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Abstract 

Transformative and reconstructive reactions impart significant structural changes at particle 

boundaries of hybrid perovskites, which influence environmental stability and optoelectronic 

properties of these materials. Here, we investigate the moisture-induced transformative reactions 

in formamidinium based perovskites FAPbX3 (X=I, Br) and show that the ambient stability of 

these materials can be adjusted from a few hours to several months. For FAPbI3, roles of water 

vapor, particle size, and light illumination on the kinetic pathways of the cubic () transformation 

to the hexagonal () phase are analyzed by X-ray diffraction, optical microscopy, 

photoluminescence and solid-state NMR spectroscopy techniques. The grain and sub-grain 

boundaries exhibit different →-FAPbI3 phase transformation kinetics. Our study suggests that 

the dynamic transformation involves the local water-induced dissolution of the cubic phase 
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occurring at the crystal surfaces followed by precipitation of the hexagonal phase. Insights into 

structures and dynamics of a kinetically trapped |-FAPbI3 are obtained by 1H, 2H, and 207Pb 

ssNMR spectroscopy.  

 

TOC graphic 

 

 

Metal halide perovskites (MHPs) are attractive for many applications in optoelectronics, 

photovoltaics, photocatalysis, laser, and display technologies due to their intriguing optoelectronic 

properties.1–3 Despite the merits of MHPs, such as low cost fabrication and excellent optoelectronic 

properties,4–7 these materials are notorious for their “volatile” chemistry with respect to external 

stimuli such as light, moisture, pressure, and temperature.8–10 Much research is therefore focused 

on improving the environmental stability of MHPs: strategies include compositional and 

dimensional tailoring,11 defect passivation, additive, and interfacial engineering approaches.12–14  

Perovskite formulations containing formamidinium (FA) cation exhibit enhanced thermal 

stability, paving the way towards stable and efficient formulations that are also among the highest 

performing perovskite solar cells today.15–20 Encouraged by this progress, efforts to address the 
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long-term stability with respect to the rigorous standards of the damp heat test (International 

Electrotechnical Commission IEC-61646 stability assessment at 85 °C and 85% relative humidity 

in the air for over 1000 h) is at the forefront of hybrid perovskites research.21,22 To date, these tests 

have been done on FA-based alloy compositions used in solar cells: methylammonium-

formamidinium lead bromide-iodide (MA, FA)Pb(Br, I)3, (Cs, FA)Pb(Br, I)3 and (Cs, MA, 

FA)PbI3.
23–25 Within the recent past, much efforts have been expended to the stabilization of 

black()-FAPbI3 phase using additive and interfacial engineering strategies that lead to stable and 

efficient photovoltaic cells.12,13,15,26–31 However, in order to understand how to further improve the 

stability of such alloys and neat formulations, we must first understand the transformative reactions 

and degradation of the reference compounds with single-cation/single-anion compositions, FAPbI3 

and FAPbBr3. We, therefore, turn our attention to these two compositions, with particular attention 

paid to FAPbI3, as this composition is known to be less stable at near ambient temperatures.32,33 

The dynamic interface between corner-sharing lead halide octahedra and organic cations 

is thought to affect the instability in perovskites, which further depends on compositions and other 

external stimuli that lead to structural deterioration and point defects. For FAPbI3, the metastable 

black cubic phase () converts to the yellow hexagonal phase () at ambient temperatures.34,35 The 

transition → FAPbI3 occurs through various intermediate stages, separated by a free energy 

barrier of the order of hundreds of meV. This barrier results in a large thermal hysteresis between 

the → transition occurring at 350 K, whereas the → transition occurring at 290 K, and 

explains at least in part, how the -FAPbI3 can be kinetically trapped at ambient temperature.35 

Several in situ and ex-situ characterization techniques have been used to study phase stability in 

FA-based and FA-rich perovskites.10,30,36 It has been suggested that the grain boundaries are 

susceptible to water-ingress, leading to → phase transformation.37 However, this reaction is 
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reported to endure between hours to months to complete, as different studies report the different 

synthetic, fabrication, and aging conditions.38–40 In addition, photo thermal induced resonance 

(PTIR with a spatial resolution of ~100 nm) and time-of-flight secondary ion mass spectrometry 

(TOF-SIMS) techniques have been employed to characterize the humidity-induced phase 

transformations and to probe surface and sub-surface compositions in FA-rich perovskites.41 Solid-

state NMR (ssNMR) spectroscopy is a local probe that provides information on the structures and 

dynamics in hybrid perovskites with site-specificity: for example, ssNMR techniques have been 

used to gain insight into chemical doping, cation-ordering and dynamics, interfacial engineering, 

phase stability, and degradation products.42–48 However, a precise understanding of how water 

molecules induce a “catalysis-like” transformative reaction, i.e., how water reacts without directly 

integrating into the initial perovskite () or the final non-perovskite () FAPbI3 structures, and 

insight into the nature of the intermediate phase(s) is lacking, which necessitates further 

investigation. Because this reaction contributes to the FAPbI3 instability that rigorously affects the 

performance of solar cells, it is crucially important to understand the molecular origins of the phase 

transition, kinetic and thermodynamic factors, which influence the degradation of hybrid 

perovskites.49  

Here, we examine the → FAPbI3 transformative reaction triggered by moisture as a 

function of particle size, concentration of water vapor in the air, and laboratory light illumination. 

The transformative reactions are characterized at different length scales using X-Ray Diffraction 

(XRD), optical microscopy, photoluminescence, and ssNMR spectroscopy techniques. 

Specifically, local chemical environments of organic cations and lead octahedra in black (), 

yellow (), and intermediate () phases are analyzed by 1D 1H, 2H, 207Pb, and 2D 1H-1H and 1H-

207Pb ssNMR spectroscopy. The reaction kinetics, rate constants and half-lives were measured and 
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compared for the black FAPbI3 particles exposed to moisture at different conditions and durations. 

We then introduce on-the-fly deuteration approach of NH2 sites in FA+ cations to capture the 

different dynamic behaviors of FA+ cations in the intermediate phases. The −FAPbI3 exhibits 

excellent air stability for several months at ambient temperatures and at 40% RH. However, it 

transforms into −FAPbI3 within a few days upon exposure to moisture at 80% RH, whereby the 

laboratory illumination further accelerates this transformation. In contrast to FAPbI3, FAPbBr3 

particles show enhanced moisture stability over a range of moisture exposure conditions, which 

indicates choice of halogen atom plays a significant role in governing the environmental stability 

of hybrid perovskites. 

Figure 1 shows the cubic () to hexagonal () phase transition in bulk crystals as observed by 

powder X-Ray Diffraction (XRD), photoluminescence (PL), and solid-state 1H and 207Pb NMR 

spectroscopy. For XRD, the close match in peak locations and intensities between the simulated 

and experimental XRD patterns (Supporting Information, SI, Figure S1) indicates that the powders 

of the  and  phases are phase-pure in bulk.7,50 For the FAPbI3 after 8h of hydration (100% RH), 

the characteristic (100) peak of the delta phase appears near 12°, and the transformation is 

complete after 21h (Figure 1a). To examine the moisture stability required for the IEC 61646 damp 

heat test, we then acquired XRD patterns of the same FAPbI3 material as a function of exposure 

time to moisture at 85% RH (SI, Figure S2), which indicates that the complete → FAPbI3 

transformation takes longer than 2 days to complete. These two stability tests confirm that the 

water vapor in the air has a detrimental effect on the ambient stability −FAPbI3 phase. These 

results are corroborated by the PL studies (Figure 1b) of neat −FAPbI3 phase that shows a strong 

PL intensity peak at 790 nm and a weaker PL intensity (non-normalized) for the intermediate phase 
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(85% RH, 15h of exposure) and no PL intensity for the hexagonal phase after 45h of exposure to 

moisture.  

 

To examine the cubic () to hexagonal () phase transition more closely, we employed 

high-field 1H and 207Pb ssNMR spectroscopy. Specifically, the 207Pb chemical shift is sensitive to 

Pb-I distances, apical Pb-I-Pb bond angles, and distortions in lead iodide octahedra.48,51–53 1D 207Pb 

magic-angle spinning (MAS) spectra of black, intermediate, and yellow FAPbI3 crystals (Figure 

1c) exhibit different signals, whereby the signal centered at ~1556 ppm in the fresh FAPbI3 

corresponds to Pb atoms in cubic phase (-FAPbI3). The same material upon exposure to moisture 

(85±5% RH, 20h) exhibited two well-resolved 207Pb signals at ~1556 and ~1164 ppm, which are 

attributable to two distinct 207Pb local environments in the cubic and hexagonal phases. After 

exposure to 85±5% humidity for 45h, only the peak near ~1164 ppm is present, which confirms 

that this peak corresponds to the hexagonal phase. The low-frequency shift of 207Pb peak near 1164 

ppm indicates octahedral tilting, consistently with previous 207Pb assignments.51–53 While 1H MAS 

NMR spectrum (Figure 1d) of the black phase displays signals associated with –CH (8.1 ppm) and 

–(NH2)2 groups (7. 4 ppm) of FA+ cations, additional signals corresponding to –CH (8.5 ppm) and 

–(NH2)2 groups (7.6 ppm) of FA+ cations in the yellow phase have emerged after 5h of exposure 

to moisture and complete conversion into the yellow phase occurs after 45h (~2 days). Notably, 

high-field 1H MAS NMR (21 T, 900 MHz) improved our resolution abilities to examine reaction 

kinetics of the →  phase transformation, as discussed below.  
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Figure 1. (a) Ex-situ XRD patterns of FAPbI3 as a function of moisture (100% RH in the air) 

exposure time. Peaks near 16.6 degrees correspond to quartz substrates denoted by asterisk and (b) 

photoluminescence spectra of FAPbI3 as a function of moisture (85% RH) exposure time. 1D (c) 

207Pb and (d) 1H MAS NMR spectra of fresh (-FAPbI3) and aged (-FAPbI3, -FAPbI3) 

materials upon exposure to moisture (85% RH). Signals associated with  and  polymorphs are 

indicated and color-coded as depicted in the schematic structure figure in (d). Crystal structures of 

 and  polymorphs are shown in the inset of (a). All 1H (900.2 MHz) and 207Pb (167.6 MHz) 

spectra were acquired with 50 kHz MAS.  

 

Particle size, light, water vapor, and temperature are among the factors that influence the 

kinetics of → FAPbI3 transformative reaction. First, we analyze the role of particle size on → 

phase transformation kinetics catalyzed by moisture (85% RH). The different particle sizes in the 

20-100 m range obtained by different synthesis routes (SI, Materials and methods) were analyzed 

and compared. The particle size distributions for small (≈32±11 m) and large (≈74±41 m) 

FAPbI3 particles were estimated by analyzing electron micrographs (SI, Figure S3). The 

→ FAPbI3 transition visualized by optical microscopy (SI, Figure S4) suggests that the particle 
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boundaries populated with the −FAPbI3 phase (i.e., large surface area of black phase is open for 

the interaction with water molecules) trigger the transformative reactions at the surface, which 

then penetrates into the sub-surfaces and to the bulk. Due to different distributions of particle sizes, 

there is a large heterogeneity in how fast −FAPbI3 convert into −FAPbI3 phase. It is plausible 

that this heterogeneity in reaction rate depends on the concentration of reactive interfaces at the 

grain boundaries as well as reactive intra-grain interfaces.54 Nonetheless, the smaller FAPbI3 

particles react with water faster than the larger particles (SI, Figures S5, and S6), due to the high 

surface area associated with the former, allowing greater interaction with water. Kinetics plots of 

→ phase transformation measured by means of the 1H signal (−CH site of FA+, 8.1 ppm) 

intensity decay in the  phase and the simultaneous buildup of the 1H signal intensity of the same 

sites for the  phase (8.5 ppm) as a function of moisture exposure time can be approximated to the 

exponential build-up/decay function. A good agreement was observed between the experimental 

intensity buildup and first-order kinetics model with a co-efficient of determination R2=0.995 (SI, 

section 5, Figure S7), and data fitted against this model led to poor agreement. The (pseudo)first-

order reaction kinetics suggests that the phase transformation is mediated by “liquid-like” transient 

species (vide infra), indicating the surface-induced dissolution of the black phase followed by a 

precipitation of the yellow phase. We reasoned that the reaction rate depends on the surface 

wettability (water vapor concertation) and/or the particle exposure area. This trend is observed for 

different humidity points and particle sizes, following the (pseudo)first-order kinetics (Figure 2, 

and Figures S8b,d, S9), whereby a rapid evolution of → phase transformation occurs at an early 

hydration period. This sudden increase in the formation of the −FAPbI3 can be attributed to the 

susceptible water ingress at the particle boundaries of −FAPbI3,
55–57  which is consistent with the 

optical microscopy analysis (SI, Figures S5, and S6). The rate at which the → FAPbI3 
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transformative reaction occurs can be modeled by the (pseudo)first−order kinetics, which leads to 

the estimation of rate constants and half-lives of −FAPbI3 particles (Table 1). When large 

particles (40-100 m) are exposed to moisture (85% RH), ~50% of the −FAPbI3 is formed in less 

than 15h, which then rises to over 90% in ~2 days and the complete transformation occurs after 

several days. Based on the analysis of kinetics plots, the rate constant for this reaction is estimated 

to be 0.052 h−1 with a half-life decay time of ≈13.3h (SI, Table S1). By comparison, smaller -

FAPbI3 particles (20-40 m) exhibited rapid transformation kinetics (Figure S8c,d) upon exposure 

to moisture (85% RH) due to the increased water/particle interfacial interaction that accelerates 

the →  FAPbI3 transformation. In this latter case, the rate of transformative reaction was found 

to be 0.061 h−1 and the half-life, t1/2 (85% RH, 20-40 m) is ≈11.4h. It should be noted that the 

difference between the half-lives (t1/2) for large and small particles is 2h (SI, Figure S9) which is 

relatively short, due to the non-uniformity in particle sizes, shapes, and overlap between the 

particle size distributions. 
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Figure 2.  Kinetics plots of 1H signal intensity buildup of -CH sites of FA+ cations in −FAPbI3 

and the simultaneous 1H signal intensity decay for the same sites in −FAPbI3 as a function of 

exposure time to moisture in the dark at relative humidity levels (a) 85% RH and (b) 40% RH. 

 

Further insight into the role of external stimuli such as water vapor and light illumination 

on the reaction kinetics of → transformation can be obtained by analyzing kinetic plots of 

FAPbI3 obtained from 1H MAS NMR spectroscopy. For small particles (20-40 m), Figure 2 

presents the kinetics of → FAPbI3 phase transition examined at different concentrations of water 

molecules in the air (85% and 40% RH). Although continuous exposure to water vapor at 85% RH 
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leads to a → FAPbI3 phase transformation in a few days with a rate constant of 0.042h−1 (Figure 

2a), the same material upon exposure to 40% RH leads to relatively slow transformation with a 

half-life decay time of 3327 h (~133 days) and the complete transformation is estimated to take up 

to a year by extrapolating the kinetics plots (Table 1). These results are in line with the optical 

microscopy analysis (SI, Figures S4-S6), which indeed explains that it would take ≈16.5h of 

exposure at 85% RH to convert nearly one-half of the −FAPbI3 into −FAPbI3, however, the 

complete transformation into −FAPbI3 takes several days. This is likely due to the much lower 

water ingression through the particle boundaries that are covered by the yellow phase, thus leading 

to a sluggish phase transformation of black particles trapped in the sub-surfaces or reactive intra-

grain interfaces in FAPbI3 particles. For the large particles of over 100 m exposed to moisture 

(40% RH), a complete → FAPbI3 phase transformation is expected to take over a year due to 

relatively low concentration of water vapor in the air. Trace amounts of surface preabsorbed 

chemical species such as trapped water, dioxygen, or precursors used in the synthesis process may 

also contribute to the degradation process.55 However, the species were not detected either in NMR 

or XRD experiments, suggesting that any such chemical residues are at minuscule concentrations 

if present.  

Table 1. Half-life decay time associated with → phase FAPbI3 transformation in the dark with 

varying relative humidity. The particle size distribution is 20-40 m. 

 

Relative humidity 

(RH, %) 

Half-life decay time 

(t½, h) 

85 16.5  

40 3327  
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Light illumination is another factor that could contribute to the →−FAPbI3 phase 

transformation. To test this, we studied the moisture-induced (85% RH) degradation kinetics of 

small particles (20-40 m) under dark and laboratory light illumination. The presence of light 

illumination (500-750 Lux) accelerates → FAPbI3 phase transformation, further reducing the 

half-lives from 16.5h to 11.4h (SI, Figure S10, and Table S2). We highlight that, despite the 

excellent thermal stability of the FAPbI3 black phase,58 the large variation in the kinetics of 

→ FAPbI3 transformation is due to the deleterious effect of water molecules and light 

illumination combined. The most important takeaway from this study is that the impact of 

concentration of water vapor, and light illumination on the kinetics of transformative reactions can 

be disentangled and compared, among which relative humidity in the air seems to play a vital role 

in governing the environmental stability of optoelectronic devices. For example, it has been shown 

the FAPbI3-based solar cell efficiency reduces to one-half of its initial value within a few hours 

upon exposure to moisture (40 °C, 70% RH, 5h, AM 1.5G UV-light illumination), consistently 

with this study.59 However, the stability of FAPbI3 and FA-rich thin films depends on various 

factors such as deposition and annealing conditions, and the encapsulation and passivation 

strategies further exacerbate the situation. Therefore, an extrapolation of the kinetics plots of the 

crystals to the thin films in solar cells and other optoelectronic devices is less straightforward. 

Overall, our study indicates that the large grains are likely to be beneficial for the environmental 

stability of FAPbI3 and FA-rich perovskite formulations.  

The fundamental pertinent question is how the phase transformation occurs at the particle 

boundaries, and how to resolve the interfacial structure of |-FAPbI3 phase. We sought to 

understand if there is a significant mixing of cubic and hexagonal phases during the transformation 
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and any amorphous phases, as XRD shows only the reflections corresponding to  and  phases, 

and as optical microscopy suggests lack of intermixed  and  phases (Figures 3a, S6). Previous 

studies suggested that the thermal transformations in lead halide perovskites occur through liquid-

like interfaces.60 The liquid-like behavior indeed facilitates surface reactions in order to modulate 

hybrid perovskite structures and properties.61 Understanding the chemical nature of an 

intermediate phase at short-length scales (< 1 nm) is expected to cast light on the surface/interfacial 

reactions that cause perovskite degradation. A schematic of → transformation with plausible 

intermediate products based on the optical microscopy analysis is shown in Figure 3a,b, and 2D 

1H-207Pb, and 1H-1H correlation spectra of partially transformed FAPbI3 particles (aged for 24 h at 

85% RH) are presented in Figure 3c-e. In particular, optical microscopy images of -FAPbI3 

particles (Figure 3a) formed during the phase transition show distinct morphological features 

indicating the presence of yellow and black FAPbI3 domains. By analyzing the 2D 207Pb-1H 

correlation spectrum of the same -FAPbI3 phase (Figure 3c), through-space sub-nanometer 

207Pb-1H proximities between FA+ and PbI6 octahedra at the organic-inorganic interface are 

distinguished and identified: 2D peaks at 1556 ppm (207Pb) and 7.4 and 8.1 ppm (1H) correspond 

to the organic-inorganic interface in −FAPbI3, and low-intensity signals between 207Pb (1556 

ppm) and 1H (7.6 and 8.5 ppm) sites indicate that the through-space proximities between − and -

FAPbI3 moieties. It can be hypothesized that the minuscule concentrations of [PbI6]
4-, 

[Pb(H2O)6]
2+, [PbI2.4H2O] [PbI3.3H2O]- [PbI4.2H2O]2- complexes may exist at the interface during 

the phase transformation, although undetected in both XRD and ssNMR experiments. Insight into 

the organic-organic interface can be obtained by analyzing 1H-1H correlation spectra (Figure 3d,e).  
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Figure 3.  (a) High-resolution optical microscopy images of fresh and aged (after exposure to 

moisture) FAPbI3 particles. (b) Schematic of → FAPbI3 transformation upon exposure to 

moisture. Solid-state 2D ssNMR spectra of -FAPbI3 phase obtained after exposure to moisture 

(24 h, 85% RH): (c) 1H-207Pb heteronuclear correlation acquired with 6 ms of cross-polarization 

contact time, (d) 1H-1H DQ–SQ correlation and (e) 1H-1H spin-diffusion, acquired at room 

temperature and at 21 T (1H 900.2 MHz) with 50 kHz MAS. The corresponding skyline projections 

are shown along the top 1H SQ horizontal axis. Correlated signal intensities originating from 

dipolar-coupled 1H-1H pairs are depicted by colored circles. In (c-e), 2D peaks depicted in gray 

and yellow boxes correspond to the black and yellow FAPbI3 phases, and the dashed red circles 

indicate the absence of dipolar interactions between the FA+ cations in these two phases.   
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In a 2D 1H-1H Double-Quantum-Single-Quantum (DQ-SQ) correlation NMR experiment, 

2D peaks are detected for through-space dipolar coupled 1H-1H pairs within 5 Å distance. A 

detailed analysis of DQ-SQ spectra of black, partially transformed and yellow phases is given in 

SI (Figure S11). For the moisture exposed -FAPbI3 sample (Figure 3d), a set of on- and off-

diagonal DQ peaks at 14.8 and 15.6 ppm (gray box) corresponding to the 1H sites in NH2 and 

intra/intermolecular dipolar-coupled CH↔NH2 sites of -FAPbI3 (intra- and intermolecular H-H 

distances are ≈4.54 Å and ≈2.28 Å) are detected. In addition, on- and off-diagonal DQ peaks at 

17.0 and 16.1 ppm (yellow box) corresponding to the same moieties in -FAPbI3 are observed. If 

FA+ cations in the black and yellow phases were intermingled, the DQ-SQ spectrum would show 

a signal at 8.2+8.5 = 16.7 ppm, however, there is no DQ peak at this frequency (Figure 3d, dashed 

oval). This is due to fast reorientational motions of FA+ cations in − FAPbI3 phase that partially 

average out dipole-dipole interactions or due to the flexible heterogenous interface between the 

phase-separated black and yellow regions or both of these combined.  

Extending beyond the 1H DQ-SQ NMR length scales (5 Å), 2D 1H-1H spin-diffusion (SD) 

experiment allows the magnetization exchange to occur between dipolar coupled 1H-1H sites 

within and beyond a nanometer distance to be probed. Specifically, the spin magnetization 

exchange between chemically inequivalent and dipolar coupled protons manifests as off-diagonal 

peaks. A detailed analysis of 2D 1H-1H SD spectra of FAPbI3 before and after exposure to moisture 

acquired with various mixing times, mix, is presented in SI (Figure S12). For the -FAPbI3, there 

are no off-diagonal peaks between –CH (-FAPbI3) and –CH (-FAPbI3) signals in the 2D spin 

diffusion spectrum (Figure 3e, dashed burgundy circles), indicating that there is no magnetization 

exchange between FA+ cations in the black and yellow phases. This corroborates the above ssNMR 

analyses and confirms that the  and  FAPbI3 domains are locally phase segregated (micrograph, 
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Figure 3a), indicating that the structural transition occurs through a flexible and heterogeneous 

interface.62 This leads us to investigate the dynamic behavior of organic cations in the -FAPbI3 

phase. For example, site-specific dynamics of organic cations have been previously studied by 

ssNMR and other complementary techniques.42,46,63–67  

We introduce an in situ deuteration strategy that enables deuteration of FA+ cations during 

the phase transformation. Upon exposure of −FAPbI3 to D2O, the hydrogen atoms of NH2 groups 

in FA cations exchange with deuterium sites, which can be achieved on-the-fly during the exposure 

to moisture (see Experimental section). The degree of deuteration in the converted −FAPbI3 phase 

is estimated to be ~70% based on the quantitative 1D 1H NMR measurements and analysis (SI, 

Figures S13, and S14). Insight into the dynamics of FA+ cations in perovskite and non-perovskite 

phases were then obtained by analyzing 2H NMR spectra of fresh and aged FAPbI3 materials 

(Figure 4), whereby 2H lineshape is sensitive to the local mobility and dynamic nature of the local 

ND2 groups in black and yellow phases, and surface adsorbed D2O molecules.68–70 1D 2H spectrum 

of FAPbI3 treated with D2O (6 h, 85% RH) shows a peak at ~7.4 ppm corresponding to ND2 sites 

in the black phase of FA+ cations as well as minuscule concentration of D2O molecules ingress at 

the grain boundaries, both of these undergo fast re-orientational motions at the NMR time scales 

leading to a narrow signal. To test this, a 2H spectrum of liquid D2O is acquired and compared, 

which showed a narrow signal at ~4.8 ppm due to the fast reorientational motion of D2O molecules. 

Particularly interesting feature is that the same material after exposure to D2O for 20 h displays 

different quadrupolar splittings (detected at much higher intensities for the FAPbI3 after 68 h 

exposure to D2O), which are simulated to obtain the quadrupolar constants (CQ) of 53 and 81 kHz. 

This is in accord with the 2H NMR spectra of control samples: a neat -FAPbI3 material after 

exposure to D2O displays identical lineshape and quadrupolar splitting (Figure 4, Figure S15), and 
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a neat cubic FAPbBr3 as a control material (since it does not undergo a moisture induced phase 

transition) exhibits a narrow 2H NMR feature (SI, Figure S16). It can be reasoned that these two 

different quadrupolar splittings correspond to relatively slow re-orientational motion of ND2 sites 

of FA+ cations in the yellow phase; one that corresponds to ND2 sites facing toward the face-shared 

lead octahedra at the organic-inorganic interfaces, and the other corresponds to the ND2 sites at 

the organic-organic (FA+/FA+) interface in between the chain-like lead octahedra. This suggests 

that the phase transformation occurs at the grain boundaries of the black phase triggered by the 

D2O ingression that transforms into the yellow phase, whereby the trapped water molecules (if 

any) and FA+ cations in the black FAPbI3 particles at sub-surface layers undergo relatively fast 

reorientational motion than the NMR timescales and are likely to exhibit a flexible “liquid-like” 

interface. This is also consisted with the first-order reaction kinetics. While further investigation 

is required to quantify the prevalence and impact of moisture on the → phase transformation at 

sub-grain boundaries, the results presented here show that a multinuclear (1H, 2H, 207Pb) NMR 

spectroscopy can provide a powerful and non-destructive way of probing phase transformations 

and characterizing the -FAPbI3 phase. 
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Figure 4. Solid-state static 1D 2H NMR spectra of FAPbI3 acquired at room temperature as a 

function of exposure time to D2O vapor (85% RH) together with the 1D 2H NMR spectrum of 

liquid D2O acquired under the same conditions. A static 2H NMR spectrum of control −FAPbI3 

material obtained after exposure to D2O for 48h is acquired and compared. All spectra were 

acquired at 18.8 T (2H = 122.8 MHz) and at room temperature. Inset on top is an optical 

microscopy image of a partially transformed FAPbI3 crystal displaying the black and yellow 

regions at intra-grain interfaces. 
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In contrast to FAPbI3, FAPbBr3 exhibits enhanced moisture stability for several weeks, as 

revealed by combined XRD and ssNMR analysis. The experimental and simulated XRD powder 

patterns, shown in Figure 5a, indicate the phase purity in bulk. The formability and stability of 

hybrid perovskites depend on the Goldschmidt tolerance factor (t), with t values between 0.8 and 

1.0 favoring the formation of cubic perovskite structures: FAPbI3 and FAPbBr3 exhibited t values 

of ~0.88 and ~0.90, leading to different phase stabilities.71–73 A theoretical study corroborates that 

the FAPbBr3 shows a greater extent of hydrogen bonding interactions than FAPbI3.
74 The high 

field 1H MAS NMR data of FAPbI3 and FAPbBr3 confirms this trend: for FAPbBr3 the 1H peaks 

are observed at higher frequencies (Figure 5b: NH2 and CH peaks at 7.7 and 8.3 ppm) indicating 

stronger hydrogen bonding interactions than the -FAPbI3 that displays peaks at lower frequencies 

(Figure 1d: NH2 and CH peaks at 7.4 and 8.1 ppm). 1D 207Pb MAS spectrum (Figure 5c) of fresh 

FAPbBr3 shows a 207Pb signal centered at ~551 ppm corresponds to Pb atoms in a cubic phase,75 

and this signal after exposure to moisture (85% RH, 7 days) retained its position, suggesting that 

the moisture has little impact on the local structures of lead octahedra. In addition, a static 2H NMR 

spectrum of FAPbBr3 after exposure to D2O (SI, Figure S15) shows a narrow feature centered at 

~7.7 ppm, suggesting the fast reorientational motion of FA+ cations in the cubic phase. Identical 

1D 1H and 2D 1H-1H DQ-SQ (Figures 5b, S17) spectral patterns of fresh and aged (85% RH, 7 

days) powders further confirmed the enhanced environmental stability of FAPbBr3 material.  
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Figure 5. (a) Powder X-ray diffraction patterns of experimental and simulated FAPbBr3. Solid-

state (b) 1D 207Pb (c) 1H NMR spectra of fresh and aged FAPbBr3 acquired at 50 kHz MAS 

frequency together with photographs taken before and after exposure to moisture for 7 days (85% 

RH).  

 

Several aspects of the molecular-level understanding of transformative and reconstructive 

reactions in FAPbX3 (X=I, Br) have been elucidated, including the kinetics of degradation 

reactions at grain/sub-grain boundaries as functions of water vapor concentration, particle size, 



   

21 

 

and light illumination, as well as the chemical nature of the -FAPbI3 phase. Using combined 

time-resolved XRD and ssNMR spectroscopy, we unraveled the reaction kinetics of moisture-

assisted structural transformations. Our results indicate that the cubic phase of FAPbI3 is 

kinetically stable, whilst the cubic phase of FAPbBr3 is thermodynamically stable at ambient 

temperatures with a wide range of humidity levels and exposure times in agreement with the recent 

study.76 The half-lives of -FAPbI3, intra-grain morphology and chemical nature of intermediate 

species characterized at different length scales provide rich mechanistic insights. The key 

takeaway from this study is that the ambient stability of the black FAPbI3 phase strongly depends 

on the external stimuli and kinetics of degradation reactions at the grain and sub-grain boundaries; 

a combination of these effects leads to variation of the transformation time from days to several 

months, or even a year. The reaction process that enables the transformation from the black phase 

to the yellow phase involves the surface-initiated local dissolution and precipitation mechanism, 

with water being the solvent. The synergy of multi-scale characterization techniques that are 

complementary with respect to each other and on-the-fly deuteration of organic cations 

demonstrated in this study is likely to be an essential feature of the strategies to understand the 

transformative reactions in hybrid halide perovskites and develop interfacial engineering strategies 

in the future. This study also suggests that the single crystal FAPbI3 and FA-rich materials provide 

a path forward for stable and efficient optoelectronics. 
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