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Obtaining long-term stable and robust perovskite
colloids solution remains an important scientific chal-
lenge due to the limited interaction between solvent
and perovskite solutes. Here, we unveil the formation
mechanism of chemically robust perovskite precursor
solutions under ambient conditions using methylam-
monium acetate (CHzNHz*CHzCOO, MAAc) protic
ionic liquid (PIL) solvent. Tens of nanometers colloids
are assembled on the molecular level via regular ori-
ented gel-like lamellae with a mean thickness of
34.69 nm, width of 56.81 nm, and distance of 91.05 nm.
Stable colloids could be realized in the MAAc
precursor solution with uniform distribution through
N-He*+O=C-O" intermolecular hydrogen bonds and
the O=C-0O" (Ac") and Pb* coordination interactions,
in which the coordination number of Pb?* ions
increased slightly from 1.6 + 0.2 to 1.7 + 0.4 as the
MAACc precursor concentration increased, leading to
the Pb-O scattering distance of only 1.7 A in the R
space. Moreover, first-principles molecular dynamics
simulations also demonstrate that the Ac™ anions can
promote the formation and stabilization of precursor
solutions. These interactions yielded more stable
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perovskite colloids precursors solutions compared to
traditional N,N-dimethylformamide and dimethyl
sulfoxide solution under heat stress, air aging, and
electrolytic dissociation. The abundant varieties of
robust PIL solvents could potentially facilitate the
success of many perovskite-based optoelectronic
devices.
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We reveal the truth of perovskite precursor colloids chemically robust and long-term processing ability, by

perovskite solutes. The resulting understanding motivates us to use and develop various robust PIL solvents,

which potentially facilitate the success of many perovskite-based optoelectronic devices.

Keywords: perovskite colloids, protic ionic liquid,
X-ray absorption fine structure spectroscopy, coor-
dination interaction
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Introduction

The metal-halide perovskites are promising candidate
materials for use in high-performance photovoltaics,
light-emitting diodes (LEDs), lasers, detectors, field-
effect transistors, and other optoelectronic devices due
to their superior physical and electronic properties."
These achievements have been realized through the
solution processability of perovskites materials, where
the metal halide salts are dissolved in aprotic polar sol-
vents by coordination interactions, hydrogen-bonding
effects, Lewis acid-base intermediates, and so on.”" So,
a robust perovskite precursor solution, which contains
stable colloid particles in a mother solution of dissolved
ions, is important to obtaining high-quality thin films and
single crystals.”® Currently, the limitation of precursor
solution chemistry stems from the limited solubility of
metal halides in the most used common solvents of
N,N-dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO). The weak coordination interaction between
Lewis acid, for example, Pbl,, and Lewis base, for exam-
ple, DMF or DMSO, highly limits the stability of perovskite
colloids.™™™® The antisolvent method must be performed in
a glovebox for the DMF/DMSO precursor solution.”™
This has hindered the reproducibility and potential mass
production of stable and robust perovskites. In the case
of a methylammonium acetate (MAAc) precursor solu-
tion, the perovskite films were prepared regardless of
humidity by a simple one-step method without an anti-
solvent treatment or air-processing approach.?°? There-
fore, the discovery of robust solvents and colloidally
stabilized precursors are important in the commerciali-
zation of solution-processed perovskite-based photo-
physical and optoelectronic devices.

Here, we report stable metal halide perovskite colloids
in the protic ionic liquid (PIL) MAAc. We found that tens
of nanometers colloids are assembled on the molecular
level through regular oriented gel-like lamellae with a
mean thickness of 34.69 nm, width of 56.81 nm, and
mean distance of 91.05 nm. Chemically robust perovskite
colloids were obtained through forming N-HeeeO=C-O~
intermolecular hydrogen bonds and the O=C-O~ (Ac)
and Pb?* coordination interactions with Pb-O distance of
only 1.68 + 0.01 A, which has been suggested to be
difficult in traditional DMF or DMSO solvents. The Pb-lI
bonds were totally replaced by more stable Pb-O bonds,
whereas the isolated I~ were protected through the for-
mation of N-Heee|~ hydrogen bonds, which allow stable
colloids even under heat stress, air aging, and electrolytic
dissociation conditions. Furthermore, first-principles mo-
lecular dynamics (MDs) simulations reveal that the Ac”
anions can promote the formation and stabilization of
precursor colloids solution. Up to nine perovskite com-
ponents, including organic-inorganic hybrid perovskites,
all-inorganic perovskites, and tin-based perovskites,
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were systematically investigated with serious degrada-
tion in the DMF/DMSO solution in just a few hours, while
no visible changes in the MAACc solution was found up to
several days. Moreover, highly stable colloids were gen-
erated in nine more PILs even after one-month air aging.
Therefore, understanding the gelation processes of
perovskite precursors in solvents could lay a foundation
for improving colloidal stability and device performance.

Experimental Methods
Materials

Methylammonium iodide (MAI, 99.9%) and all other
amine hydroiodates and hydrobromates were purchased
from Advanced Election Technology Co., Ltd. (Yingkou,
China). Lead iodide (Pbl,, 99.99%), cesium iodide
(99.8%) and stannous iodide (99.9%) were purchased
from TCI Development Co., Ltd. (Shanghai, China). Ace-
tonitrile (ACN, 99.8% anhydrous), DMF (99.99%), DMSO
(99.5%), chlorobenzene (99.9% anhydrous), ethanol
(EtOH, 99.9% anhydrous), acetone, isopropanol (IPA,
99.9% anhydrous), acetic acid (HAc, 99.99%), and other
aliphatic acids were used as received from Sigma Aldrich
Trading Co., Ltd. (Shanghai, China). The methylamine
solution (~40 wt % in H,O) and any other amine solution
were all purchased from Aladdin Biochemical Technolo-
gy Co., Ltd. (Shanghai, China). Unless otherwise noted, all
the reagents were used without additional treatment.

Synthesis of protic ionic liquids

HAc (57.6 mL) and methylamine solution (180 mL) were
stirredina 500 mL round bottom flask in anice water bath
for 2 h. After stirring at O °C for 2 h, the resultant solution
was recovered by reduced pressure rotary evaporation at
65 °C for 1 h to produce synthesized PIL MAAc. The liquid
product was put into a refrigerator for 2 h to crystallize.
The solid powder was rinsed three times with diethyl ether
andthendissolvedinabsolute ethanol. Then, the resultant
solution was recovered by rotary evaporation at 65 °C for
1h again. Finally, the liquid products were cooled to room
temperature before use. The ionic liquids family, including
methylammonium formate, MAAc, methylammonium
propionate, ethylammonium acetate, propylammonium
acetate, n-butylammonium acetate, butylammonium
propionate, butylammonium butyric, pentammonium ac-
etate, and hexammonium acetate, all have the similar
optimized synthesis process.

Preparation of perovskite precursors

To prepare the MAPbIz precursor solution, MAI and Pbl,
powder were dissolved in DMF/DMSO (volume ratio is
4:1) and PIL solvents. The obtained precursor solutions
were stirred at 65 °C for 2 h in an inert-atmosphere
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glovebox. The precursor concentration for Fourier trans-
form infrared spectroscopy (FTIR), nuclear magnetic
resonance (NMR) spectroscopy, and thermogravimetric
analysis (TGA) was 1.2 M (DMF/DMSO) and 0.6 M
(MAACQ); the precursor concentration for the aging test
and electrochemical measurement was 0.2 M; for
small-angle X-ray scattering (SAXS) and X-ray absorp-
tion fine structure spectroscopy (XAFS) the concentra-
tion was 0.2, 0.3, and 0.4 M, respectively; for UV-visible
absorption spectroscopy and photoluminescence map-
ping, the precursor concentration was 1 x 107* M. We
denoted 0.2, 0.3, and 0.4 M as 02, 03, and 04 in the
article.

Characterizations

The crystal structure was measured on a Rigaku (Smart
Lab 3kW) X-ray diffractometer (Rigaku Co., Ltd., Tokyo,
Tokushima) (Cu Ka radiation, A = 1.5406 A) under the
operation conditions of 40 kV and 30 mA at test speed of
0.02 per step. UV-vis-NIR absorption spectra were con-
ducted on a Shimadzu UV 1750 spectrophotometer
(Shimadzu Corp., Kyoto, Japan). The photoluminescence
(PL) mapping (3D scan mode) characterization was car-
ried out on the FL7100 Fluorescence spectrophotometer
(HITACHI Instruments Co. Ltd., Shanghai, China). The
excitation wavelength was in the range of 200-450 nm
and the monitoring window was 450-650 nm. Dynamic
light scattering measurements were conducted by a
Zetasizer Nano 55 ZS instrument (Malvern Panalytical
Co., Ltd., Shanghai, China) with a 633 nm He-Ne laser. The
X-ray photoelectron spectroscopy (XPS) measurement
was performed on a PHI Versa Probe lll scanning XPS
microscope (ULVAC-PHI, Inc., Kanagawa, Japan) with
monochromatic Al K-alpha X-ray source (1468 eV).

Results and Discussion

Stable perovskite colloids precursor solution
behaviors

Considering the stability and performance of ionic liquids
in comparison to traditional solvents, we aimed to discov-
er the molecular assembling mechanism of PIL that could
potentially coordinate with metal ions and be firmly sur-
rounded with intermolecular hydrogen bonds in a robust
precursor solution. Here, we sequentially observed the
colloidal behavior of different compositional perovskite
precursors (MAPblz, FAPbIz, CsposFA0o5Pblz, CsPbls,
FA0.85MAp 15Pbls 55Bro.a5, BASMAzPb4liz, MASNHI3, FASNIS,
and CsSnlz) in DMF/DMSO and organic PIL MAAc solvent
under continuous aging in an ambient environment
(Figure 1and Supporting Information Figure S1) and con-
tinuous heat stress (Supporting Information Figure S2).
We noticed a significant change in the pellucidity and
colorasthe precursors became turbid and dark, indicating

DOI: 10.31635/ccschem.022.202101629
Citation: CCS Chem. 2022, 4, 3264-3274
Link to VoR: https://doi.org/10.31635/ccschem.022.202101629

that they had deteriorated, for example, through the
oxidation of Sn?* and decomposition of formamidi-
nium.?>?* Particularly, after adding additional solvents,
such asIPA, ACN, EtOH, and water (H,0), the DMF/DMSO
precursors foamed immediately, became highly turbid,
and precipitated after stirring for several hours
(Supporting Information Figure S3 and for details see the
Supporting Information Movie S1). In contrast, the MAAc
precursors showed a negligible changein clarity and color
under the same test, which indicates excellent stability of
the MAAc precursor solution.??® Although perovskite pre-
cursors are generally not heated for such a long time
(~2h) and placedinaninert atmosphere, this aging stress
deteriorates the DMF/DMSO precursors when the stirring
time is prolonged, or the solution is continuously heat-
ed.”®® Moreover, various organic PILs were synthesized
(Supporting Information Figure S4), which could all
completely dissolve 0.2 M MAPbIz to generate highly
stable precursor colloids after being stored in air for
1 month.

To investigate the effect of the deterioration of
perovskite precursors on the photovoltaic device perfor-
mance, we constructed current density-voltage (J-V)
curves of the best-performing devices based on DMF/
DMSO (Supporting Information Figures S5a and S5¢) and
MAAc (Supporting Information Figures S5b and S5d)
perovskite precursors solutions under continuous aging
in air or heat in a glovebox. The precursor aging led to a
significant decrease in the open circuit voltage (Vo) and
short-circuit current density (Jsc) of the solar cells
obtained from the DMF/DMSO precursors solution. In
contrast, there is negligible differences in the power
conversion efficiencies of devices using the MAAc pre-
cursor solution, which indicates the good reproducibility
of high-performance perovskite solar cells and excellent
stability of the MAAc precursor solution.

In an ionic electrolyte, free ions act as charge carriers,
and the redox reactions occur at the electrodes. These
reactions are generally accompanied by the precipitation
of the solid products.?®*? To identify the characteristics of
the precursor solution, we constructed an electrolytic cell
system, as shown in Figure 2a. The current-voltage (C-V)
cycling of the DMF/DMSO and MAAc perovskite precur-
sor solutions (Figures 2b and 2c¢) and corresponding pure
solvents (Supporting Information Figure S6) were com-
pared under the same potential bias. An obvious voltage
reduction from 0.3 to 0.15 V was observed in the redox
reaction threshold of the DMF/DMSO precursor solution,
indicating the unstable state of the ionic electrolyte.
When Pbl, and MAI were dissolved in the DMF/DMSO,
an electrolyte with good ionic conductivity was formed.
This led to a current approximately 40-fold higher than
that of the pure solvent, indicating the presence of free
and random ions in the solution.”’” However, the C-V
cycling of MAACc precursor showed a negligible shift and
no obvious redox reaction feature without difference due
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Figure 1| Perovskite colloids precursor solution behaviors of traditional solvent and PIL. Photographs of the perovskite
precursor solutions with different compositional precursors (MAPbIz, FAPbIs, CSp o5FA0.05Pbls, CsPbls, FAp gsMAoG.1s
Pbls 55Br 0. 45 BA>MAzPbl;z, MASNIs, FASnls, and CsSnlz) in either MAAc (right) or DMF/DMSO (left) solvents with

continuous aging in ambient environment.

to the formation of stable, regularly distributed, and
highly charged ion micelles. In addition, according to the
long-term current-time (I-t) curve, the redox reaction
current of the DMF/DMSO precursors was two orders of
magnitude higher than that of the MAAc precursors
(Figure 2d and Supporting Information Figure S7).

To quantify the migration and ion diffusion coefficients
of precursors solutions, the electrochemical impedance
spectroscopy (EIS) under different potential biases was
also carried out. The free ion transfer and migration was
faster and the redox reaction at the electrode was stron-
ger under different potential biases in the DMF/DMSO
precursors than in the MAAc precursors (Figures 2e and
2f). To gain further insight into the charge-transfer pro-
cess from the precursor electrolyte to the electrode, the
Mott-Schottky analysis was plotted as shown in
Supporting Information Figures S8 and S9. The donor/
acceptor density (Np/a) was three orders of magnitude
higher than that of the MAAc precursors, indicating the
better electrochemical stability of the MAAc precursor.
Furthermore, the electrochemical behavior of DMF/
DMSO (Figure 2g) and MAAc (Figure 2h) precursors as
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electrolytes in electrolytic cells over a duration of 0-6 h
under a potential bias of 0.6 V was observed (the elec-
trochemical behavior under a potential bias of 1.5 V are
shown in Supporting Information Figure S10). The DMF/
DMSO precursors precipitated dendrite Pb compounds
(Supporting Information Figures S11 and S12), suggesting
Pb?* and I~ ions existed in the original precursor, in which
reduction of Pb?* and |- are the core reason for the
deterioration of perovskite solution.?” However, no sig-
nificant change was observed in the MAAc precursor
solution upon charging. These results indicate that de-
spite various perovskite components, MAAc PIL protects
them by forming regular enormous micelles with good
electrochemical stability, thereby preventing cation re-
duction or anion oxidation.

Probing the coordination mechanism

The extremely high charge density in the ionic liquids
leads to strong electrostatic shielding, which causes a
decrease in the Coulomb repulsion. This interaction may
be weaker than the van der Waals attraction.?®*°
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Figure 2 | Electrochemical characteristics of the perovskite colloids precursor solutions. (a) lllustration of the
electrolytic cell showing the redox reaction occurring in an ionic electrolyte. Cycling C-V curves of the DMF/DMSO
(b) and MAAc (c) perovskite precursor solutions. The arrows indicate threshold shift of the redox reaction.
(d) Relationship between the current () and reaction time (t) of the DMF/DMSO and MAAc perovskite precursor
solutions. Alternating current (A.C.) EIS of the DMF/DMSO (e) and MAAc (f) perovskite precursors under different
potential bias. Difference in the electrochemical behavior of the electrolytic cells using DMF/DMSO (g) and MAAc

(h) precursors as electrolyte for durations from O to 6 h.

To understand the origins of colloidal stabilization in the
MAAc PIL, a series of experiments were conducted to
characterize the interactions between the perovskite
colloids and solvents. FTIR spectroscopy revealed that
the stretching vibration of S=0 in the pure DMF/DMSO
solvent appeared at 1045 cm™, from which the wave-
number shifted to 1025 cm™ for its precursor solution
(Supporting Information Figure S13a).”'® In contrast, the
stretching vibration peaks of the C=0 in MAAc solvent
were located at 1566.4 and 1005.2 cm™, while the corre-
sponding peaks shifted to 1549.3 and 996.7 cm™ in the
MAAc precursor solution due to the coordination

DOI: 10.31635/ccschem.022.202101629
Citation: CCS Chem. 2022, 4, 3264-3274
Link to VoR: https://doi.org/10.31635/ccschem.022.202101629

interaction with the Pb?" ions (Supporting Information
Figure S13b).222* Moreover, the NMR spectroscopy further
confirmed the formation of a stable colloidal precursor
solution. The '"H NMR spectra showed a stronger upfield
chemical shift of the resonance signal of -NHz" protons in
the MAACc precursor (from 8.14 to 7.88 ppm) than in the
DMF/DMSO precursor (from 7.55 to 7.44 ppm). This
difference in the chemical shift is attributed to the stron-
ger shielding effect of the N-Hee*O=C-O~ hydrogen
bond compared to the N-Heee|~ hydrogen bond
(Figures 3a and 3b).*°*' However, the ®C chemical shift
in the DMF/DMSO solvent and perovskite precursor

-~
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Figure 3 | Probing the coordination mechanism of the perovskite colloids. The 'H NMR spectra of DMF/DMSO (a) and
MAAc (b) perovskite precursor solution with deuterated DMSO-dg at 295 K. Liquid-state *C NMR spectra of the C=0
with DMF/DMSO (c) and MAAc (d) precursor colloid. The dash line indicates the shift of the asymmetric and symmetric
stretching vibrations of the CHzCOO™ jon upon interaction with Pb?* jon. (e) Normalized Pb XANES spectra of the Pb
centers in all precursor samples. The absorption coefficient, u, is a function of energy (E); yu(E) is a function of E.
The EXAFS spectra and fits in the R space observed on the Pb L-Ill edge of the precursor solution prepared using
DMF/DMSO (f) and MAAc (9). y(R) is the function of the interatomic distance R space.

solutions did not significantly change. Meanwhile, the ®
chemical shift changed from 175.31 ppm in pure MAAc to
175.65 ppm in the resultant colloidal precursor solution
because of the strong binding between the O=C-O~ and
Pb?" ions,*>** from which the lone pair electrons of O
were attracted by Pb?', resulting in the decrease of elec-
tron density at the adjacent C atom and enhancement of
the deshielding effect (Figures 3c and 3d). Although after
long-term I-t measurement, the 'H and *C NMR spectra
still showed a similar chemical shift in the MAAc precur-
sor (Supporting Information Figure S14).

Furthermore, the coordination chemistry of the Pb?*
ions in the precursor solutions was analyzed by XAFS
on the Pb L-lll edge (Figure 3e). The X-ray absorption
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near-edge structure spectroscopy (XANES) of the Pb
L-1ll edge in the solutions confirmed that the Pb?" ions
coordinate with the I~ ions in the DMF/DMSO solutions,
which are labeled with a blue circle (Supporting
Information Figure S15).3%* The coordination environ-
ment of the Pb?" ions in the MAAc precursor solution
was distinctly different from that in the DMF/DMSO
solution according to the extended X-ray absorption fine
structure spectroscopy (EXAFS). The Fourier transform
(FT) curves of [k*w(k)] are shown in Figures 3f and 3g. In
the DMF/DMSO solution, a dominant peak at R = 2.98 A
was observed in the FT spectrum, which corresponds to
the Pb-I| scattering path (Supporting Information Figure
S16). The MAI strongly impact the coordination number
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(CN) of Pb?" ions as it varies from 2.4 + 0.5to0 3.4 + 0.5
in the DMF/DMSO perovskite precursor (Supporting
Information Tables S1 and S$2).%¢ In addition, the sec-
ondary scatterings path appeared near R = 2.52 A on the
FT spectrum corresponding to the Pb-O scattering dis-
tance. However, in the MAAcC precursor solution, the only
peak on the FT spectrum was located at R = 2.31 A. This
corresponds to the Pb-O scattering path, which
is hardly affected by the concentration and MAI
(Supporting Information Figure S17).5%8 To quantify the
coordination effect, we fitted the coordination para-
meters of the Pb? ions using two paths from the Pbl,
-DMF structure.®® The CN of the Pb? ions increased
slightly from 1.6 + 0.2 to 1.7 + 0.4 as the MAAcC precursor
concentration increased from 0.2 to 0.4 M (Supporting
Information Tables S3 and S4). Therefore, the R value in
the MAAc was smaller than that in the DMF/DMSO, these
results demonstrate that the coordination interaction of
Ac” ion is much stronger than DMF/DMSO, thereby form-
ing a stable precursor component. Interestingly, the
transformation of the coordination chemistry environ-
ment was directly observed via an intermolecular substi-
tution process, which strongly indicates the variation of
coordination interaction from Pb? and | to Pb?* and O=C-
O~. (Supporting Information Figure S18 and Movie S2).
These interactions determine that the robust precursor
solution avoids the destruction by water and oxygen.*°

Determining the interaction between
perovskite colloids

The shapes and sizes of the micelles were measured at
different concentrations using synchrotron SAXS. After
background subtraction, the scattering plots showed
similar SAXS patterns at a 0.2 M precursor concentration,
which is typical for colloidal solutions (Figure 4a and
Supporting Information Figure S19).2°4 In comparison,
a suspension of perovskite colloids in DMF/DMSO had
a qualitatively different SAXS pattern from the cluster
aggregates, with a pronounced peak at g ~ 0.1-0.8 A,
suggesting that the solution of DMF/DMSO was inhomo-
geneous.?®**%° Analysis using software, a program that
enables the shape and size to be determined from SAXS
data, showed that the irregularly orientated clusters are
lamella-like with a mean thickness (d) of 5.12 nm, mean
width (w) of 11.10 nm, and mean distance (L) of 16.22 nm
between the lamellae in the DMF/DMSO (Figure 4b and
inset).*? This is in contrast with the MAAc gel-like lamel-
lae, from which the mean thickness, width, and distance
values of 34.69, 56.81, and 91.05 nm, respectively, were
obtained with completely regular orientation (Figure 4c
and inset, Supporting Information Table S5). In these
ion clusters, Pb? ions are coordinated with acetate
and surrounded by N-Heee|~ intermolecular hydrogen
bonds interactions. Halide ions are protected by hydro-
gen bonds in ionic liguids, and amines are relatively
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isolated in this system until the solvent is removed.
This is consistent with the results from dynamic light
scattering (Supporting Information Figure S20), in
which tens of nanometer-sized gel-like lamellae were
monodispersed.’®3443

An illustration of the distribution and interaction be-
tween the solvent and solute is shown in Figure 4d. The
clusters aggregated as the concentrations increased in
the DMF/DMSO. However, this process was different
when the perovskite solvates were dissolved in the MAAc
because of the strong coordination interaction and hy-
drogen bonding. These results confirm that the homoge-
neous structure of the micelles in the MAAc perovskite
precursor was composed of colloids that are uniform in
size, similar in shape, regular in orientation, and identical
in nature. These stable micelles were formed without
destruction of Pb?" and I~ by coordination interaction,
hydrogen bonding, and van der Waals forces, which
leads to no obvious absorption of I3~ and a strong emis-
sion peak around 575 nm (Supporting Information
Figures S21 and S22).2?7*” TGA showed that MAAc can
form a low boiling-point homogeneous precursor solu-
tion, which indicates that the faster evaporation of the
solvent will also facilitate the supersaturation and accel-
erate the crystallization of perovskite (Supporting
Information Figure S$23).%

To gain further insights into the atomic mechanisms
underlying the colloidal micelles, we performed first-
principles MD simulations based on density functional
theory on the chemical interaction between the Pbl,
crystal and MAAc PIL (Supporting Information Figure
S24).2834 The strong-affinity Ac™ ions anchored to the
dangling bond of Pb?" in iodine-deficient Pbl, via the
electronic donor C=0, and it largely occupied the iodine
positions in the Pbl, crystal lattice (Figure 4e). The Pb?*
ions are effectively passivated by Ac™ through forming
covalently bonded Pb-O bonds which further displaces
other iodides in the proximity. This agrees with the XAFS
and SAXS spectra.®”*® In particular, the adsorption energy
(E.) per molecule above iodine vacancy of Pbl, shows
that up to three acetate ions participate in the coordina-
tion, which means that the Pb-O binding is strongest
(Supporting Information Table S6). The existence of
acetate can promote the infinite transformation of Pbl,
structure to PbAc liquid phase structure, and finally form
stable PbAc liguid composite structures. We generated a
model of composite structure with iodides replaced by
acetate and found that this structure remained stable at
300 K.** The hybrid is stable according to the stable
energy in our MD simulations (Supporting Information
Figure S25). We observed that Ac™ ions drive and
stabilize the formation of PbAc composite liquid
structures upon coordination formation, which in turn
prevent the deterioration of perovskite precursors.®*4
N-HeeeO=C-O~ hydrogen bonds and van der Waals
forces further stabilized this structure as tens of

£y


https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.022.202101629
https://doi.org/10.31635/ccschem.022.202101629
https://doi.org/10.31635/ccschem.022.202101629

©CCS

COMMUNICATION

Chemistry

a b) 1.0 c) 1.0
(@) —— 02DMF/DMSO precursor ( )0.8- — 02DMF/DMSO precursor (c) i —02MAAc precursg
10° . —— 02MAAC precursor
P 0.6 0.6| 4 R‘d
0.4} l‘;
= 02} \ L./2
0.0 - ==== S
W\ 1 |
-0.2 \ \ L
M | ) :
-0.4} (l\ | 1 \. ‘
60 90 120 150
r (nm)
J':‘ J':‘ J'; J:i.‘ J.?; JA"; J."(:‘
Ry Ry Ry Ry Ry Ry KB
L9 L0 1@ Lo 19 S8 19 2.
SR R PR R W L PRC L R R R
e e e o
¢ T e = X 3 e ¥ OL 0L 00,00 0L 01,0
T 7 Syt s VoS e G DN Dol U S T U oL LN HLP VLS VAL VLS VLS VAILS VLS
bl K, R A, A O e A
I T . . e e .:.,.'..:."‘..r
A P I A N I I N R o X TP R TTr R P dl Trdl Pralty
Laviel ‘.-v%.""'?o, '}’a.’ ‘.Q?J-O.Jx  TH dp Thlp T dp Vb d T A ¥
R0 9" 7 & ) % gl - - &~ P X & -
2) &% ) N ~"t~ Ry o2 CEPCRPCLPCE PR PPk
SR TN, o e e e
‘ K / ST - " . 4 L L9 _Te 10 10 19 10 0
$ 3 3% 3% I o Rt ol PR RPN R PR L PR L R R E R )
TUTRNE 0 "" A WA U ¢ p b Kb Ko N %Y P ?S'J‘«?g‘)’-,ffiﬂffn-‘gﬁ 3?)’-«3.)’«-‘
e L . (et I\ By ey b 3 ol
D XK @G DA D%, R @ i A @ £ 0L 0% 00 0% 00 0%, 0|
'.'xa“ ~*’“’* h,“' S el el fel el ; Pk X
8 Y .3:‘.)),:*. x99 .:«_;0').:;‘_ O x40 K "ﬁ “rQ' % 2e -;r« :‘(« :‘(«},‘

DMF/DMSO precursor

Carbonyl/
Metal Halide Sulfoxide
Sn**/Pb** ‘ X ‘) C=0/$=0

MAAc precursor

Qe € o ¢« V&O
.r“x MA* (“'—}: Ac” &\/‘o‘ DMSO ¥ DMF
« ¢

Figure 4 | Determining the interaction between perovskite colloids using traditional solvent and ionic liquid. (a) SAXS
intensity of the perovskite precursor colloids. |, scattering intensity; q, scattering vector. Fitting of the precursor
colloids distribution in (b) DMF/DMSO and (c) MAAc with a one-dimensional correlation function model with and
without irregular orientation, respectively. Inset shows the schematic of the distribution of the lamellar structures with
a mean thickness (d), and width of the micelle region (w), mean distance between the lamellas (long period, L), and
maximum distance between the lamellas, L. (d) lllustration of the distribution and interaction between the solvent
and solute (DMF/DMSO, left; MAAc, right). (e) Side view of the strong adsorptions of three Ac™ ions above single iodine
vacancy site. (f) Side view of the MDs trajectories of the two oxygen atoms of the Ac™ ion adsorbed at the iodine
vacancy site simulated under 300 K. (g) Side view of the differential charge density plot. The yellow (blue) color
indicates the charge loss (accumulation) of electrons upon adsorbing Ac™ ions at iodine vacancy.

nanometers colloids via regularly oriented gel-like lamel-
lae (Supporting Information Figure S26). Detailed analy-
sis of the projected MD trajectories shows that the
oxygen atoms of acetate always rotate around the Pb
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atom during the whole MD process (Figure 4f). Top and
side views of the trajectories and displacements of the
two oxygen atoms of the Ac™ ion adsorbed at the iodine
vacancy site are shown in Supporting Information Figure
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S27, which reveals that the motion of the Ac™ ion is
always stabilized in a region of 3 A around the Pb atoms
(Movies S3 and S4). Such a strong chemical interaction
was accompanied by a prominent charge transfer and
state hybridization when the Pb coordinated with ace-
tate; the electronic states of the oxygen atom were
delocalized and transferred to the neighboring Pb atom,
which essentially accounts for the stability of the precur-
sor (Figure 4g and Supporting Information Figure S28).

Conclusions

We demonstrated the successful application of an en-
vironmentally friendly alternative organic PIL MAAc in
obtaining stable metal halide perovskite precursors and
high-performance solar cells under heat stress, air aging,
and electrolytic dissociation. Through probing the coor-
dination mechanism of the perovskite colloids in precur-
sor solutions, we found that the presence of complete
regular-orientated gel-like colloids lamellae, of tens of
nanometers in size, in the MAAc instead of traditional
DMF/DMSO solvent was confirmed. These colloids com-
bined in the precursor solution through O=C-0O~ and Pb?*
coordination interaction, N-HeeeO=C-O~ hydrogen
bonds, and van der Waals forces. First-principles MD
simulations indicate that the Ac™ anions can promote the
formation and stabilization of precursor colloids solution
via the above interactions. Therefore, the PIL solvents
can potentially facilitate the boost of many perovskite-
based (such as lead-free, low-dimensional) photovoltaic,
lasers, thin film transistors, detectors, LEDs, and other
optoelectronic devices.

Supporting Information

Supporting Information is available and includes experi-
mental procedures, Figures S1-S28, Tables S1-S6, and
Movies S1-54.
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