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Abstract

As a promising solar energy harvesting technology, solution-processed metal halide perovskites
(MHPs) are of great current interest in developing low-cost and efficient photovoltaic cells.
Despite their excellent optoelectronic properties and the nascent advancements in composition
tailoring and interfacial engineering to develop high performance MHPs, issues associated with
the long-term environmental stability of these materials are yet to be addressed. We examine the
moisture-induced cascade degradation reactions over a year for methylammonium lead iodide
(MAPbDI3) and formamidinium-rich (Cso.os(MAo.17FA0.83)0.95Pb(Bro.17l0.83)3) formulations at 40%
and 85% relative humidity (RH) in the air. The transformative reactions at 85% RH accelerates
the chemical degradation process in both MA-rich and FA-rich perovskites, yielding to the
different organic and inorganic byproducts within a few hours, but the exposure to 40% RH retains
the longevity of these materials up to several months. The defect passivation by
tetrapropylammonium cation (TPA*) imparts enhanced stability of MAPbI3 particles, irrespective
of the exposure conditions to water vapor. By resolving thin film morphology at sub-nanometer to
nanometer resolution using solid-state (ss)NMR spectroscopy and X-ray diffraction (XRD)
techniques, Kkinetics of degradation reactions and structural insights into the inorganic/organic
interfaces and degradation products are obtained and compared. Our findings provide mechanistic
details into the cascade degradation reactions in pristine and defect passivated MHPs, and provide
guidelines for novel passivating and interfacial engineering strategies to further improve

robustness of the MHPs with respect to environmental stressors.

Introduction



Solution-processed ABXs-type metal halide perovskites (MHPs) are crystalline
semiconducting materials, whereby the monovalent organic/inorganic cation (A) occupies the
cubo-octahedral voids of the inorganic BXe framework. Lead halide perovskites have garnered
interest in a wide range of optoelectronic applications, including light emitters, photocatalysts, and
laser devices, and these materials are also among the highest-performing perovskite solar cells
(PSCs). Single junction lead halide perovskite solar cells have demonstrated power conversion
efficiencies (PCE) of over 25%.1* Within the recent past, developments have been sought by
means of compositional tailoring of A-/X-site ions and interfacial engineering of the device layers,
enabling such PCE values to be achieved in perovskite photovoltaics.>® However, the solar cell
efficiency rapidly decreases in the presence of light, moisture, and temperature. The soft ionic
lattice of 3D hybrid perovskites is sensitive to these external stimuli, which leads to chemical
degradation of these materials and the associated photovoltaic device layers.®>** Specifically, 'A'
site and "X' site ion lability caused by these external stressors is hypothesized to contribute to the
perovskite degradation. Recently, studies have showed that the photoinduced halide migration
occurs in perovskite lattice and 'A' site cation lability triggered by water molecules in the vapor
also affects the stability of corner-shared PblxBre octahedra.!>!® Efforts to address the
environmental stability of these materials are at the forefront today.!** Among the extrinsic
factors that influence the stability, the presence of oxygen and water vapor drastically reduces the
solar cell performance due to moisture-assisted transformative reactions depending on the water
vapor concentration in the air, i.e., relative humidity, RH. For example, protocols have been
suggested to examine the moisture-induced degradation pathways of MHPs at (i) low relative
humidity (< 40% RH) and (ii) high relative humidity (>70% RH) in the air, in order to assess the

environmental stability of solar cell modules.t%’



Methylammonium lead iodide (MAPDI3) and formamidinium lead iodide (FAPDbI3) have
been widely used in developing high-performance perovskite solar cells (PSCs) due to the
favorable bandgap and high charge carrier mobility in these materails.’®>?° The tolerance factor
modulation by mixing ions of different sizes has been shown to enhance the phase stability of the
corner-sharing  perovskite phase.?? For example, FA-rich formulation involving
methylammonium (MA®), formamidinium (FA"), and cesium (Cs*) at the 'A' site
(Cs0.05(FA0.83MA0.17)0.95Pb(Bro.1710.83)3) have led to improved environmental stability as well as
solar cell performance,?® and mixed halide perovskite compositions such as iodide, bromide, and
chloride anions aid in bandgap tunability.?#? However, recent studies indicate that the multi-
cation/anion formulations also undergo degradation in the presence of external stimuli, though the
transformative reaction is deliberately slower compared to the single-cation/anion compositions.?s-
29 |n another approach to enhance the longevity of the hybrid perovskites, dimensional tailoring of
perovskites into mixed-dimensional 2D/3D phases or layered perovskite slabs separated by the
large spacer cations that cannot be incorporated in the cubo-octahedral voids has primarily been
explored. The alkyl-ammonium cations such as butylamine (BA)*°, phenylethylammonium
(PEA)*!, and aminovaleric acid iodide (AVAI)*? form layered perovskites, and the hydrophobic
nature of the organic spacer cations impede the degradation in the presence of moisture. Notably,
layered 2D/ quasi-2D  Ruddlesden-Popper phases®®*** and Dion-Jacobson phases® provide
enhanced environmental stability. Consequently, the large insulating organic layers lead to
quantum-well structures that reduce the charge transport across the perovskite layers whereas
broadening the optical bandgap, thus causing a lowering of the device's PCE compared to

conventional 3D perovskites.



Passivation of point defects in MAPDIs, FAPDbI3, and mixed-cation formulation(s) has been
used in conjunction with interfacial engineering of perovskite layer and contact layers to suppress
non-radiative charge carrier recombination, enabling high stability and PCE of about 24%.%*! It
can be achieved by incorporating small-molecule additives into the perovskite precursor solution
during the film deposition, which leads to defect passivation of perovskite grains or by depositing
layers of passivating agents on the perovskite thin films.*>#3 A wide variety of supramolecular
chemistry approaches and molecular modulators for perovskite solar cells have been proposed to
achieve defect passivation and environmental stability.*%® For example, Lewis base
tetrapropylammonium cation (TPA™) passivated MAPbI3 solar cells (non-encapsulated devices)
exhibited a PCE of 18.7% with a Tgo of 250 h, i.e., device operation time with 80% of original
efficiency retained.*” FA-rich formulation passivated with thiophene-based ligands allowed PCE
values of over 24% to be achieved with enhanced stability (Tso~3570h) and longevity of solar cell
devices.*! To this end, an atomic-scale understanding of the thin film morphology, microstructure,
and intermolecular interactions between the passivating agents and perovskite grains is crucially
important to develop interfacial engineering strategies and novel passivation ligands. Although the
outdoor operational stability of perovskite solar cells has been widely studied by tracking the
photophysical properties and power conversion efficiency as functions of light, temperature or
moisture, a detailed understanding of the morphological and structural changes that contribute to
the degradation/transformation reactions in different layers and interfaces between them is lacking.
Various analytical techniques have been used to probe the instability of MAPbIz and FAPbIs-based
perovskites, including X-ray diffraction (XRD), thermogravimetry, mass spectrometry, optical or
electron microscopy, sSNMR spectroscopy and theoretical calculations.*®>* Only a handful of

studies have used atomic-scale characterization techniques to characterize the different



degradation products and their Kinetic pathways, specifically for assimilating the long-term
environmental stability of several months.>%17 |t can be due, at least in part, to the limitations
associated with the spatial and temporal resolution of analytical techniques to probe the accurate
chemical nature of intermediates, short-lived species at minuscule concentrations in cascading
degradation pathways. Nonetheless, the role of moisture on the thin film morphology, grain size,
and long-range structural order can be obtained by electron microscopy and X-ray diffraction
(XRD) techniques.>® However, examining the degradation pathways by means of organic A-site
cations and passivating ligands is less straightforward by using long-range techniques.>® To this
end, the short-range nature associated with ssNMR facilitates the changes in local structures and
intermolecular interactions to be elucidated and distinguished. Owing to its complementary length
scale and ability to probe atomic-level interactions, sSSNMR spectroscopy has been increasingly

used to characterize photoabsorbers, contact layers and the interfaces between them.>%"°

Here, we examine one year-long moisture-induced degradation reactions in MAPDIs,
defect-passivated MAPDbI3 and FA-rich CSMAFA perovskite thin films at complementary length
scales using XRD and ssNMR techniques. The reaction kinetics of cascade reactions and the
associated degradation products are analyzed and compared. Specifically, the role of water vapor
concentration in the air (40% RH and 85% RH) on the instability of these materials are accessed.
The evolution of metastable species, interconversion between them, and the formation of different
inorganic/organic byproducts are systematically characterized by XRD and 2D ssNMR
spectroscopy technique. In addition, an overview of the different degradation reactions in MA,
FA, and Cs-based perovskites and their cation/anion alloys characterized in the study are compared

with the degradation products reported in the literature studies. A comprehensive stability



assessment provided in this study has much wider relevance, for example, to develop interfacial

engineering strategies to enhance the environmental stability of hybrid perovskites.

Experimental section

Materials and sample preparation. For MAPDI3 thin films, the precursor solution was prepared by
dissolving 1 mol/L methylammonium iodide (MAI) (159 mg), 1 mol/L Pbl, (461 mg) in anhydrous
N, N-dimethylformamide (Sigma-Aldrich), and anhydrous dimethylsulfoxide (Sigma-Aldrich)
with a 4:1 v/v ratio, respectively. The solution was kept at 70 °C overnight under stirring and then
cooled down to ambient temperature. The solution was spin-coated (MBraun SC210) on a glass
substrate according to a two-step procedure inside an Ar-filled glovebox (MBraun Unilab Pro SP),
first at 1000 rpm for 10 s and 4000 rpm for 20 seconds. During the second step, 1 mL of toluene
as an anti-solvent was dropped 10 s before the end of the program. These films were annealed at
110 °C for 30 min inside the glovebox to crystallize the perovskite structure leading to a mirror-
like dark film. For TPA" passivated MAPbI3, stoichiometric 4 mol.% of tetrapropylammonium
iodide (TPAI) was utilized to substitute MAI. For the preparation of CSMAFA thin films, the
CsMAFA precursor solution was prepared by dissolving 1.1 mol.L* Pbl, (508 mg), 0.22 mol.L*
PbBr, (80.7 mg), 1 mol.L"* FAI (172 mg), 0.20 mol.L* MABr (22.4 mg), and 0.06 mol.L* Csl
(17.5 mg) in anhydrous N,N-dimethylformamide (Sigma-Aldrich) and anhydrous dimethyl

sulfoxide (Sigma-Aldrich) with 4:1 ratio (v/v), respectively.

The different inorganic Cs lead halides were synthesized using the following procedure.>” To
obtain CsPb2Brs powder, a crystallization reaction between lead bromide (1.4 mmol) and cesium

bromide (0.7 mmol) was carried out. First, these compounds were dissolved in 6 mL of HBr (HBr,



48%, Fisher chemicals), and the resultant mixture was heated at 118 °C and stirred overnight, and
then allowed to cool down at room temperature. The precipitate was collected after a vacuum
filtration, washed by diethyl ether, and dried under vacuum at 60 °C. The different cesium lead
Br/l alloys were synthesized by using the same crystallization method by varying the
stoichiometric ratios of the precursor salts, Pbl2:PbBr2:CsBr:Csl, in HBr. Starting from CsPb2Brs,
CsPh2ls was synthesized using a halogen exchange reaction under inert atmosphere using
controlled flow of argon gas through the Schlenk line. The equimolar CsPb2Brs and lead iodide
(Pbl2) powders was mixed with 21 mL of ternary solvent mixture consisting of 1-octadecene (20
mL, obtained from Alfa Aesar, 90%), oleic acid (0.5 mL, Alfa Aesar, 90%) and oleylamine
(0.5mL, Sigma-Aldrich, 70%). The reaction mixture was heated at 160 °C for overnight, and
allowed to cool down to room temperature. The final product was collected after vacuum filtration,
by washing with ethyl ether, and dried at 60 °C (4 h in vacuum) and sintered at 160 °C (30 min).
However, the halogen exchange may not occur efficiently during this process, in order to obtain

pure CsPbls phase, leading the formation of other byproducts.

Moisture exposure conditions. Powders of pristine and defect-passivated perovskite materials
(obtained by scratching thin films) were dispersed on glass petri dishes and stored in a glass
desiccator, where the relative humidity (RH, water vapor concentration in the air) was maintained
at 40+£5%. For the exposure to moisture at 85£5% RH in the air, the particles spread on the petri
dishes were placed in a humidity-controlled hydration chamber, whereby a beaker containing
saturated KClI solution was used in a desiccator to generate 85% RH, as examined by a hygrometer
placed inside the desiccator. In both cases, the glass desiccators were stored in the dark and at 23

°C. These materials were taken out at specific time intervals for ex situ sSSNMR studies. During the



sample packing into the rotors and unpacking process (~5 minutes each), the samples were exposed

to laboratory illumination (500-700 Lux) and moderate humidity (50-60% RH).

X-ray Diffraction. Thin films deposited in glass substrates were used for the XRD measurements.
X-ray diffraction patterns of thin films were acquired in situ by Bruker D8 diffractometer with a
Cu-K, source (Acukar = 1.54056 A and Acukaz = 1.54439 A), equipped with a LynxEye detector.

Each diffraction pattern was acquired from 26 = 7° - 40° with a step size of 0.01°.

Solid-state NMR spectroscopy. Samples for solid-state NMR analysis were prepared in an identical
manner to solar cell fabrication. Pristine and passivated perovskite material was spin-coated to
glass substrates, and powders of these materials were obtained by scratching off the spin-coated
thin films. The samples were then packed either into a Bruker 1.3 mm or 2.5 mm rotor, or into
Phoenix 1.6 mm rotors. All 1D *H MAS and 2D H-'H correlation NMR experiments on pristine
and moisture-exposed perovskites were carried out on a Bruker Avance Neo (18.8 T, *H Larmor
frequency = 800.1 MHz) spectrometer. Detailed acquisition parameters corresponding to the 2D
'H-H double-quantum-single-quantum correlation and *H-tH spin diffusion NMR experiments
are given in Supporting Information (Section 1, Tables S1-S7). The H chemical shifts were
calibrated with respect to neat TMS using the *H signal of adamantane at 1.8 ppm as a secondary

external reference. 133Cs chemical shifts were calibrated with respect to 0.1 mol.L™ CsCl solution.

Results and discussion

Impact of water vapor on the structure of MAPbIs thin film. In order to probe the changes in
crystallinity and short-range structure before and after exposure to moisture at 85% RH in the air,
we combined X-ray diffraction and ssSNMR spectroscopy techniques. These results are presented

in Figure 1, whereby the changes are observed by means of XRD patterns as well as the *H NMR



chemical shifts are plotted. The morphological features of pristine and defected passivated MAPbI3
thin films are presented in supporting information (Figure S1), which exhibit favorable
morphology with grain sizes in the sub-micron to micron range, akin to the morphology of
photoactive layers in high efficiency perovskite photovoltaic devices. First, we discuss the changes
in the long-range crystallinity to identify the intermediate species and final byproducts by
analyzing the XRD patterns (Figure 1a). In the XRD patterns of the fresh material, peaks at 14.1°,
20.0°, 23.4°, 24.4°, 28.4°, and 31.8° correspond to (110), (200), (211), (202), (220), and (310)
diffraction planes of the tetragonal structure of the MAPDbI3 perovskite (space group: 14/mcm).
Upon exposure to moisture for 48h, reflections at 8.1°, 10.5°, and 12.6° corresponding to the (001)
and (-101) planes of the mono-hydrated perovskite (MAPDbI3.H20) and (001) plane of Pbly,
respectively, are observed, consistently with the previous observations.>%*7® To identify the peaks
corresponding to the different degradation products, the experimental powder patterns of fresh and
aged MAPbI; materials are compared with the simulated power patterns of the MAPbDI3,
MAPbI3.H20 and Pbl, (supporting information, Figure S2), in order to assess the phase purity of
the fresh material and the different degradation products. While these results confirm the formation
of crystalline hydrate and inorganic Pbl,, the organic degradation products, such as methyl
ammonium iodide (MALI), are not detected in XRD due to the lack of long-range order or low
concentration of MAI species or both, thus highlighting the limitation of this technique to probe

degradation reactions in hybrid perovskites.
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Figure 1. (a) XRD patterns of MAPbIs before and after exposure to moisture (85% RH) for
different durations as indicated. The peaks are labelled corresponding to Bragg planes of MAPbI3
(i, black), MAPbI3.H20 (ii, green), and Pbl (iii, red) are presented, and the crystal structure of
MAPDI3 is shown in the inset. (b) Experimental 1D *H MAS NMR spectra of MAPbI; before and
after exposure to moisture (85% RH) presented with deconvolution analysis of peak intensities of
four species: MAPDIz (i, black), MAPbIs.H2O (ii, green), MAI (iv, magenta) exhibiting signals of
NHs" and CHs groups, and H2O (v, turquoise). The deconvoluted intensities associated with
different degradation products are indicated in Table 1. All XRD patterns were acquired with the
MAPbI; thin film spin coated on glass substrates, and the *H NMR spectra were acquired for
scratched thin films at 18.8 T (*H = 800.1 MHz) and at room temperature.

The solid-state 1D *H NMR spectrum of the fresh MAPbIs (Figure 1b) exhibits two signals at 6.4

and 3.4 ppm attributed to NHs* and CHs groups of methylammonium cation. In agreement with

11



the XRD results and analysis, subtle differences in the *H lineshapes of NHs* and CHjs sites in
moisture-exposed material (17h at 85% RH) are attributable to the formation of MAPbI3.H20 as
characterized by 2D *H-'H correlation NMR spectra (Figure S3), however, the water resonance is
not observed at this exposure time.> Intriguingly, the observation of low-intensity signals at 3.0
and 7.6 ppm indicate the formation of trace amounts of methyl ammonium iodide (MAI). To
corroborate this analysis, a *H NMR spectrum of neat MAI is acquired and compared (Supporting
Information, Figure S4). The integrated intensities of simulated *H spectra enable the relative
molar fractions of pristine MAPDIs, its monohydrate (MAPbI3.H20), and MAI to be estimated,
which are 60% (black), 32% (green), and 8% (magenta), respectively (Figure 2). Further exposure
to moisture at 85% RH increases the formation of MAI, which is evident from the higher-intensity
peaks at 3.0 and 7.6 ppm. Spectral deconvolution analysis indicates that the MAI molar fraction
has increased from 8% to 47% after 34 h and 65% after 45 h. After exposure to moisture for 34
h, an additional broad peak at ~4.0 ppm emerged, which could be hypothesized to originate from
either a different form of hydrated MAPDIs/poorly crystalline PbIOH as previously observed or
surface adsorbed water molecules.> These observations are strikingly important to understand the
degradation pathways as well as reaction kinetics influenced by water molecules, the concentration
of which in the vapor plays a crucial role in the degradation process. The kinetic aspects of the
cascade degradation of reactions can be examined by the spatial and temporal resolution enabled
by the XRD and solid-state NMR techniques combined at complementary length scales.
Specifically, XRD analysis provides insights into the formation of crystalline phases such as
MAPDI3.H20 and Pbl,. This analysis reveals that approximately half of the MAPbI3 transformed
into its hydrate and/or Pbl,/MAI, allowing the half-life decay of the pristine MAPbIs films

estimated to be in the range of 10-20h. However, the remaining degradation reaction process

12



occurs at a relatively slower rate, and the transformation of MAPbIs to its degraded products takes

a few days to complete. It is consistent with our previous study, whereby the kinetics of

transformative reactions in FAPbIs occurs at different rates in hybrid perovskites with different

half-lives of the photo absorbers, further confirming that the kinetics of degradation reactions

strongly depends on the concentration of water molecules in the vapour.”’ To test this, we studied

the moisture-induced degradation reaction of the same MAPbI; material after exposure to 40% RH

using *H NMR spectroscopy.
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Figure 2. A plot of proton peak intensities of MAPbI3 as a function of moisture exposure time for

the different by products formed, which are color coded as depicted in the inset.
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Figure 3. Solid-state 1D *H NMR spectra of MAPbI; powder scratched from thin films deposited
on glass substrates before and after exposure to moisture at 40% RH. All spectra were acquired at
18.8 T (*H, 800.1 MHz) and room temperature.

Figure 3 presents 1D 'H MAS NMR spectra of MAPDI; after exposure to moisture at 40% RH,
which showed subtle changes in the resonant frequencies within the linewidth. Unlike 85% RH,
for which MAI was detected after 34 h, there are no spectral features corresponding to MAI even
after exposure to moisture at 40% RH for up to a year. However, subtle changes in the peak
positions AS(*H) = 157 Hz (within the 'H linewidths) and AS(NHs-CHs) = 3.0, 2.8, 3.1, 3.1 and
3.0 ppm (bottom to top) are observed, which is due to the interconversion between the MAPDI3
and its hydrated MAPDbI3.H20.>* The formation of MAPbls monohydrate has previously been
studied using XRD techniques.>*® In addition, the 2D *H-'H correlation spectroscopy resolves the

different *H chemical shifts hidden in the linewidths, indicating the formation of two different

14



MAPDI; phases.>* Based on these experimental results, the lineshape of a 1D *H NMR spectrum
is deconvoluted in to the separate signals corresponding to MAPbIs.H,O and MAPDI3 species. It
is noteworthy that accurate kinetic studies of the cascade degradation reactions require the time-
resolved XRD and NMR data to be more frequently acquired and analyzed, in order to construct
kinetics plots from which the order of the reactions can be extracted and compared. In addition,
the reaction kinetic and the half-lives of the reactants depend on the concentration of water

molecules in the vapor.
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Figure 4. Solid-state 2D *H-'H spin-diffusion (top) and DQ-SQ correlation (bottom) NMR spectra
of MAPbI3 thin film acquired before (a, b) and after exposure to moisture: (c, d) at 85% RH and
(e, f) at 40% RH, respectively. All the spectra are acquired at 18.8 T (*H, 800.1 MHz) and room
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temperature, using powders obtained by scratching the thin films deposited on a glass substrate.

Peaks corresponding to the different byproducts are color coded as depicted in Figure 1.

To resolve the *H peaks corresponding to the different degradation products, we carried out 2D
'H-H correlation NMR experiments. Given the low sample mass (approximately a milligram of
powder obtained by scratching the thin films) and longer spin-lattice (T1) relaxation times of up to
30 seconds associated with these materials, the 2D correlation experiments require longer
acquisition times of the order several hours, which limits the temporal resolution of 2D sSNMR to
examine the kinetics of degradation reactions. Nonetheless, 2D spectra of these materials before
and after moisture exposure were acquired and compared to identify the peaks corresponding to
the different degradation products and their local structures. We applied *H-*H spin-diffusion (SD)
and double-quantum-single-quantum (DQ-SQ) correlation experiments to characterize organic
cations and different degradation products in MAPDIs. These experiments produce 2D peaks for
closely proximate and through-space dipolar coupled H-H pairs at sub-nanometer distances, which
shed light on the formation of different byproducts, their local structures and interactions. In a 2D
SD experiment, spin magnetization exchange occurs between the chemically inequivalent proton
sites in MA cations, yielding off-diagonal peaks. For fresh MAPbIs (Figure 4a), the off-diagonal
peaks between 3.4 and 6.4 ppm indicate the magnetization exchange between the methyl and
ammonium protons, as highlighted by the grey rectangle. In addition, the DQ peaks can be excited
for *H-H spin pairs (< 5 A) in methyl and ammonium groups of MA*, which are detected at the
sum of SQ frequencies along the indirect (vertical) dimension of the 2D DQ-SQ correlation
spectrum (Figure 4b). The on-diagonal DQ peak at 3.4 + 3.4 = 6.8 ppm and 6.4 + 6.4 = 12.8 ppm
corresponds to H sites in the methyl and ammonium groups of MA* cations, respectively. The
off-diagonal DQ peak at 3.4 + 6.4 = 9.8 ppm along the indirect dimension is due to intramolecular

'H-1H dipolar interactions between methyl protons and ammonium protons.
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For the aged MAPDI; (85% RH, 45h), the *H-H spin-diffusion spectrum (Figure 4c, S5) displays
diagonal and cross peaks corresponding to the MAPbIs (grey rectangle) and its hydrate (green
box), as well the peaks at 7.5 and 3.0 ppm associated with the ammonium and methyl groups of
MAI (magenta), respectively. The absence of cross-peaks between the MAPbIz and MAI moieties
(red circles) indicates that these moieties are not molecularly intermingled within the same
domains/grains, rather spatially distributed into the different domains. The DQ-SQ spectrum
(Figure 4d) of the same material shows peaks that are akin to what is observed in MAPbIz with
subtle distortions in the CH3 peak (grey arrow), indicating the formation of MAPbIs hydrate,
however, 2D peaks for MAI are undetected due to the lack of long-range order. The 2D peaks
originating from the MAPbI3.H20 are detected with higher intensities when the MAPbIs is exposed
to 85% RH for 17h, as indicated in the supporting information (Figure S3 displays an additional
set of on-diagonal DQ signals at 6.6 ppm and 12.6 ppm, which shows the presence of MA* cations
in different local chemical environments).>* This analysis confirms that the water vapor
concentration plays a detrimental role in the degradation Kinetic as well the types and
concentrations of the different byproducts. To confirm this, similar experiments and analyses were
carried out after exposure to MAPbI3 for over a year at a relatively low water vapor concentration
(45% RH). The 2D 'H-H SD and DQ-SQ spectra (Figure 4e, 4f) of aged MAPDI; (40% RH, 1
year) do not display the peaks corresponding to MAI, consistently with the analysis of 1D *H NMR
spectra presented above. However, a broadening of the diagonal and cross peaks due to the
formation of the solid solution of the MAPbIls.H,O phase is observed.”® Key learning from this
study is that the combination of XRD and ssNMR study allows the moisture-induced degradation
of organic cations and inorganic species to be identified and distinguished. The observed long-

term stability of MAPDI3 at a low concentration of water vapor (RH <40%) is consistent with the
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study by Wang et al, which showed the performance of the Ag/spiro-
OMeTAD/MAPDI3/TiO2/FTO/glass PSCs is not significantly affected even after aging the

material at 40% RH for 100 days.’®

Impact of defect passivation on the moisture-induced degradation of MAPDI .

The longevity of MAPDI3 thin films can be enhanced, in part, by defect passivation of grain
boundaries. For example, the addition of a Lewis base tetrapropylammonium iodide (TPAI) at a
low concentration (2-4 mol%) in conjunction with Pbl> (9 mol%) reduces non-radiative energy
losses and enhances the stability of MAPbIz-based solar cells by passivation of the surface defects
through TPA* and lower-dimensional TPAPbsle within the grain boundaries.*” It is of particular
interest to understand how the passivating agents impact the kinetics of degradation reactions in
MAPDI3 thin films. To examine the role of surface passivation on MAPbIs moisture-induced
degradation, we acquired and compared the X-ray diffractograms and 1D/2D *H NMR spectra of
MAPbDIs treated with 4 mol.% of TPA passivating agent before and after the exposure to moisture
at 85% RH. In the XRD plot (Figure 5a), the fresh material exhibits diffraction peaks at 14.1°,
20.0°, 23.4°, 24.4°, 28.4°, and 31.8° which are attributed to the (110), (200), (211), (202), (220),
and (310) diffraction planes of the passivated MAPbIs perovskite. The lattice cell parameters are
identical to MAPbIs: a = 9.002(2) A, ¢ = 12.937(2) A, and a cell volume V = 1048.4(2) A3,
suggesting that the addition of TPA* does not lead to MAPbDI; lattice expansion or shrinkage.
Exposure to moisture at 85% RH for over 2 days yields a set of new diffraction peaks at 8.0°, 10.5°
and 12.6° corresponding to (-101) and (001) planes of MAPbl3.H20 and Pbl,.’® Intensities of these
peaks increase as a function of moisture-exposure time. Interestingly, the intensity corresponding

to the (—101) plane of MAPbIs.H2O after exposure to 72h at 85% RH in MAPbIs. TPA (Figures
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5a) is less intense compared to the same reflection in aged MAPbIs (72h, 85% RH) as presented
in Figure 1a, indicating the enhanced stability obtained by the TPA passivation. The low intensity
diffraction peak at low angle (20 = 8.1°) corresponds to the low-dimensional TPAPbaslg, which is
formed at miniscule concentrations when Pbl> is added during the synthesis of MAPDI3. TPA,
consistently with the previous study.*” A detailed lineshape fitting analysis of the experimental
powder XRD patterns of moisture aged MAPbI3. TPA materials and the associated byproducts are
provided in Supporting Information (Figure S6), and compared with the simulated power patterns
of the MAPDbI3, MAPbIs.H>O and Pbly, in order to assess the phase purity of the fresh material and

the different degradation products.
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Figure 5. (a) XRD patterns of MAPbI3. TPA (4 mol%) before and after exposure to moisture (85%
RH) with Bragg reflections labelled for MAPbI3 (black), MAPDbI3.H20 (green), and Pbl (red). (b)
Solid-state 1D *H MAS NMR spectra of the same material before and after exposure to moisture
(b) at 85% RH and (c) at 40% RH, acquired at 18.8 T (*H, 800.1 MHz) and room temperature.

The complementary information on the moisture-induced degradation reactions and kinetics in

MAPbI3. TPA (4 mol%) can be obtained by analyzing 1D *H MAS NMR spectra (Figure 5). In the
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1D H NMR spectrum (Figure 5b) of fresh MAPbI3. TPA (4%), the strong intensity *H peaks at
3.5 and 6.5 ppm are due to MA™ cation in MAPbIs, and the weak intensity signals at 4.9, 1.3, and
0.9 ppm due to the NC*Hy, CPH, and CHj3 protons of TPAY, respectively. The *H NMR spectrum
of neat TPAI shown in the Supporting Information (Figure S7) further corroborates the spectral
analysis. After exposure to moisture (85% RH, 15h), the intensity of the H signals associated with
TPA™ cation decreases, and a new peak at 4.0 ppm emerges upon prolonged exposure. More
importantly, a weak intensity peak centered at 7.3 ppm appeared in the *H spectrum (Supporting
Information, Figure S8, magnified inset) acquired after exposure to moisture for 48h, which can
be ascribed to the -NH3" peak of MAI, that is present in very low concentration, unlike what is
observed in the pristine MAPbIs. A low concentration of MAI is formed even after 72h exposure
to 85% RH, which is estimated to be < 5%, compared to over 65% in MAPDI3, suggesting that the
introduction of TPA* cation enhances moisture stability and decelerates the kinetics of moisture-
induced degradation reactions of MAPDbI3.47>* Likewise, the extent of water vapor concentration
plays a crucial role in driving the degradation pathway forward for the same MAPDbI3. TPA
(4mol.%) material. It is noteworthy that the *H NMR signal of the water molecules could have a
broad feature and difficult to resolve, which further depends on the concentration of water
molecules. For example, water peaks are detected with much higher intensities when the materials
are exposed to 85% RH for 3 days (Figures 1b and 5b) than the same material under low RH of
40%. Next, we exposed the defects passivated MAPbIs. TPA (4mol.%) material to 40% RH and
IH NMR spectra were acquired at different time periods (Figure 5¢). While these spectra show no
particular signatures of the peaks corresponding to the degradation products, however, a
broadening of the proton peaks for the -NCH> site of TPA™ cation is observed after 9 months of

exposure to 40% RH. More importantly, the peaks corresponding to MAI are undetected even after
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1 year of exposure to 40% RH, suggesting the formation of MAI is hampered, which can be

attributed as improved longevity of MAPDbI3z-based thin films.
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Figure 6. Influence of defects passivation of MAPbIs using Lewis base TPA on the degradation

reactions at different water vapor concentration. Solid-state 2D *H-!H spin-diffusion (top) and DQ-
SQ correlation (bottom) NMR spectra of MAPbI3. TPA (4mol.%). (a, b) fresh (c, d) 72h exposed,
85% RH and (e, f) 1 year aged, 40% RH, respectively, acquired at 18.8 T (*H, 800.1 MHz) and
room temperature. All samples for sSNMR analysis were obtained by scratching the thin films

deposited on glass substrates.
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Correspondingly, 2D *H-H SD and DQ-SQ correlation NMR techniques and analysis (Figure 6)
were applied to elucidate the local structures of MA™ and TPA™ cations as well as to probe the
moisture-induced structural changes. Information on through-space interactions between the TPA
cations and MAPbI3 materials are obtained by analyzing the 2D *H-'H SD spectra acquired with
different spin diffusion mixing times (Supporting Information, Figure S9). Analysis of 2D *H-'H
SD spectra of fresh and aged MAPDI3. TPA (4mol.%) for different exposure times to moisture are
presented in supporting information (Figures S9 and S10). For fresh MAPDbI3. TPA (4 mol.%), the
2D H-H SD spectrum acquired with 500 ms mixing time (Figure 6a) displays strong intensity
off-diagonal peaks due to intramolecular *H-'H dipolar interactions between methyl and
ammonium proton of MA" cations (grey rectangle) as well as intermolecular *H-'H dipolar
interactions between MA* protons and TPA* protons (blue shaded rectangle), corroborating the
inter-molecular interactions between TPA™ passivating agent and MAPbIs. The cross-peaks
between CPH; and NC*H: groups of TPA* are not detected owing to the low concentration of these
cations, which suggests that, at least in part, the TPA" moieties well dispersed and passivated on
the MAPDIs material. If TPA cations are phases separated, then the strong cross peaks would have
appeared, dur to close through-space proximities between these molecules. For the same material,
Figure 6b presents the 2D *H-'H DQ-SQ spectrum, which shows the on-diagonal DQ peaks at 1.8
ppm, 2.6 ppm, and 9.8 ppm, stems from the short proximities between protons within methyl,
CPH_, and -NC“H, groups of TPA*, respectively (a detailed analysis is presented in supporting
information, Section 12). After exposure to MAPbIs. TPA (4 mol.%) to moisture for 72 h at 85%
RH, the 2D 'H-'H SD spectrum (Figure 6c) corroborates the decreased intensity of TPA* cations
since the off-diagonal peaks between the TPA™, and MA" signals are poorly detected. The magenta

rectangle in Figure 6¢ highlights the emergence of MAI as it marks the cross-peaks between the

23



methyl and ammonium protons of MAI. However, the 2D *H-*H DQ-SQ NMR spectrum (Figure
6¢) shows the 2D peaks identical to those observed in the fresh sample, except the on-diagonal
peak of NC“H group (as shown in the red arrow). The absence of this signal is consistent with the
reduced intensity of TPA™ cations in the 1D spectra owing to subtle changes in its Lewis base
properties in the presence of moisture. Notably, XRD analysis further corroborates these results
on the long-range order by displaying the peaks corresponding to the MAPbIs phase even after
exposure to moisture for 72h (Figure 5a), indicating the moisture exposure has less impact on the

defect passivated MAPDbI3 material.

After a year of exposure to low water vapor concentration (40% RH), we acquired 2D NMR
spectra (Figure 6e,f) of MAPDI3. TPA (4 mol.%). While the diagonal peaks of the NC*H> group of
the TPA* group are also not detected in the 2D *H-'H SD NMR spectra (Figure 6e), a diagonal
peak at 4.0 ppm which is hypothesized to be originating from the adsorbed water is detected. In
addition, an off-diagonal peak between CPH; protons of TPA* and methyl protons of MA* cations
is detected. This observation indicates that some TPA* cations are located, at least in part, in close
proximity to MA*, however, the intensity of these off-diagonal peaks is reduced when compared
to the fresh sample. In particular, the off-diagonal peaks between MA* ammonium protons and
those of TPA™ are poorly detected, suggesting local changes in the affinity interactions at the
MAPbI; surface. These results are further corroborated by acquiring and analyzing the 2D *H-tH
SD spectra of fresh and moisture aged materials acquired with different mixing times, as shown in
Supporting Information (Figure S9). Nevertheless, no signal corresponding to the MAI phase is
detected for the aged MAPDI3. TPA material (at 85% RH for 72h) as compared to the MAPDI3
material (65% MAI is formed after gaining at 85% RH for 72h), indicating that the passivation by

TPA moieties enhances moisture stability of the MAPbIz material. The 2D DQ-SQ correlation
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spectrum of this sample (Figure 6f) exhibits the on-diagonal peaks that are reminiscent of the fresh
material, but the intensities of the peaks associated with NC*H. groups of TPA™ are decreased, and
a peak broadening is observed, indicating the disorder in the local chemical environments of TPA*
cations. These results confirm that the concentration of water molecules plays an important role in
determining the instability of defects passivated hybrid perovskite thin films. Although the defects
passivation reduces the degree of penetration of water molecules into the perovskite framework,
exposure to high water concentration (85% RH) may lead to surface wettability of TPA* species,
allowing the water molecules to ingress into the MAPbIs lattice leading to the formation of
byproducts in the form of MAI, as detected in the 2D *H-'H SD spectra (Supporting Information,
Figures S9 and S10). The most significant result of this study is that the different degradation
reactions and Kinetics of transformative reactions as function of water vapor concentration are

resolved by complementary XRD and ssNMR spectroscopy techniques.

Moisture stability of Cso.0s(MA0.17FA0.83)0.95Pb(Bro.17los3)s (CSMAFA).

The FA-rich cation alloys such as Cso.os(MAo.17FA0.83)0.95Pb(Bro.i7lo.ss)s (CSMAFA) have been
used to develop high-performing single-junction PSCs with PCE over 23%°%° as well as tandem
devices with silicon with certified PCE of over 29%.8! The introduction of Cs* and FA* cations is
expected to enhance the thermal stability of the perovskite material.828% Although the instability
in FAPDI3 is studied by multiscale characterization techniques, the moisture-induced degradation
reactions in triple cation CSMAFA are seldom studied.>”® Changes in the local structures of A-
site cations such as Cs*, MA™, and FA" in this formulation can be investigated by ssNMR
spectroscopy. Specifically, the high sensitivity due to 100% isotopic natural abundance and
moderate gyromagnetic ratio, y(***Cs) = 0.13 y(*H) and spin | = 7/2, and sufficiently large chemical

shift dispersion associated with *33Cs NMR enable the local chemical environments of Cs cations
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in perovskite to be identified and distinguished. Here, we examine *Cs and *H sites to unravel
the role of moisture on the morphology and stability of CSMAFA thin film before and after
exposure to moisture. For the pristine CSMAFA, the 13Cs signal at ~30 ppm (Figure 7a) is ascribed
to the Cs™ in the CsMAFA perovskite framework. For the triple cation formulation studies, the
signal is displaced from the shifts reported in the literature due to the variation in the local chemical
environment in terms of neighboring halide in purely cesium-based perovskite phases.> For
moisture-exposed CSMAFA (85% RH for ~7 days), 1**Cs MAS NMR spectrum exhibits a peak at
~30 ppm as well as a distribution of peaks centered at 286 ppm, which can be attributed to the
extra framework Cs* cations in Cs-based inorganic compounds.®” To identify the plausible
byproducts, we synthesized and characterized CsPh,Brxls.x compounds (x = 1-5, i.e.) using powder
XRD and *3Cs MAS NMR spectroscopy. For these compounds, and the precursors used in the
synthesis, powder XRD patterns are presented in Supporting Information (Figure S11), and
compared with the PXRD patterns of CSMAFA before and after exposure to moisture. A detailed
XRD analysis suggests that the ternary halogen-plumbate compounds such as CsPb2Brs could be
one of the byproducts formed, although the presence of analogous Cs containing lead iodide
compounds cannot be merely ignored (Supporting Information, Figures S11 and S12).85°° For
example, the existence of CsPbzls has recently been reported.® In addition, the 1D 33Cs MAS
NMR spectra of these compounds exhibit $33Cs peaks in the range of 200-300 ppm (Supporting
Information, Figure S13), which could be attributable to the different local chemical environments
of the Cs atoms in §-CsPbls, CsX (X= Br, 1) and CssPbBrs.%>' The combined XRD and NMR
analysis indicates that the Cs™ cations migrate, at least in part, from the perovskite framework in
order to form layered 2D perovskite formulations as well as non-perovskite phases. Although a

precise chemical nature of these non-perovskite phases is difficult to establish due to dilute
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concentration and the compositional and structural heterogeneity, as evidenced by the broad
distribution of **Cs chemical shifts (200-300 ppm), we hypothesize the byproducts are among the
CsPb2Br«lsx compounds (with x = 1-5), 3-CsPbls and Pbl.. The partial Cs* ion leaching from the
perovskite framework raises a question regarding the local changes and the distribution of the other
organic cations, such as MA* and FA", in the perovskite framework. To elucidate the local
structures of MA™ and FA™ cations in CSMAFA before and after exposure to moisture, we acquired
1D H and 2D 'H-'H correlation NMR spectra. In the 1D *H NMR spectrum of the pristine
CsMAFA (Figure 7b), the MA™ cations produce peaks at 3.4 ppm and 6.3 ppm, respectively, and
the ammonium and methylene protons of FA™ resonate at 7.4 and 8.2 ppm, respectively. Upon
aging at 85% RH, 1D *H NMR spectrum exhibited identical signals for MA* and FA* cations, but
line narrowing for the MA™ and FA™ peaks is observed, which can be reasoned to the local ordering
of organic cation resulting from cationic rearrangements as some of the Cs* cations leave the

perovskite framework to form the byproducts.
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Figure 7. Solid-state 1D NMR spectra of CsSMAFA powder scratched from the thin films deposited
on the glass substrates. (a, ¢) 133Cs (104.9 MHz, 18.8 T) MAS and (b, d) H (800.1 MHz, 18.8 T)
MAS spectra before and after exposure to moisture at (a, b) 85% and (c, d) 40% RH. All spectra

were acquired at room temperature.
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Likewise, the water vapor concentration is expected to play a significant role in governing the
stability of the CsSMAFA thin films. Upon exposing the CsSMAFA material at 40% RH, an
additional *3Cs signal is observed at 278 ppm (Figure 7c) after 8 months (instead of 17 h for 85%
RH). This signal is attributable to the formation of non-perovskite inorganic Cs compounds —
identical to those observed in the case of CSMAFA at 85% RH, but these moieties are formed at a
much slower rate owing to the lower RH. The 1D *H NMR spectrum of CSMAFA aged at 40%
RH for up to a year (Figure 7d) is identical to that of CSMAFA exposed to 85% RH during 167 h.
These results conclude that some of the Cs™ cations remain in the perovskite framework, and the
others tend to migrate out to form the non-perovskite structure even in the presence of a low

concentration of water molecules. This raises a question regarding other A-site cations in the

composition.
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Figure 8. Solid-state 2D *H-'H SD NMR spectrum of CSMAFA acquired with 500 ms mixing
time for (a) pristine and after exposure to moisture for (b) 167h at 85% RH and (c) 1 year at 40%

RH. Peaks correspond to MA™, and FA™ cations are color coded as depicted in the boxes.

29



In order to probe the spatial proximities between A-site organic cations in CSMAFA, we analyzed
2D H-H SD spectra acquired with 500 ms of mixing time before and after exposure to moisture.
In the 2D SD spectrum of the fresh material (Figure 8a), the peaks depicted in the grey-shaded
rectangle (3.4-6.6 ppm) correspond to MA™ cations, and the 2D peaks in the cyan-shaded rectangle
(7.4-8.6 ppm) correspond to the FA™ moieties, respectively. Specifically, the 2D peaks highlighted
in the orange-shaded rectangle indicate the intermolecular dipolar interactions between the MA”*
and FA* protons. For the aged CSMAFA, the 2D *H-'H SD spectrum (Figure 8b) showed identical
cross-peaks but with less intensity suggesting that the exposure to moisture leads to the partial
clustering of MA* and FA* cations.®? It has been shown that the driving force for such local
clustering of organic cations is the increased dynamical freedom, which lowers the free energy of
the system.®? However, the 2D SD spectrum acquired after exposure to moisture for 1 year aged
at 40% RH leads to the cross-peaks with higher intensity (Figure 8c), further corroborating that
the concentration of water molecules influences the degradation kinetics of CSMAFA thin films.
Interestingly, the moisture-aged CsMAFA thin film did not show the signatures, irrespective of
the aging conditions, corresponding to the formation of MAI or 6-FAPbI3 phase that are among
the degradation products of MAPbI; or FAPbIs materials.”” This result is intriguing and calls for

the further investigation of FA™ and MA™ cation stability in the CSMAFA formulation.

Moisture-catalyzed transformative reactions and degradation products.

Figure 9 summarizes the different reaction pathways and the intermediate species produced by the
exposure of perovskite thin films to moisture at different relative humidity levels, as characterized
by XRD and ssNMR techniques. These results indicate that the MAPbI3 transforms into the solid
solution of its hydrate, Pbl2, and MAI (Figure 9a) in the presence of a relatively high concentration

of water vapor (85% RH), but the same material in the presence of low water vapor content (40%
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RH) leads to an interconversion between MAPDI3 and its monohydrate inhibiting the degradation
reactions to complete. Therefore, the degradation pathways and the associated reaction kinetics
depends strongly on the water vapor concentration in the air, which can be identified, distinguished
and quantified (Figure 2) by 'H MAS solid-state spectroscopy in conjunction with. In contrast to
this, the defects passivated MAPbIz. TPA(4mol.%) tends to undergo transformative reactions at a
much slower rate than pristine MAPbI3 even at high concentration of water vapor (Figure 9b),
leading to enhanced moisture stability, although a minuscule concentration of MAI (~5%) is
formed after exposure to moisture for over 3 days.*”** The longevity of this material is further
enhanced in the presence of low water vapor concentration in the air (40% RH). Despite of the
hygroscopic nature of TPAI, the strong affinity interactions between the TPA* and MAPbI®
reduces the water ingression, enabling the longevity of this later against moisture, consistently
with the enhanced stability in the solar cells.*” Intriguingly, the FA-rich CSMAFA appears to be
relatively more stable against moisture among the hybrid perovskite thin films analyzed in this
study. However, some of the Cs* ions appear to migrate from the perovskite framework to form
non-perovskite inorganic compounds (Figure 9¢). The organic cations (MA*, FA*) tend to be part
of the perovskite structure even after exposure to moisture for a prolonged duration of up to one
year. This is particularly intriguing because the pristine a-FAPbIs,”” a-CsPblz,%%* and MAPbI5%*
are unstable with respect to moisture, but their mixed cation CSMAFA is comparably more stable.
Different affinity interactions between the A-site cations and inorganic lead halide octahedra leads
to the different degradation reactions, and migration of A-site cations from the perovskite
framework into the non-perovskite phases occurs in the presence of water molecules. Kinetics of
these transformative and reconstructive reactions depends strongly on the concentration of water

molecules in the vapor. We hypothesize that the A-site cation distribution, in addition to the other
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factors such as mixed halides, plays a role in determining the moisture stability of triple cation
formulation. However, a detailed understanding of cation mapping in this formulation using XRD

and ssNMR techniques is less straightforward and necessitates further investigation.®2
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Figure 9. Proposed reaction degradation pathways of (a) MAPbIs, (b) MAPbIs. TPA (4 mol.%)
and (c) CsMAFA thin films after exposure to different water vapor concentrations (85%/ 40% RH)

based on this study.

Different degradation products of MA FA, and CsMAFA-based perovskites studied by different
analytical techniques are summarized in Table 1. A broad spectrum of analytical techniques,

including XRD and electron microscopy, are suitable for tracking the morphological changes in
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the perovskite thin films under external stressors. Short-range probes such as SSNMR spectroscopy
and other structural elucidation techniques are particularly important to correlate and complement
the results obtained by long-range probes. In addition, in situ techniques with adequate spatial and
temporal resolution need to be applied to gain insight into the structural changes in order to
comprehensively understand the macroscopic physical performance of the PSCs devices.
Morphological features resolved by the combination these techniques at different length scales are
expected to provide path forward to characterize isolated thin films of perovskites and charge
transport layers, and interfaces between them in stacked devices, in order to understand and
compare the different powder conversation efficiencies exhibited perovskite solar cells. In
particular, A-site cations have dramatic impact on the overall stability and phase behavior of 3D
perovskite thin films. Mixed A-site cation and X-site anion alloys such as CSMAFA benefit from
the adjustable tolerance factor in stabilizing the perovskite structure. The impact of A-site cations
on the formation, phase behavior, stability and optoelectronic properties of 3D perovskites can be
characterized by multitechnique approach. In addition, distribution of these A-site/X-site ions in
the perovskite lattice also plays a role in governing (in)stability. Therefore, these methods and
analyses is can be used to acquire deep new understandings of structure-stability-property

relationships in perovskite photovoltaics.
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Table 1. Moisture-induced degradation products in hybrid perovskites as analyzed by

different characterization techniques.

Exposure to

Characterization

Material Byproducts formed Ref.

moisture technique
MAPDI3 (thin-

40% RH MAPDI3.H20 ssSNMR This work
film)
MAPDI3 (thin-

85% RH MAPDI3.H20, MAI  XRD, ssNMR This work
film)
MAPDI3. TPA

40% RH MAPDbI3.H20 ssSNMR This work
(thin film)
MAPDI3. TPA

85% RH TPAPbale, MAI XRD, ssNMR This work
(thin film)
CsMAFA (thin- 5-CsPblz, CsPb2Brs,

40% RH sSNMR, XRD This work
film) Pbl,, CsPb2Brylsx
CsMAFA (thin- 3-CsPbls, CsPb2Brs,

85% RH ssSNMR, XRD This work
film) Pbl, CsPb2Brxls-x
MAPbDI3

80% RH MAPDI3.H20 ssSNMR 51
(polycrystalline)
MAPbDI3 Aqueous

MAPbI3.H20, Pbl; ssSNMR 51
(polycrystalline)  solution
MAPDI3 Aqueous
MAPbDI3.H20 XRD 78

(polycrystalline)  solution
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MAPbDI3
(polycrystalline)
MAPbDI3 (thin-
film)

MAPbDI3 (thin-
film)

MAPbDI3 (thin-

film)

CsMAFA (thin-

film)

a-FAPbI3 (thin
film)
a-FAPDI3

(polycrystalline)

Aqueous

solution

90% RH

Water vapor

60% RH

85% RH

85% RH

85% RH

MA4Pbls.2H,0

MA4Pbls.2H,0

MA4Pbls.2H,0

Pbl,

CsPb,Brs, Cso.05-x
(MAo.17FA0.83)0.95

Pb(Bro.17-2ylo.s3+2y)3

d-FAPDI3

5-FAPDI3

XRD

XRD

Grazing incidence X-

ray diffraction

XRD

TEM, XRD, ssNMR

FT-IR, AFM, XRD

XRD, ssNMR

95

96

97

98

57

99

77
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Conclusions

Understanding the transformative and cascading degradation reactions of hybrid perovskites is a
crucially important factor in developing environmentally stable perovskite-based optoelectronic
devices. This study provides molecular level insights into the different degradation pathways and
the formation of byproducts, and how such reactions influence the long-term moisture stability
and reaction kinetics for up to one year for MAPDbI3, MAPbI3. TPA (4 mol%), and CSMAFA thin
films. These degradation reactions occur by forming organic/inorganic and hybrid byproducts, and
the equilibrium between the reactants and products depends on the concentration of water
molecules and aging time, as analyzed by XRD and ssNMR techniques. For MAPbIs, exposure to
moisture (85% RH) leads to the formation of MAPbIls monohydrate, Pblz, and MAI, whereby
ssNMR spectroscopy aids in determining dilute organic degradation products that are challenging
to detect using XRD techniques. The higher water concentration (85% RH) shifts the equilibrium
towards the formation of byproducts, and the relatively low water vapor concertation (40% RH)
leads to an equilibrium between the fresh material and its hydrates. As a result, the moisture
stability of MAPbIs can be adjusted from a few hours to several months, depending on the aging
condition. Surface defect passivation by TPA* cations impedes the moisture-induced degradation
processes, however, prolonged exposure to a harshly humid condition (85% RH) triggers the
degradation reactions. For CSMAFA, exposure to moisture leads to partial elimination of Cs*
cations, but organic cations tend to preserve the perovskite structure even after exposure to
moisture (45% RH) for over a year. These understandings and key results provide essential
structural insights into the perovskite instability and the associated kinetics aspects, and thus
expected to provide a guidance to the design of interfacial engineering in order to develop stable

and efficient formulations for perovskite photovoltaics.
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