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This work reports on low-temperature inorganic CsPbls perovskite nanostructures synthesized as the
active black phase, without the additional use of organic ligands and based only on Csl and Pbl,
precursors. This new method is based on the “inverse temperature crystallization” (ITC) phenomenon
where dissolved lead salts tend to form nucleation grains at high temperatures. This methodology allows
the conversion temperature of the CsPbls black phase to be reduced without the use of additives or
anti-solvent treatment. We use small angle X-ray scattering (SAXS), high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), and photoluminescence (PL) measurements
to characterize the precursor solutions at different heating times to understand the nature of the
observed CsPbls nanoparticles (NPs). Heating the solution for 192 hours shows the high-quality black

Received 2nd September 2021, active phase of CsPbls NPs after evaporation of the solvent in the solid state. This allows us to form a

Accepted 19th December 2021 film of CsPbls in its photoactive phase at a low temperature (T = 55 °C) within a few minutes using no
additives or antisolvent treatment. We use the dispersion of CsPbls nanostructures to fabricate black-

phase CsPbls perovskite-based solar cells on a mesoporous TiO, structure showing a power conversion
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Introduction

Perovskite solar cells (PSCs) have been significantly improved
in recent years, where state-of-the-art PSCs demonstrate a
power conversion efficiency (PCE) of more than 25.5%." In
spite of the unique properties of perovskites, such as a tunable
bandgap, a long electron-hole diffusion length, and a low-cost
fabrication process, their thermal stability is still an unsolved
problem.>? Perovskites have an ABX; structure where A is a
monovalent organic or inorganic cation (e.g,, MA" = methyl-
ammonium, FA" = formamidinium, Cs" or Rb"), B is a divalent
metal cation (Pb*" or Sn**) and X is a halide anion (I, Br~ or
Cl"). Today, state-of-the-art perovskites used for PSCs are
composed of organic A site cations (MA", FA, or a combination
of both).*® Recent studies have shown that the incorporation of
an inorganic cation into the perovskite structure can increase
the thermal stability of the material.®” Cs* is an excellent
candidate to replace the organic cation in the perovskite lattice
in terms of enhancing the thermal stability.>® However, it
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suffers from instability upon exposure to air."® In the case of
CsPbl;, four different temperature-dependent polymorphs have
been reported: o (cubic), B (tetragonal), y (orthorhombic), and &
(also orthorhombic), of which only the first three are photo-
voltaic (PV) active. Polymorphs o,  and y are related to the
active phases that demonstrate a black color, while § represents
the non-active yellow phase.""

The formation of Cs-based perovskite active phases (, § and v)
without any additives requires a high annealing temperature
(~350 °C), which complicates the fabrication process. In addition,
Cs-based perovskites are unstable under standard ambient
conditions due to moisture sensitivity, leading to conversion
of the PV-active phases (o, B, and y) to the yellow, non-active
phase (3) in just a few minutes.

In order to reduce the AH{ (formation temperature) of the
CsPbl; active phase, one possibility is to use additives. Snaith
et al. used hydriodic acid (HI) as an additive to reduce the
annealing temperature to 100 °C."> Furthermore, the addition
of HI affects the grain size of the perovskite thin film and
results in the formation of a more uniform layer. Using a
similar approach, PbI,-xHI and CsI precursors have been used
to reduce the conversion temperature to 150 °C, obtaining a
PCE of 7.6% for the full device."®> Another way to overcome the
high conversion temperature is to include different salts, such
as Cal,, EuBr, and EuCl;, which reduces the total formation
energy by increasing the entropy of the system, therefore

Mater. Adv,, 2022, 3,1737-1746 | 1737


http://orcid.org/0000-0003-3784-1914
http://orcid.org/0000-0003-1383-4365
http://orcid.org/0000-0003-2653-4468
http://orcid.org/0000-0002-7080-8393
http://orcid.org/0000-0001-6158-8520
http://crossmark.crossref.org/dialog/?doi=10.1039/d1ma00802a&domain=pdf&date_stamp=2022-01-12
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00802a
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA003003

Open Access Article. Published on 21 December 2021. Downloaded on 6/14/2026 4:10:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

lowering the annealing temperature drastically."*™"® In addition,
the incorporation of barrier molecules to form a two-dimensional
(2D) structure helps to stabilize the CsPbl; active phase.’*”
In this regard, different molecules have been studied: linear
molecules, aromatics, diamines and others. As a result, the
perovskite structure becomes more stable and the conversion
temperature is reduced to ~100-150 °C.">""° Liu et al. demon-
strated an efficient CsPbl; quantum dot (QD)-based solar cell
with improved conductivity and stability for both temperature
and humidity via the incorporation of p-graphene.”* Further
improvement in QD-based devices has been achieved using
CsPbl; and CsPbl,,,Br; _, with tunable bandgaps.>” Even though
different additives can reduce the annealing temperature, in most
cases these additives are still present in the perovskite film after
its formation, which can harm the PV performance. Here we
report on a new method to reduce the conversion temperature of
the CsPbl; black phase without using any additives or anti-solvent
treatment. Importantly, the addition of salts to the CsPbl; per-
ovskite solution will create a change in the bonding angles of the
lattice due to the size difference of the A site cation, which can
result in lower symmetry. Moreover, the addition of HI will add
undesirable H,0O molecules to the precursor solution.">**** The
incorporation of barrier molecules as additives will form organic-
inorganic hybrids rather than fully inorganic perovskites.'*?>®
Finally, the use of antisolvents is restricted to the fabrication of
small cells and requires a lot of the parameters to be controlled.*®
Our method is based on the “inverse temperature crystallization”
(ITC) phenomenon in which dissolved lead salts tend to form
nucleation grains at high temperatures, as presented by Bark
et al.”” Due to the predominant contrast differences in the speci-
men, in this work we refer to the liquid precursor as a dispersion
rather than a solution in the strict sense. Based on ITC we enable
the formation of a dispersion that contains the black phase of
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CsPbl; nanoparticles (NPs) and nano-rods (NRs) (without the
involvement of organic ligands) using only CsI and PbI,
precursors. Unlike conventional CsPbI; NPs/NRs, the lack of
organic ligands in our solution allows the formation of perovskite
films without any organic residues that can damage the charge
transport within the layer, which results in a high current
density.”® Deposition of this perovskite dispersion allows us to
achieve the desirable black CsPbl;, PV-active phase at a low
temperature (T = 55 °C) within a few minutes. Due to this simple
formation process, we were able to fabricate CsPbI; PSCs on a
mesoporous TiO, structure for the first time. The solar cell
demonstrates a current density (Js.) of 20.2 mA cm >, which
results in a PCE of 7.3%.

Results and discussion

Fig. 1 presents the different available routes to reduce the
conversion temperature of CsPbl;."*?*° Most of the methods
are based on including additives, while the method reported in
this work (in the blue frame) is based on the preceding
formation of CsPbl; NRs and NPs in the solution. The corres-
ponding CsPbl; dispersion is prepared by dissolving CsI and
PbI, in DMSO. Following complete dissolution of the precursors,
the “fresh” solution is heated using an oil bath at 180 °C for more
than 48 hours. In the course of this process, the color of the
solution changes from light yellow to dark brown-black, which
indicates the chemical and physical changes in the solution. This
phenomenon is known as ITC,>”*" where lead nucleation grains
are formed as a result of increasing temperature, serving as
nucleation seeds for the growth of the CsPbl; nanorods and
nanoparticles.””**> Nowadays, ITC is used to form perovskite
single crystals that tend to dissolve when left in the solvent for
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Fig. 1 Schematic illustration of common cesium-based perovskite solutions and the different conversion temperatures.*>***>'” The blue frame shows

the process of CsPblz nano-rod and NP formation reported in this work.
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Fig. 2 (a) Fourier transform infrared (FTIR) spectra of the CsPblz solution before (black) and after (light blue) heating to 180 °C for 72 h. (b) 2°’Pb NMR
spectra of the CsPbls solution before (black) and after (light blue) heating to 180 °C for 72 h. (c) Scanning transmission electron microscopy (STEM) and
(d) transmission electron microscopy (TEM) images of the CsPbls NPs from the CsPblz dispersion after heat treatment (after solvent evaporation under
vacuum). (e) and (f) Enlargement of the CsPblsz particles where the insets show the diffraction patterns from which the hk! crystallographic planes were

calculated.

a long time. In this work, we noticed that the solution maintains
its brown color for weeks without any visible change, which
indicates a stable system. The first verification of the presence
of NPs in the solution was the observation of the Tyndall effect.
According to the Tyndall effect in colloidal solutions, there will be
light scattering by the particles inside the solution, which will
enable the beam path to be seen through the solution itself.*®
Fig. S1 (ESIT) presents the Tyndall effect where a laser beam can
go through freshly prepared and heated CsPbl; solutions. In
order to understand the content of the solution we performed
Fourier transform infrared (FTIR) spectroscopy under several
conditions as shown in Fig. 2a. This measurement is used for
characterization of the chemical compounds according to their
absorption spectra in the infrared region (750 nm to 1 mm).
A molecule that absorbs light in this range starts to vibrate and to
oscillate around a constant equilibrium point. The absorbed
wavelengths correspond to the unique vibrational modes that
exist in the molecule, while the rest of the light passes without
being absorbed. The shape of the resulting FTIR spectrum con-
stitutes a fingerprint of the material and allows its unambiguous
identification. It has been reported that a complex of PbI,-DMSO
can be formed via the intermediate phase.*® The marked
vibrations (stretching/bending) are related to the solvent (DMSO)
S—O0 and CH; groups. Moreover, it can be seen that both samples
show the same pattern, which indicates that the PbI,-DMSO
complex is not present after the heating process. In order to
confirm that there are no other DMSO complexes forming with
the two salts (CsI and Pbl,), FTIR measurements for DMSO only,
Pbl, in DMSO, and CsI in DMSO without heating and after
72 hours of heating are shown in Fig. S2a-S2c (ESIT), respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry

All three cases show no additional peaks besides the peaks that
are related to DMSO. In addition, "H-NMR measurements (Fig. S5,
ESIY) of the CsPbl; film at different annealing temperatures show
that there is no remaining DMSO in the perovskite CsPbl; film
after the annealing process.

To eliminate any cesium-based complex formation after the
heating process we performed '**Cs-NMR measurements, as
shown in Fig. S3 (ESIt). We found a negligible shift (0.9 ppm)
between the fresh and heated solutions. Based on the Cs-NMR
and FTIR results, it can be concluded that there is no change in
the chemical environment of Cs. However, the recorded *°’Pb
NMR spectrum shows that the chemical environment of lead is
changing based on the temperature of treatment. As presented
in Fig. 2b, the peak for the fresh solution appears at 626 ppm,
whereas the peak of the heat-treated dispersion appears at a
lower value, at 421 ppm. Consequently, heat treatment of the
initial precursor solution results in higher shielding of the lead
core in the solution, which causes a shift to lower ppm values.
This can be interpreted to mean that the initial complexation of
Pb(u) is altered by the temperature treatment, creating a
modified chemical environment with a stronger effect of electron
density shielding the Pb(i) nucleus.*

To reveal the nature of the color change as a result of the
heating process we took a closer look at the aged solution using
scanning electron transmission microscopy (STEM), as can be
seen in Fig. 2c. Interestingly, We observed mainly NPs with an
average length of ~70 nm. The NPs are organized on the
sample’s substrate as a ring structure due to the evaporation
of the solvent. High-resolution transmission electron micro-
scopy (TEM) images of the CsPbl; NPs can be seen in Fig. 2d,

Mater. Adv., 2022, 3,1737-1746 | 1739
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where the NPs formed clusters. Higher magnification of these
clusters (Fig. 2e and f) reveals clear crystallographic planes on
which fast Fourier transform (FFT) was performed (insets of
Fig. 2e and f). The diffraction patterns of the NRs are related to
the crystallographic planes: (320), (200) and (220), which are
related to the o phase of CsPbl;, and where the favorable
crystallographic plane is (200), which is a result of the growth
conditions.

By using STEM it is possible to identify the particles either
via electron diffraction or elemental analysis using EDS (energy
dispersive X-ray spectroscopy). EDS is based on measuring the
characteristic X-ray fluorescence emitted due to the interactions
of high-velocity electrons with the sample atoms. Each atom has
a different signal due to the difference in the energies of the
atoms’ shells. Fig. 3 shows EDS and STEM images of the CsPbl;
NPs. Two different kinds of NPs can be recognized: Fig. 3a—-d
show small NPs and Fig. 3e-h show larger NPs. In the case of the
larger NPs (Fig. 3e-h) we successfully performed FFT analysis

View Article Online
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that confirms the orthorhombic phase. Fig. S6 (ESIt) shows the
STEM image of this diffraction. However, we were not able to
perform electron diffraction in the case of the small NPs due to
the instability of the NPs under the electron beam. For further
characterization of the NPs we performed small angle X-ray
scattering (SAXS) using synchrotron radiation.>® The resulting
scattering curves are given in Fig. 3i and j. To obtain further
information about the dimensions of the present particles and
the interactions in the samples, the SAXS curves were fitted
using the SASfit© program. This software provides several
combinations of form and structure factor models to describe
the measured scattering curves. In either case (i) untreated and
(j) temperature treated two dimensions can be observed. Small
particles with a pronounced interaction are dominant in both
states (spherical form factor with a radius r = 0.3 nm).
In addition, the SAXS curves indicate the presence of larger
particle sizes with a spherical form factor with a dimension of
0.9 nm. Comparing the heat-treated sample with the
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(a) HAADF STEM image of small particles phase CsPbls. EDS maps of (b) cesium, (c) lead and (d) iodine. (e) HAADF STEM image of large

(orthorhombic) phase CsPbls. EDS maps of (f) cesium, (g) lead and (h) iodine. (i) and (j) SAXS curves of the perovskite precursor solution in DMSO:
scattering curve of the (i) fresh solution (RT, blue); and (j) solution heat-treated for 72 hours (dT, brown) at a concentration of 0.8 mol L™%. In both curves,
the thin red line represents the model fit, and the black dashed lines depict the respective contributions.
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untreated sample, the specific interaction of particles is more
pronounced in the case of the heat-treated sample. This is
displayed by a stronger expression of the structure factor maximum
at higher g-values, providing an inter-particle distance of roughly
1.2 nm. This evolution can be interpreted as a first indication of a
pre-crystalline arrangement in the precursor solution, which gives
rise to an expected faster crystallization process triggered by the
thermal treatment.

An additional interesting observation was the color change
of the CsPbl; solution with temperature. The CsPbl; solution
gets darker upon continuous heating (as can be seen in Fig. 4d).
In order to understand the effect of the heating time on
the particle solution we performed photoluminescence (PL)
measurements for the CsPbl; solution after 48 h, 144 h, and
192 h of heating at 180 °C, as presented in Fig. 4a-c, respectively.
Each solution was excited at several wavelengths (from 480 nm
to 620 nm in 20 nm increments). All cases show the same trend:
the PL peak is red-shifted as the excitation wavelength becomes
longer. This behavior leads to the assumption that the heated
solution contains several populations of particles including the
active (o and B) and inactive (8) CsPbl; phases in different sizes
that range between ~5 nm and 15 nm.>® In addition, it can be
observed that a long heating time also creates a red shift at each
excitation wavelength. It can be seen that in the case when the
solutions are excited at 480 nm the peak shifts from 558 nm for
48 h of heating to 590 nm and 627 nm for 144 h and 192 h of
heating, respectively. The same trend is observed at each
excitation wavelength. This shift is an indication that in the
case of the long heating time the formation of the active phase is
preferable, which creates particles emitting at long wavelengths.

~—— EX 480 ——EX 500 ——EX 520 ——EX 540

——EX 480 —— EX 500 —— EX 520 —— EX 540
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Furthermore, we observed that the range of the excitation
wavelength (i.e., 480-620 nm) becomes shorter upon continuous
heating, decreasing from 105 nm to 83 nm, and 78 nm for 48 h,
144 h, and 192 h, respectively. This decrease indicates a narrow
size distribution of the CsPbl; particles and better conversion of
the active phase upon continuous heating of the solution.
To support this claim, we extracted the full width at half
maximum (FWHM) of the PL peaks for all three solutions
(48 h, black squares; 144 h, red circles; and 192 h, blue triangles)
presented in Fig. 4e. The graph presents two regions, from
550 nm to 610 nm (yellow), which refers to the non-active phase
of CsPbl;, and from 610 nm to 720 nm (brown), which is the
characteristic region of the active phase.***” Each point
represents the PL peak position at a specific excitation wave-
length. The PL peak position is red-shifted while the FWHM
becomes narrower for all three heating times. The narrow FWHM
for the longer heating time suggests an efficient conversion of the
inactive phase of CsPbl; to an active phase and thus results in a
smaller particle size distribution.

Another trend depicted in Fig. 4e is that upon prolonged
heating the PL peak position is shifted towards the active-phase
region. In the case of the shortest heating time (48 h) it can be
seen that the PL peak position is located within the active-
phase region only when excited using a wavelength of 610 nm
(the 5th point in the graph) or higher. When heated for 192 h,
all PL peak positions are located in the active-phase region.
This is a clear indication that a long heating time of the
solution is essential to form a dispersion of active-phase CsPbl;
NPs from the original precursor solution. Moreover, we study
the film formation of CsPbl; from regular (untreated) and
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Fig. 4 Photoluminescence (PL) measurements for CsPbls solutions after (a) 48 h, (b) 144 h and (c) 192 h of heating (180 °C) using different excitation
wavelengths. (d) Images of the CsPbls solution after different heating times. (e) FWHM as a function of the PL peak position for the solution after heating
for 48 h (black), 144 h (red), and 192 h (blue). (f) Absorbance spectra of the CsPbls film made from a standard solution (blue) and a solution heated for

144 h (orange).
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Fig. 5 (a) SEM cross-section of the full device fabricated from the heated CsPbls solution. (b) J-V curve of the best device. The table shows the PV

parameters of the best device (bold) and the average of 25 devices (in brackets), which are from a solution that was heated for 72 hours.

heated solutions. The regular film was annealed at 350 °C to
achieve the black active phase, while the film formation from the
heated solution occurred already at 55 °C, changing color from
yellow to the black, PV-active phase. Fig. 4f shows absorbance
spectra for CsPbl; films that were made using a fresh solution
(blue) and using a solution heated for 72 hours (yellow). The first
was annealed at 350 °C with an anti-solvent treatment to achieve
the active phases, while the heated solution was annealed at 55 °C
converting to the active phase without any anti-solvent treatment.
Both films have the same general absorbance shape, while the
onset of the heated solution (yellow) is slightly blue-shifted,
probably due to some residues belonging to a residual PV non-
active phase. The film that was made using the heated solution
presented a brownish-black color, as can be seen in Fig. S4 (ESIt).

Subsequent to the solution characterizations we used the
dispersion of active-phase CsPbl; NPs for solar cell fabrication
using a mesoporous TiO, substrate as the photo anode on
which the dispersion of NPs was spin-coated before annealing.
The common annealing temperature of the active CsPbl; (a, B,
and y) phases is 350 °C.'® By contrast, the conversion of the
CsPbI; dispersion to the black phase on mesoporous TiO,
occurs within a few seconds at a low temperature of 55 °C
without requiring any anti-solvent treatment during the
perovskite-deposition process. It can be assumed that the NPs
serve as nucleation sites for the crystal growth of the perovskite
and thus reduce the energy required for the formation of the
active phase. Since the annealing temperature in our case is
significantly lower than the boiling point of DMSO (189 °C)*®
we assume that residual solvent molecules may remain in the
formed perovskite film. However, choosing a higher annealing
temperature (>100 °C) meant that the perovskite film
degraded after several minutes of annealing, changing its color
from black-brown to yellow. By contrast, at 55 °C the film can be
annealed for more than 30 min without any color change. To
ensure that the solvent evaporated completely we kept the
annealed perovskite film in a nitrogen environment for 24 h.
A cross-section of the full solar cell can be seen in Fig. 5a. The
corresponding perovskite layer was prepared using the CsPbl;

1742 | Mater. Adv., 2022, 3,1737-1746

NP dispersion on a ~110 nm mesoporous TiO, layer. The
perovskite forms a thin and uniform layer of ~200 nm. As
can be seen, the CsPbl; NPs form a continuous layer along the
entire TiO, region, which contributes to efficient charge trans-
fer. The good penetration of the CsPbl; NPs into the porous
layer is possible due to the smaller size of the NPs (~5-15 nm)
compared with the pore size of the TiO,. The formation of the
CsPbl; active phase on top of mesoporous TiO, was not
achieved before, and we attribute this to the presence of PV-
active CsPbI; NPs in the solution, which function as nucleation
sites for the formation of the black phase of CsPbl; on top of
the mesoporous TiO,.

V V.
Jrev o) — Jfor -oC
2 2
HI =
J Voc
rev B

The champion device based on the CsPbl; NPs demon-
strates a Js. value of 20.2 mA cm ™2, which results in a PCE of
7.3%. This is the first demonstration of low-temperature CsPbl;
crystallization without additives deposited on the mesoporous
TiO, structure. Our champion cell shows a high efficiency
compared with other devices based on CsPbl; without any
additives (yellow region), as shown in Fig. S7 (ESIf). In the
other region (green in Fig. S7, ESIT) there are devices in which
additives were used in order to form the active phase, where
most of them are fabricated with an inverted architecture.

We found that the HI (hysteresis index), calculated as
described in eqn (1) for these kinds of cells is ~0.14, where

V V
Jrev (%) and Jgor (%) are the values of each J. at half of

the V,. value (Fig. S8, ESIt).

Conclusions

This work presents the low-temperature dispersion of inorganic
CsPbl; perovskite NPs, synthesized as the active black phase

© 2022 The Author(s). Published by the Royal Society of Chemistry
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through continuous heating for 192 hours without any
additional use of organic ligands and based only on CsI and
PbI, precursors. As a result, it was possible to form a thin film
of the CsPbl; active phase at a low temperature (55 °C) without
the use of any additive or anti-solvent treatment. Using the
CsPbl; NP dispersion we were able to form for the first time a
CsPbI; perovskite layer on mesoporous TiO, in a solar cell. The
solar cell demonstrates a current density (Js.) of 20.2 mA cm ™2,
which results in a PCE of 7.3%. Using SAXS, FTIR and STEM
analyses we were able to reveal the nature of this CsPbI;
perovskite NP dispersion. The CsPbl; NPs function as nuclea-
tion sites in the dispersion for the formation of the black phase
of CsPbl; on top of mesoporous TiO,, which enables the
formation of the PV-active phase at low temperatures without
additives. This work demonstrates the low-temperature
solution-processed black phase of CsPbl;, which can function
as a light harvester in the solar cell.

Experimental

Device fabrication

Sn0,/(FTO) conductive glass (10 ohm cm™", Pilkington) was

etched via the reaction of zinc powder with HCI (37% Sigma) on
top of the glass. After etching, the glass was cleaned using a
sonication bath for 15 minutes followed by oxygen plasma
treatment (80% power, Diener). The compact TiO, layer (TiDIP,
75% in isopropanol, Aldrich, diluted 1:5 in isopropanol) was
deposited on the substrate by spin coating (5000 rpm for 30
seconds) and annealed for 450 °C for 30 minutes. This was
followed by the deposition of m-TiO, nanoparticles (30-NRD,
dyesol) (1:8 w/w% in ethanol absolute) by spin-coating (5000 rpm
for 30 seconds), where the annealing was at 325 °C for 10 minutes,
450 °C for 10 minutes, and 500 °C for 30 minutes.

For the perovskite deposition, 85 ml of perovskite solution
was added dropwise onto the middle of the substrate, followed
by a spin-coating process with a five second delay time, a ten
second spin at 1000 rpm, and a 45 second spin at 2000/3500/
5000 rpm. The cells were annealed at 55 °C for 30 minutes.
Then, 40 pL of 0.06 M 2,2',7,7-tetrakis-(N,N-di-4-methoxy-
phenylamino)-9,9’-spirofluorine (spiro-OMeTAD) in chloroben-
zene with additives of 26.2 pL/1 mL bis(trifluoromethane)
sulfonimide lithium salt in acetonitrile (520 mg mL "), 29.0 uL/
1 mL tris(2-(1H-pyrazol-1-yl)}-4-tert-butylpyridine)-cobalt(u) tris(bis
(trifluoromethylsulfonyl)imide)) in acetonitrile (300 mg mL™")
and 19.2 pL/1 mL of 4-tert-butylpyridine (Aldrich) was spin coated
at 4000 rpm for 30 s. Finally, a 70 nm-thick gold electrode was
thermally evaporated on the film under a vacuum of ~10~7 Torr.

Preparation of perovskite solutions

The perovskite solutions were prepared using a nitrogen-filled
glovebox. All of the inorganic precursors were purchased from
Sigma Aldrich. A CsPbl; solution of 1 M was prepared
by dissolving CsI and Pbl, in dimethyl sulfoxide (DMSO).
The perovskite solutions were prepared 12 hours before being

© 2022 The Author(s). Published by the Royal Society of Chemistry
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placed in an oil bath. After 12 hours the solution was trans-
ferred to an oil bath at 180 °C for 72 hours.

Encapsulation

Encapsulation was done using a Meltonix 1170-60 (Solaronix)
instrument and cover glasses (PAUL MARIENFELD) under a
nitrogen environment.

Absorbance measurements

Absorbance measurements were performed using a Jasco V-670
spectrophotometer.

Ultra-high-resolution scanning electron microscopy (UHR-SEM)

The images were obtained by using a Magellan XHRSEM system
of FEI (Field Emission Instruments), The Netherlands.
The measurement conditions were 10 kV.

Photovoltaic characterization

Photovoltaic measurements were performed using a Newport
system, composed of an Oriel I-V test station using an Oriel Sol3A
simulator. The solar simulator is class AAA for spectral perfor-
mance, uniformity of irradiance, and temporal stability. The solar
simulator is equipped with a 450 W xenon lamp. The output
power is adjusted to match AM1. The spectrally matched classic
cations are IEC60904-9 2007, JIC C 8912, and ASTM E927-05.

Fourier transform infrared spectroscopy (FTIR)

The Fourier transform infrared spectroscopy (FTIR) data
were collected using an FTIR PerkinElmer Spectrophotometer
(Spectrum 400 FT-IR). All the samples were pre-frozen using
liquid nitrogen and freeze dried at —50 °C in a vacuum
chamber. 0.01 gram of each sample was milled and mixed with
0.3 g of KBr powder, then pressed into appropriate tablets.
All the data were collected in transmittance mode.

High-resolution transmission electron microscopy (HRTEM)

The morphology and elemental composition of the NPs were
analysed using HR (S)TEM (high-resolution scanning transmission
electron microscopy), a Tecnai F20 G2 (FEI Company, USA) system.
Sample preparation was performed as follows: 3.5 pL of the NC
dispersion was added dropwise onto a copper grid coated with an
amorphous carbon film, and then the solvent was evaporated using
a vacuum chamber. Elemental analysis of the NCs was performed
using EDAX EDS (energy dispersive X-ray spectroscopy) where the
microscope was operated in STEM mode at an accelerating voltage
of 200 kv.

133Cs-NMR

The **Cs-NMR spectra were acquired using a Bruker 500 MHz
Avance IT NMR spectrometer with a '**Cs reference frequency of
65.607 MHz. Sixteen scans were acquired using a 90° pulse and
a 2.8 s repetition time.

207ph-NMR

The *°’Pb-NMR spectra were acquired using a Bruker 500 MHz
Avance II spectrometer. The solvent was DMSO. NS: 4096, DS:0,
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SWH: 1071420.625
0.0152917 sec.

Hz, FIDEWS: 65.394817 Hz,

AQ:

'H-NMR

The '"H-NMR spectra were acquired using a Bruker 500 MHz
spectrometer. The solvent was DMSO. NS: 16, DS:2, SWH:
10416.67 Hz, FIDEWS: 0.635783 Hz, AQ: 1.5728641 sec.

The '*°Cs-NMR spectra were acquired using a Bruker
500 MHz Avance II NMR spectrometer with a '**Cs reference
frequency of 65.607 MHz. Sixteen scans were acquired using a
90° pulse and a 2.8 s repetition time.

Small angle X-ray scattering (SAXS)

The SAXS measurements were performed using synchrotron
radiation at the four crystal monochromator beamline in the
laboratory of PTB (Physikalisch-Technische Bundesanstalt) at
BESSYIL>* The SAXS instrument of Helmholtz-Zentrum Berlin
(HZB) contains an adjustable, about 3 m long, support
structure with a long edge-welded bellows system to enable the
changing of the sample-to-detector distance.*® The 2D scattering
images were collected using a windowless Dectris 1M PILATUS2
in-vacuum hybrid-pixel detector. The measurements were
carried out at two different distances (0.8 m and 3.7 m) at
photon energies of 10 keV and 8 keV, respectively. Thus, a
g-range from 0.05 nm~ "' to 8.5 nm ' was covered (size range of
125.6 nm to 0.74 nm in real space). The precursor solutions
were measured using an acquisition time of 600 s with three
repetitions for the short distance and long distance to achieve
good-quality data and to monitor unwanted but possible changes
of the specimen over time (which can therefore be safely
excluded). Due to the low transmittance of the lead-containing
precursor solutions, especially thin (0.1 mm) rectangular borosi-
licate cuvettes (purchased from CM Scientific, UK) were used.

Data reduction, radial averaging and fitting: for data
reduction and for radial averaging of the 1D scattering pattern
the BerSAS software was used, an advanced version of the
BerSANS software! that is applicable for SAXS and SANS.
All SAXS curves of the investigated samples were fitted using
the program SASfit.*> In order to get a general idea of the order
of magnitude a structure model that includes a spherical form
factor and a hard-sphere structure factor was chosen to fit all
sample scattering curves. The herein investigated particles were
considered as hard spheres. Thereby, these particles are
assumed to be incompressible, resulting in a fixed radius for
each particle and an infinite repulsive force at a certain inter-
particle separation. The hard-spheres model neglects attractive
forces but describes fairly well a various number of colloids in
organic solvents.”™*> We used the Percus-Yevick approxi-
mation for hard spheres to fit the interaction of the analyzed
particles.*®*”
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