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Investigation of solution-based synthesis of
non-toxic perovskite materials using Mg, Ca,
Mn, Fe, Cu, and Zn as the B-site cation
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High-efficiency perovskite solar cells are reliant on lead-based materials, which causes toxicity issues for
large-scale implementation. Current alternatives can contain similarly environmentally dangerous
chemicals such as tin halide compounds. Computational studies have suggested a large array of
different potential B-site metal cations that could produce suitable perovskite materials. In this work,
simple, solution synthesis of 24 candidate materials is attempted with a focus on the environmental
safety of the starting compounds. Of these 24 materials, 10 formed a new material from XRD
characterisation, and 1 of the resulting films produces a material with an observable band-gap in UV/vis.
This material, a combination of potassium bromide and copper bromide, failed to produce a solar cell of
any notable efficiency. This work demonstrates that completely environmentally benign perovskite
materials may require more energy-intensive synthesis such as solid-state methods, removing the
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Introduction

To achieve ambitious clean energy targets, the scale of renew-
able energy implementation needs to increase dramatically.
Solar power is a key tool for cutting carbon usage; it has
increasingly low energy-payback times, and can be used both
in small-scale (household) or large-scale (solar farm) opera-
tions. Perovskite solar cells (PSC) are a potentially disruptive
technology that has generated significant interest in the rela-
tively short time since their invention.' The starting materials
for the absorber layer are abundant and the materials them-
selves can be solution processed, adding ease to scalability.””
Furthermore through simple additions to the original material,
methylammonium lead iodide (MAPI), at either the A, B or
X-site, the structure of the perovskite can be altered to for
example: change the band gap using small ions such as Br~ or
Rb",%” or; improve the structural integrity of the perovskite
through larger additives such as guanidinium or azetidinium.®™°
Longer chain organic molecules such as 5-ammonium valeric
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benefits of simple, solution processing evident in lead-halide perovskite solar cells.

acid can break the 3D perovskite into a vastly more stable
2D structure.’™* Combinations of small ion additives can
boost the efficiency further, leading to record efficiencies of
over 25%.

However the toxic element lead has remained a constant
requirement for high-performance cells, and is thus a problem
to the widespread application of this technology - particularly
with the perovskite’s current lack of long-term stability.'®™*®
Despite the small amounts of lead present in the thin absorber
layer, potential leaching of lead into the environment could
still be problematic.”®" Alternative, non-toxic B-site cations
are therefore an important avenue of investigation. The most
commonly attempted substitution includes tin, which has been
demonstrated to be less efficient, less stable, and more toxic
than the lead analogue.>*>* Other examined options for lead
replacement include germanium, or the formation of ‘double-
perovskites’ using elements such as bismuth or silver - yet
the efficiency is still lower than lead-based counterparts.>*?
Computational studies have suggested a range of potential
lead-replacements that will enable high efficiency. Examples
of elements that could be used are iron, manganese, zinc,
calcium and magnesium.”*° Using these elements would
maintain the advantages of the relative abundance and low
cost from the lead-halide perovskites.*® Crucially metal halide
compounds using these elements are not highly harmful to the
environment or to the scientist based on materials safety
documentation.

This journal is © The Royal Society of Chemistry 2022
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Table1l Materials attempted during this study. Filled cells represent those not studied due to starting material safety documentation. References refer to

computational analysis of potential materials
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K Rb MA
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Mn2628
Fe?®
cu?
7n%

Experimental examination of transition metal perovskite
materials has yielded some initially promising results. Tita-
nium and copper based perovskite materials have been suc-
cessfully synthesised, with band gaps between 1.4 and 2.5 eV,
demonstrating potential for solar cell application.**** Cs,TiBry
is one such example, a double perovskite with a 1.82 eV band
gap, that can be used in a device to achieve 3.3% efficiency.*
A-site cation rich perovskites based on copper-chloride pro-
duced a 2-D material with a band gap of 1.53 eV, and mixed-
halide copper based perovskite solar cells have demonstrated
photovoltaic activity.’®*” Through solid-state synthesis of
(CH;3NH;),CuX,, solar cells with efficiencies of over 2% could
be fabricated.>® Furthermore, as well as being employed as
a dopant cation in MAPI, manganese has also been shown to
exhibit some photovoltaic activity as a direct replacement
for lead in methylamonnium manganese iodide.***° There
is therefore some promise to transition metal perovskite
materials. Iron would be an ideal cation due to its abundance
and low-cost. First-principles calculations suggest iron as a
dopant cation in lead-based perovskites would improve the
absorption coefficient.*® However it was found that concentra-
tions of iron in MAPI greater than at the ppm level greatly
reduced the efficiency of the solar cell.** Using a smaller A-site
cation such as potassium, computational measurements sug-
gest that KFel; could reach efficiencies of over 24%.%° In this
report the synthesis of a wide range of transition-metal based
perovskite materials using a 1: 1 ratio of A-site to B-site cation is
attempted. A single, simple solution-based method is main-
tained throughout the report to ensure that candidate materials
share the facile processing methods of their lead-containing
counterparts, and all steps are carried out in air to ensure
material stability in atmospheric conditions.

Results and discussion

Starting materials were chosen based on safety-documentation,
i.e. only those that don’t require special environmental mea-
sures or are toxic to wildlife were used throughout this exam-
ination. Table 1 displays all the combinations of materials
studied, and will be updated throughout the report to display
the progress of the materials through each of the screening
stages. Throughout the report materials will be referred

This journal is © The Royal Society of Chemistry 2022

to as AX:BX, as exact confirmation of crystal structure was
unobtainable.

The experimental screening of these materials will take part
over 3 stages, as illustrated in Fig. 1: structural analysis using
XRD, optical characterisation using UV/vis spectroscopy and
finally JV curve analysis of completed devices. Only candidate
materials which are deemed successful based on the criteria of
the stage will move on to the next analysis stage. A single,
simple solution based processing is used at each stage based on
procedures developed for lead halide perovskites, both for
consistency and to assess whether candidate materials share
the beneficial solution processability of lead-based materials.

STAGE 1: to pass this stage, the synthesised material powders
need to exhibit a PXRD pattern significantly different to the
starting materials. As with computational screening, the first
stage of the experimental screening procedure was to examine

Non-toxic starting materials

MAI, MABr, KI,
KBr, Rbl, RbBr

Filter by
PXRD

Thin-film
synthesis

Filter by
bandgap

Fig. 1 Experimental screening procedure employed through this work.
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Fig. 2 Example normalised PXRD patterns of synthesised powders compared to starting material: (a) showing example of peaks not corresponding to
starting materials and (b) showing no result through powder synthesis. Ref. 36 used to denote the reflections in (a).

the structure of the candidate materials. Powder synthesis was
attempted for all 24 candidate materials using a 1:1 ratio of
AX:BX, salt. Starting materials were dissolved in a solution of
7:3 GBL:DMSO" as an environmentally more benign alterna-
tive to DMF, before being cast into a glass Petri dish at 100 °C for
one hour to evaporate the solvent. Candidate materials using
magnesium as the sole B-site cation failed at this stage, with no
viable powders formed to analyse through PXRD. Powders
analysed through XRD were compared to their starting materials
to observe if any new phases formed. Fig. 2 shows an example of
a material deemed to have formed a new phase through PXRD
(Fig. 2a) and a material that does not demonstrate any new peaks
(Fig. 2 and Table 1b). All PXRD is displayed in the ESL¥
Starting with the calcium-based materials (Fig. S1, ESIY),
peaks in all 3 synthesised powders at 20 values of ~13.4° and
15.8° are observed that cannot be attributed to the starting
materials. The presence of Cal, and AI (where A is K, Rb or MA)
peaks are noted in all samples, so there is incomplete conver-
sion to a new phase. Single crystal data is not available in the
literature to match these reflections. Two viable powders were
formed using MnBr,. KBr:MnBr, was hygroscopic and lost
integrity before it could be analysed. The remaining powders
(Fig. S2, ESIt) showed no un-matched peaks.
Red-orange-coloured powders could be formed using both
iron bromide and iron iodide. While no new phases were

detected through PXRD for any of the iodide containing samples
(Fig. S3, ESIt), an unmatched peak in the MABr:FeBr, sample
was detected at 17.2°. This was however a much smaller peak
relative to the dominant MABr peak, showing that minimal
conversion has taken place. Potassium and rubidium salts with
iron bromide showed no new peaks in the XRD spectrum,
suggesting no new materials have been made in these cases.
The remaining two transition metal candidates, copper and
zinc, led to the formation of powders in all cases. For copper
(Fig. Sia and S5, ESIt) the dark blue powders exhibited
un-matched peaks in the region of 10-12° - in the case of
MABr:CuBr, these are the dominant peaks. However, these
more closely align with the non-perovskite peaks observed by
Cortecchia et al. who synthesised copper perovskite powders
using ethanol as the solvent.** Peaks at ~9° and 17° 20
assigned to the perovskite phase in the above work and the
single crystal analysis by Elattar et al.>® are also observed,
although these are much less intense refractions. However,
peaks corresponding to starting materials are still observed in
all copper samples. Zinc iodide powders synthesised through
stage 1 were an off-white colour. The 102 ZnlI, peak at 25° was
the dominant peak in all cases, with some unmatched peaks at
20 values <20°.*° Previously synthesised zinc based materials
such as MA,ZnCl, do not show the same structure as most
perovskites, metal halide tetrahedra are formed as opposed to

Table 2 Materials taken through to stage 2 highlighted in green. Candidate materials that did not pass stage 1 are highlighted in red

Bromides
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Fig. 3 Kubelka Munk analysis for thin-film materials in stage 2 analysis.
Dashed lines show extrapolation to the x-axis for band gap identification.

octahedra found in materials such as MAPbI;.*® No powder/
thin-film X-ray diffraction experiments have been performed on
similar zinc materials, so it is not possible to determine
whether the same structure has been made in these materials
when using the much larger iodide ion.

Further analysis is required to fully characterise un-matched
peaks in the diffractograms obtained through stage 1 of the
experimental screening practice, and single-crystal analysis is
an avenue for further research of any potentially suitable
materials. The cause of the lack of viable formed phases is
likely to be reaction with water or oxygen in the atmosphere, as
for example the magnesium-based candidate materials could
not be dried fully. For Samples that showed any un-matched
peaks were used in stage 2 (displayed in Table 2).

Materials through to stage 2

STAGE 2: to pass this stage, the synthesised materials need
to successfully form a thin-film and exhibit a band gap between
1.0 eV and 3 eV. Thin-films of the samples were cast from the
same 1 molar solutions of 1:1 AX: BX,, samples in GBL: DMSO.
A spin-coating speed of 2000 rpm was used for 20 seconds, then
films were placed on a hotplate at 100 °C for one hour. Fig. S7
(ESIt) shows images for the thin-film attempts of calcium-
based candidate materials compared to a blank microscope
slide. While on the hot plate a thin film could be observed,

View Article Online
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Fig. 4 A comparison of the dark and light JV curves for an example
device. Measurements taken at 0.7 Sun.

upon removal from the heat the samples rapidly became
transparent and liquid droplets were visible on the surface.
While the powders themselves may have been stable enough to
atmospheric conditions for PXRD measurements, the thin
films were less resilient towards water ingress. Calcium based
candidate materials with potassium and rubidium were ruled
out of further analysis at this point. MAI:Cal, was stable
enough to be analysed through UV/vis (Fig. 3 and Fig. S10,
ESIt). Due to the low thickness and coverage of the thin-film
the reflectance spectroscopy shows interference and no obvious
band gap. This result fits with computational predictions for
calcium perovskite band gaps using Cs" and Rb" as the A-site
cation which exceed usable wavelengths for solar cells.®?®
Thin-films of MAFeBr; and Zn based candidate materials
showed a similar response, with high-transparency thin-films
that do not possess an observable band gap within the usable
range for photovoltaics. While computational calculations for
iron-based perovskites predicted a band gap of 2.7 eV and
therefore could have been observed in the experiment - zinc
perovskite band gap predictions lie below 1 eV.**?*®

Fig. 3 shows that only one of the 10 materials that passed
stage 1 has an observable band gap, also illustrated in Table 3.
For KBr:CuBr a band gap of 2.82 eV is measured, which is
significantly larger than is predicted for the similar material
RbCuBr;, of 0.45 eV.”® Furthermore the band gap for this
material is significantly higher than the ideal band gap for

Table 3 Materials through to stage 3 in green; red, failed at stage 1, orange, failed at stage 2

Bromides

K Rb MA

Ca I N
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Fig. 5 SEM analysis of the KBr:CuBr; thin film.

maximum efficiency solar cells. While these results suggest that
this non-toxic perovskite will not be suitable for traditional
single-junction cells, their high transparency and larger band gap
may be usable for multijunction cells or building-integrated
photovoltaic windows.

Materials through to stage 3

STAGE 3: solar cell synthesis. Only KBr:CuBr, possessed a
band gap which may enable some photovoltaic activity. To test
the performance, planar cells were fabricated using an inverted
architecture: PEDOT:PSS as the hole-transport material and
PCBM as the electron-transport material (dissolved in anisole
as opposed to the more toxic toluene/chlorobenzene) were used
to minimise the potential toxicity for the resulting devices.
An image of the devices is shown in Fig. S10 (ESIt). Devices
showed typical diode behaviour in the dark, however none
showed any significant photovoltaic activity, as shown by an
example device in Fig. 4. Voltage/current sweeps of all
attempted devices are shown in Fig. S11 (ESIt). There was a
large difference between the forward and reverse curves in each
case, however given the performance of the devices it is difficult
to assign this as hysteresis.

To explore possible effects of this poor performance, outside
of the wide-band gap displayed, SEM images of the KBr:CuBr,
film were analysed and shown in Fig. 5, with corresponding
EDS analysis in Fig. S12 (ESIf). These images demonstrate
significant phase-separation within the materials, with large
crystals of copper and bromine, with minor integration of the

View Article Online
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A-site cation at other sites. While methylammonium copper
halide materials have been successfully synthesised as solar
cells and exhibit a 2D structure, the reduced size of potassium
relative to methylammonium is likely to contribute to a change
in structure, and potentially a reduction in the overall material
viability.** There is also low overall coverage of the material,
which is likely to be a significant contribution to the poor
performance of the devices. Improving the morphology of the
films is likely to be a difficult barrier to improving their
photovoltaic performance and a source for future research.
Alternatively mesoporous TiO, could be used as a framework
for material deposition, which was used successfully by Elseman
et al. to produce devices with >1% efficiency.**

Conclusions

A tabulated summary of the experimental screening process is
shown in Table 4. The primary problem in the analysis of the
non-toxic combinations was that in the majority of cases no
viable material was formed; either no new product was made,
or the material was rapidly unstable in atmospheric conditions.
Future computational analysis to examine the stability of the
hydrated structure with respect to the dry structure could
predict problems with phase stability and suggest where con-
trolled atmospheres are required. This could mean that more
energy-intensive synthesis methods are required, reducing the
beneficial properties of current perovskite solar cells, in that
they are easy to manufacture.

The goal of this research was to assess combinations of non-
toxic starting materials that had been identified as potential
high-performance perovskite solar cell materials through
computational calculations. None of the materials analysed
through this study could be a suitable replacement for lead in
a fully-non toxic material when aiming to maintain the same
manufacturing processes as those used for lead-based com-
pounds. Altering the solvent mixture, deposition time or using
solid-state methods that have demonstrated successful devices
could be a more appropriate avenue for further lead-free
compound research. Mesoporous device structures would be
of particular interest, as these could overcome the morphology
problems, and have already been demonstrated to exhibit a
reasonable efficiency.

Table 4 Summary of results, including champion cell efficiency for each successful material: Red indicates end at stage 1 (structural), orange at stage 2
(optical, No O-BG stands for No Observable Band Gap) and green signifies solar cell efficiency (stage 3, photovoltaics)

Bromides

K Rb MA

lodides

K Rb MA

i
o

Ca I

No O-BG
No 0-BG

No O-BG

E
=}
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Hygroscopic films

No Observable Band Gap
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