendi, M.G.; Buonassisi, T. Solvent-Engineering
Method to Deposit Compact Bismuth-Based Thin Films: Mechanism and Application to Photovoltaics. Chem. Mater. 2018, 30,
336-343. [CrossRef]

Liang, G.X.; Chen, X.Y,; Chen, Z.H.; Lan, H.B.; Zheng, Z.H.; Fan, P.; Su, Z.H. Inorganic and Pb-Free CsBizl;y Thin Film for
Photovoltaic Applications. J. Phys. Chem. C 2019, 45, 27423-27428. [CrossRef]

Johansson, M.B.; Philippe, B.; Banerjee, A ; Phuyal, D.; Mukherjee, S.; Chakraborty, S.; Cameau, M.; Zhu, H.; Ahuja, R.; Boschloo,
G.; et al. Cesium Bismuth Iodide Solar Cells from Systematic Molar Ratio Variation of CsI and Bil3. Inorg. Chem. 2019, 58,
12040-12052. [CrossRef] [PubMed]

Wenderott, ].K.; Raghav, A.; Shtein, M.; Green, PF,; Satapathi, S. Local optoelectronic characterization of solvent-annealed,
lead-free, bismuth-based perovskite films. Langmuir 2018, 34, 7647-7654. [CrossRef] [PubMed]

Noel, N.K;; Stranks, S.D.; Abate, A.; Wehrenfennig, C.; Guarnera, S.; Haghighirad, A.A.; Sadhanala, A.; Eperon, G.E.; Pathak, S.K,;
Johnston, M.B.; et al. Lead-free organic-inorganic tin halide perovskites for photovoltaic applications. Energy Environ. Sci. 2014, 9,
3061-3068. [CrossRef]

Jung, M.; Ji, S.-G.; Kim, G.; Seok, S.I. Perovskite precursor solution chemistry: From fundamentals to photovoltaic applications.
Chem. Soc. Rev. 2019, 48, 2011-2038. [CrossRef] [PubMed]

Huang, P-H.; Wang, Y.-H.; Ke, ].-C.; Huang, C.-J. The Effect of Solvents on the Performance of CH3NH;3Pbl; Perovskite Solar
Cells. Energies 2017, 10, 599. [CrossRef]

Dubey, A.; Adhikari, N.; Mabrouk, S.; Wu, E; Chen, K,; Yang, S.; Qiao, Q. A strategic review on processing routes towards highly
efficient perovskite solar cells. J. Mater. Chem. A 2018, 6, 2406-2431. [CrossRef]

Xiao, Z.; Dong, Q.; Bi, C.; Shao, Y.; Yuan, Y,; Huang, J. Solvent Annealing of Perovskite-Induced Crystal Growth for Photovoltaic-
Device Efficiency Enhancement. Adv. Mater. 2014, 26, 6503-6509. [CrossRef] [PubMed]

Yu, H; Liu, X,; Xia, Y,; Dong, Q.; Zhang, K.; Wang, Z.; Zhou, Y.; Song, B.; Li, Y. Room-temperature mixed-solvent-vapor annealing
for high performance perovskite solar cells. |. Mater. Chem. A 2015, 4, 321-326. [CrossRef]

Pitchaiya, S.; Natarajan, M.; Santhanam, A.; Asokan, V.; Yuvapragasam, A.; Ramakrishnan, V.M.; Palanisamy, S.E.; Sundaram, S.;
Velauthapillai, D. A review on the classification of organic/inorganic/carbonaceous hole transporting materials for perovskite
solar cell application. Arab. J. Chem. 2020, 13, 2526-2557. [CrossRef]

Wang, K.; Chen, H.; Niu, T.; Wang, S.; Guo, X.; Wang, H. Dopant-Free Hole Transport Materials with a Long Alkyl Chain for
Stable Perovskite Solar Cells. Nanomaterials 2019, 9, 935. [CrossRef] [PubMed]

Uddin, A. Perovskite solar cells. In World Scientific Handbook of Organic Optoelectronic Devices Volume 1 Perovskite Electron; Huang,
J., Yuan, Y., Eds.; World Scientific: Munich, Germany, 2018; pp. 285-367.

Guo, X.; Zhang, B.; Lin, Z.; Su, ].; Yang, Z.; Zhang, C.; Chang, ].; Liu, S.; Hao, Y. Highly efficient perovskite solar cells based on a
dopant-free conjugated DPP polymer hole transport layer: Influence of solvent vapor annealing. Sustain. Enerqy Fuels 2018, 2,
2154-2159. [CrossRef]

Bi, C.; Wang, Q.; Shao, Y.; Yuan, Y.; Xiao, Z.; Huang, J. Non-wetting surface-driven high-aspect-ratio crystalline grain growth for
efficient hybrid perovskite solar cells. Nat. Commun. 2015, 6, 7747. [CrossRef]

Xu, X,; Ma, C; Cheng, Y.; Xie, Y,; Yi, X.; Gautam, B.; Chen, S.; Li, H.-W,; Lee, C.-S.; So, E; et al. Ultraviolet-ozone surface
modification for non-wetting hole transport materials based inverted planar perovskite solar cells with efficiency exceeding 18%.
J. Power Sources 2017, 360, 157-165. [CrossRef]

Shin, J.; Kim, M,; Jung, S.; Kim, C.S,; Park, J.; Song, A.; Chung, K.-B.; Jin, S.-H.; Lee, ]. H.; Song, M. Enhanced efficiency in lead-free
bismuth iodide with post treatment based on a hole-conductor-free perovskite solar cell. Nano Res. 2018, 11, 6283-6293. [CrossRef]
Yu, B.-B.; Liao, M,; Yang, J.; Chen, W.; Zhu, Y.; Zhang, X.; Duan, T.; Yao, W.; Wei, S.-H.; He, Z. Alloy-induced phase transition
and enhanced photovoltaic performance: The case of Cs3Biylg_4Brx perovskite solar cells. J. Mater. Chem. A 2019, 7, 8818-8825.
[CrossRef]

Waykar, R.; Bhorde, A.; Nair, S.; Pandharkar, S.; Gabhale, B. Environmentally stable lead-free cesium bismuth iodide (Cs3Bislo)
perovskite: Synthesis to solar cell application. J. Phys. Chem. Solids 2020, 146, 109608. [CrossRef]


http://doi.org/10.1002/adma.201501978
http://www.ncbi.nlm.nih.gov/pubmed/26418187
http://doi.org/10.1021/acs.jpclett.6b01452
http://www.ncbi.nlm.nih.gov/pubmed/27538852
http://doi.org/10.1021/acsami.7b14735
http://doi.org/10.1002/cssc.201702169
http://doi.org/10.1016/j.solmat.2018.04.032
http://doi.org/10.1039/C9TC02181G
http://doi.org/10.1021/acs.chemmater.7b03227
http://doi.org/10.1021/acs.jpcc.9b09617
http://doi.org/10.1021/acs.inorgchem.9b01233
http://www.ncbi.nlm.nih.gov/pubmed/31483638
http://doi.org/10.1021/acs.langmuir.8b01003
http://www.ncbi.nlm.nih.gov/pubmed/29722975
http://doi.org/10.1039/C4EE01076K
http://doi.org/10.1039/C8CS00656C
http://www.ncbi.nlm.nih.gov/pubmed/30604792
http://doi.org/10.3390/en10050599
http://doi.org/10.1039/C7TA08277K
http://doi.org/10.1002/adma.201401685
http://www.ncbi.nlm.nih.gov/pubmed/25158905
http://doi.org/10.1039/C5TA08565A
http://doi.org/10.1016/j.arabjc.2018.06.006
http://doi.org/10.3390/nano9070935
http://www.ncbi.nlm.nih.gov/pubmed/31261694
http://doi.org/10.1039/C8SE00233A
http://doi.org/10.1038/ncomms8747
http://doi.org/10.1016/j.jpowsour.2017.06.013
http://doi.org/10.1007/s12274-018-2151-4
http://doi.org/10.1039/C9TA01978B
http://doi.org/10.1016/j.jpcs.2020.109608

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Solar Cell Device Fabrication 
	Characterisation 

	Results 
	SEM Analysis 
	The Influence of Solvent Vapour Annealing on I–V Characteristics 
	The UV-Vis Measurements 
	XRD Characterisation 
	Stability Analysis 

	Conclusions 
	References

