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ABSTRACT. Layered hybrid halide perovskites have been proven to be more environmentally 

stable than their 3D analogues. The enhanced stability is particularly relevant for Dion–Jacobson-

type layered perovskites due to their promising photovoltaic performances. However, in contrast 

to the expected resilience to moisture, we reveal that the structure of Dion–Jacobson perovskite 

phases based on a 1,4–phenylenedimethanamonium spacer is disrupted in humid conditions using 

X-ray diffraction, UV-vis spectroscopy, thermogravimetric analysis and solid-state NMR 
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spectroscopy. The process takes place at ≥65 ± 5% relative humidity, with a timescale on the order 

of minutes. The original layered structure can be restored upon annealing at 150 °C and the 

hydration can be suppressed by post-synthetic annealing in air, which is attributed to the generation 

of a self-protective layer of PbI2. This study thereby reveals a unique behavior of layered 

perovskites in humid environments, which is critical to their stabilizing role in hybrid perovskite 

devices.  

TOC GRAPHICS 

 

Hybrid halide perovskites have attracted considerable interest in optoelectroncs.1,2 They have the 

general formula AMX3, where A is a monovalent cation (formamidinium (FA+), methylammonium 

(MA+), Cs+), M a divalent metal (Pb2+, Sn2+) and X a halogen anion (I-, Br-, Cl-). Despite their 

exceptional photo-electrochemical properties, these materials show poor intrinsic and extrinsic 

stability (towards temperature, electrical bias, light, oxygen and moisture).3 A possible strategy to 

improve stability is to introduce large organic cations which, according to the Goldschmidt 

tolerance factor, cannot fit into the A site4, but are able to act as spacer molecules connecting 

neighboring inorganic layers. The resulting materials are referred to as layered (2D) hybrid 

perovskites.5-7 They can be further divided into two main categories, namely Ruddlesden-Popper 

(RP) phases,8,9 with chemical formula A’2An-1BnX3n+1 based on monovalent organic spacer (A’) 

bilayers, and Dion–Jacobson (DJ) phases defined by the A’’An-1BnX3n+1 formula featuring divalent 
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spacer (A”) monolayers.10 For both classes of materials, n is the number of perovskite layers 

between each layer of spacer molecules.11-13 The spacer molecules render 2D hybrid perovskites 

more resilient to moisture as compared to their 3D counterparts,14,15 therefore increasing the 

organic spacer content (i.e. reducing the number of perovskite layers, n) is expected to enhance 

the stability against moisture. Accordingly, it was reported that RP-type layered perovskites based 

on 2-phenylethylammonium (PEA+) spacer moieties in n = 5 compositions disproportionate upon 

exposure to humid atmosphere into lower (n < 5) compositions.16 Similar observations apply to 

butylammonium (BA+)-based layered hybrid perovskites.17-19 Moreover, RP perovskites based on 

a 1-propylamine  spacer exhibit inferior stability as compared to DJ perovskites based on 1,3-

diaminopropane analogues, which was attributed to the removal of the van der Waals gap present 

in RP hybrid perovskites.20  This suggests that the structure of layered perovskites plays an 

important role in their stability against humidity and that DJ perovskites have the potential to 

exhibit enhanced moisture tolerance. However, their behavior in humid environments has not been 

critically assessed. Since bifunctional spacers directly connect the perovskite layers of the DJ 

phase,10,21 the reduced layer spacing can improve charge transfer.22 For this reason, DJ perovskites 

have been implemented in PV devices and reached a power conversion efficiency of 18%.23 Even 

though DJ phases are expected to exhibit improved extrinsic stability, a few hydrated structures 

have been reported for perovskites based on bifunctional spacers, such as 

2-(aminomethylpyridinium)24 and 1,4-phenylenediammonium.25 The bifunctionality of the spacer 

is, however, not the only requirement for the formation of DJ phases and the geometry of the spacer 

as well as the adaptability of the ammonium groups play an important role.11,21 For instance, 1,4-

phenylenediammonium moieties do not form DJ phases.25 The examples of hydrated phases 
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comprising bifunctional spacers suggest that DJ perovskite phases might be prone to hydration, 

which has so far not been demonstrated, despite its relevance for their optoelectronic applications.  

Here, we report a hydration effect in DJ layered hybrid perovskites based on 1,4-

phenylenedimethanammonium (PDMA2+) spacer, which has been reported to be a promising 

candidate for PV applications.11,26,27 In contrast to the expected resilience to moisture, we reveal 

that thin films and powders of (PDMA)PbI4 (n = 1) undergo hydration upon exposure to ≥ 65 ± 5% 

relative humidity, as demonstrated by X-ray diffraction (XRD) and UV-vis absorption 

spectroscopy, as well as thermogravimetric analysis (TGA) and solid-state NMR spectroscopy. 

However, the corresponding changes in structural and optical properties could be reverted upon 

annealing at 150 °C and suppressed by post-synthetic annealing in air. The latter phenomenon was 

attributed to the generation of PbI2 that acts as a self-protective layer, retarding humidity-induced 

changes. This study provides new insights into the behavior of DJ layered hybrid perovskites in 

humid environments, which is relevant for their application in optoelectronic devices. 

Perovskite thin films of (PDMA)PbI4 were fabricated via spin-coating with a solution obtained 

by mixing stoichiometric quantities of the corresponding precursors, followed by annealing at 

150 °C for 10 min (experimental details are provided in Section S1 of the Supporting information, 

SI, along with supplementary spectral data, Figures S1–S16).  While n = 1 compositional 

representatives, such as (PDMA)PbI4, might not be the best candidates for photovoltaic 

applications,10 they feature the highest content of the spacer layer that are thus expected to present 

the greatest resilience to moisture. Furthermore, unlike n > 1 compositions that form mixtures of 

quasi-2D and 2D/3D phases in thin films,5-7 rendering their critical assessment more complex, 

n = 1 compositions are known to form well-defined 2D phases in thin films. Therefore, they 
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represent appropriate model systems to evaluate the behavior of this class of materials in humid 

environments.  

To confirm the formation of the layered (PDMA)PbI4 perovskite structure, the films were 

analyzed by XRD. The diffraction pattern (Figure 1b) exhibits a peak at low diffraction angle (2θ 

= 7.2°), corresponding to an inter-planar d-spacing of 12.2 Å, which provides a fingerprint of the 

layered structure.11, 28 Considering that the PDMA2+ molecule length and the [PbI6]4- octahedron 

size are both approximately 6 Å (Figure 1a), this peak is attributed to the (001) reflection. The 

higher order (00l) diffraction peaks are found at 14.3, 21.5, and 28.8°. This indicates the presence 

of crystallites that consist of perovskite layers that are parallel to the substrate.29,30 The further peak 

at 14.5° is assigned to the (100) reflection since the corresponding d-spacing  of approximately 

6 Å is comparable to the size of the [PbI6]4− octahedron. The (200) reflection is also observed at 

29.1° and these correspond to crystallites with the perovskite layers perpendicular to the 

substrate.14,31 Thus, crystallites in the analyzed (PDMA)PbI4 thin films have both perpendicular and 

parallel orientations, which is in good agreement with previous reports.11,28,32  

 
Figure 1. (a) Structural representation of the (PDMA)PbI4 layered structure. Pb2+ is shown in grey, 

I- is depicted in dark purple, and the PDMA2+ is depicted with its DFT-calculated structure.37 (b) 

XRD of (PDMA)PbI4 thin films on microscope glass. Peaks denoted with * belong to (00l) Bragg 

planes and # to (h00) planes. (c) UV-vis spectrum of (PDMA)PbI4 thin films on microscope glass.  



 6 

Having demonstrated that (PDMA)PbI4 forms a layered structure and taking into account that 

the van der Waals radius of iodide is smaller than the spacing between the inorganic layers,33 

quantum confinement is expected to take place, where the 2D layer of corner-sharing [PbI6]-4 

octahedra forms a quantum well structure.32 Indeed, the UV-vis absorption spectrum of 

(PDMA)PbI4 shows a strong excitonic absorption peak located at 510 nm (Figure 1c), which 

indicates significant confinement of the excitons (exciton binding energy >> kT).34  In addition to 

the main excitonic peak, an absorption peak is detected at 395 nm, which could correspond to 

optical transitions to the Rydberg states.34 This, however, appears unlikely since the energy 

difference between the two absorption peaks is 0.7 eV, which is higher than the reported exciton 

binding energies. 34,35. Alternatively, the absorption peak could be caused by a secondary phase, 

which however is not observed by XRD. Amorphous phases such as reaction intermediates 

incorporating solvent molecules36 could be responsible for this second feature, however a clear 

solvent dependence of the absorption peak has not been observed (Figure S10).   

Upon exposing the (PDMA)PbI4 films to 65 ± 5% RH, their color changes and the films 

become pale (Figure 2a inset). These treated films will be further referred to as hydrated. Their 

UV-Vis absorption spectra (Figure 2a) clearly indicate that the excitonic peak at 510 nm, which is 

attributed to the layered structure, is suppressed, whereas the 395 nm absorption peak is enhanced. 

This observation supports the argument that the 395 nm peak is not caused by the optical transitions 

to a Rydberg state associated with the low energy absorption peak. Such a strong, localized optical 

absorption at 395 nm suggests that this peak could come from a phase with reduced dimensionality 

that forms upon hydration, as reported previously for low-dimensional perovskite materials.38,39 

For instance, hydration studies on MAPbI3 revealed that, upon exposure to humid air, MAPbI3 

transforms into a 1D hydrated phase,38,39 which features a localized absorption at c.a. 400 nm, or 
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to a 0D structure.38 Earlier studies on 1D iodoplumbates also show optical absorption in the 400 

nm region.40 In addition to the reduction in dimensionality, changes in connectivity between 

[PbI6]4− octahedra may cause variation in the optical band gap;41 1D perovskites with face-sharing 

octahedra have larger band gaps than their 2D corner-sharing counterparts.41 In that regard, the 

spacing between inorganic perovskite layers may also have an effect on the absorption properties,42  

yet XRD patterns of pristine samples (Figure 1b) do not include signals that reveal larger d-

spacings. From this we conclude that the absorption at 395 nm corresponds to a low-dimensional 

phase, the origin of which is not determined in the pristine sample. 

To assess variations in the crystal structure and changes in crystallinity, the structural properties 

of hydrated (PDMA)PbI4 samples were analyzed by XRD (Figure 2b, blue). The most intense 

peaks of hydrated samples are recorded at 8 and 13° without a set of clear (00l) reflections, which 

implies that the layered structure is disrupted. This observation is in agreement with the decrease 

in the absorption of the excitonic peak. Moreover, the absence of the peak at 12.8° suggests that 

the samples do not undergo degradation to form PbI2, unlike 3D halide perovskites under 

comparable experimental conditions.38 Furthermore, crystallization from a water-based solution 

enabled a single crystal to be isolated (experimental details are provided in Section S2 of the SI). 

The structure determined by XRD (Figure 2b, red, and Figures S1–S4) confirms the propensity to 

form 1D perovskite-like structures with PDMA2+ in the presence of water (crystallographic 

information is presented in Section S2 and Table S1 of the SI). The crystals were found to have a 

stoichiometry of (PDMA)Pb2I6∙2H2O, crystallizing in the monoclinic P21/n space group, with the 

[Pb2I6]2-
n forming an infinite polymeric chain structure along the crystallographic a-axis (Figures 

S1–S2, SI).  The PDMA2+ cations are also aligned, forming stacks along the same axis, whereby 

the aromatic rings of neighboring spacers interact by parallel-displaced π···π stacking interactions 
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with a distance of 3.54 Å. Water molecules and NH3
+ moieties of the PDMA2+ ions are involved 

in the formation of N-H…O hydrogen bonds, forming ladder-like polymeric chains along the a-

axis which separate [Pb2I6]2-
n polyanions. The simulated XRD pattern of the (PDMA)Pb2I6∙2H2O 

structure (Figure 2b, red) closely matches the experimental XRD pattern of the hydrated films 

(Figure 2b, blue), which indicates that this is the 1D phase that forms on exposure of (PDMA)PbI4 

to humidity.  

 

Figure 2. (a) UV-Vis absorption spectra of (PDMA)PbI4 films, before (black) and after (blue) 

exposure to 65 ± 5% RH. After hydration, the peak at 510 nm is suppressed whereas the one at 

395 nm is enhanced. The inset shows photos of pristine (stored in 5 % RH) and hydrated films.  

(b) XRD patterns of pristine (black), hydrated (blue) films, and the simulated patterns of the 

hydrated 1D (PDMA)Pb2I6∙2H2O structure (red; shown in c) and Figure S1–S4) and (PDMA)I2 

structure (grey; Figure S5) based on the single crystal analysis, indicating the disruption of the 

layered structure upon hydration. The XRD intensity of the hydrated sample is multiplied by 10. 

However, since the PDMA:Pb ratio is different between the initial 2D DJ and hydrated 1D 

phases, the hydration reaction must also form (PDMA)I2, according to the following reaction (1). 

2(PDMA)PbI4 + 2H2O →(PDMA)Pb2I6∙2H2O + (PDMA)I2   (1) 
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This is consistent with the (PDMA)I2 signals observed in the XRD pattern (Figure 2b, grey). The 

scattering power of the lighter (PDMA)I2 is significantly less than for (PDMA)Pb2I6∙2H2O, but the 

ratios of the observed reflections are approximately consistent with the expected 1:1 atomic ratio. 

In order to quantitatively determine the water uptake by the thin films and powders, we 

performed thermogravimetric analysis (TGA) on (PDMA)PbI4 powders (Section S3 in the SI). 

This study reveals that at 35 ± 2% RH there is around 4 at% hydration (Figure S6). In comparison, 

for the (PDMA)I2 precursor salt, even less hydration was observed (1.8 at% hydration at 35 ± 2% 

RH, Figure S7). It is assumed that PbI2 does not hydrate at 35 ± 2% RH, since PbI2 films do not 

exhibit changes in optical absorption after exposure to a 65 ± 5% RH atmosphere (Figure S11). 

This suggests that it is the structure and packing of such layered perovskites that are required for 

significant hydration, and not the properties of the constituents.43 The (PDMA)PbI4 powders show 

a higher water uptake under 65 ± 5%  RH conditions; TGA measurements indicate a hydration 

stoichiometry of 0.98 ± 0.02 H2O per PDMA2+ (Figure S8), in accordance with the 1:1 ratio 

predicted by reaction (1). Unlike hydrates of MAPbI3 perovskite, which are reported to 

spontaneously revert back to the initial perovskite structure when returned to a 35% RH  

atmosphere at room temperature,38 the hydrated (PDMA)PbI4 phase does not spontaneously 

convert back to the layered perovskite structure when the humidity is lowered. Dehydration was 

not observed even when samples were stored under a ~15% RH argon atmosphere (Figure S12). 

This suggests that the hydrated phase is stable at room temperature.  

The structural changes and degree of hydration were further characterized by solid-state NMR 

of the (PDMA)I2 precursor, mechanosynthesized (PDMA)PbI4 and scraped thin films of hydrated 

(PDMA)PbI4 (Section S4 in the SI). Following mechanosynthesis of (PDMA)PbI4, significant 

changes in the 1H resonances of the PDMA2+ moiety are observed compared to the precursor 
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(PDMA)I2 salt (Figure S9), corresponding to the substantial change in structure. Upon hydration, 

the 1H spectrum changes significantly (Figure S9), confirming the considerable structural change 

shown by XRD. The components arising from (PDMA)Pb2I6∙2H2O and (PDMA)I2 cannot be fully 

resolved, however and additional intensity corresponding to the H2O is observed and quantification 

of the 1H spectrum yields a hydration stoichiometry of 0.86 – 0.99 H2O per PDMA2+ (Table S2), 

which shows that the reactivity of the thin films is the same as for the powders studied by TGA.  

To probe the reversibility of the hydration process, in-situ temperature dependent XRD 

measurements were performed starting from already hydrated powders. Upon heating under 

nitrogen atmosphere, the hydrated form reverts back to the layered structure at 150 °C, as shown 

by the disappearance of the diffraction peaks at 8, 9 and 13° (Figure S13).  Comparable diffraction 

patterns are observed for pristine and dehydrated samples (Figure 3d), however the crystallinity of 

the dehydrated (PDMA)PbI4 is lower compared to the pristine sample. Furthermore, no signals of 

PbI2 species can be distinguished, which excludes irreversible degradation during the hydration–

dehydration process. In addition, upon dehydration (150 °C for 10 min under inert atmosphere), 

the absorption spectra of dehydrated (PDMA)PbI4 films closely resemble those of the pristine films 

(Figure 3a). The recovery of the optical properties was further assessed by measuring 

photoluminescence (PL) (Figure 3b). While pristine films emit at 517 nm, hydrated samples have 

broad and weak emission in the range of 400–470 nm. This PL signal is expected to originate from 

the hydrated phase via trap-assisted emission.44 Dehydrated samples exhibit strong emission at 

518 nm accompanied by a broad emission in the range of 400–470 nm. These results suggest a 

partial reversibility of the hydration-induced structural and optoelectronic changes.   
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Figure 3. (a) UV-Vis absorption spectra of (PDMA)PbI4 films at different states of hydration. 

(b) PL emission spectra; the inset shows emission in the region of 370 nm to 500 nm, which is 

attributed to the hydrated (lower dimensional) phase. Dehydrated samples were heated at 150 °C 

for 10 min under argon. (c) Evolution of PL parameters: peak position (black rectangles), full 

width at half maximum (FWHM) (red rectangles) and PL peak intensity (blue triangles) over two 

hydration and dehydration cycles. (d) XRD diffraction patterns of pristine (black), hydrated (blue) 

and dehydrated (red) films also indicate reversible nature of the process.  

In order to further address the reversibility of this process, PL emission properties were 

monitored for two consecutive hydration–dehydration cycles (Figure 3c). Pristine films exhibit 

stronger and narrower PL emission than films after hydration–dehydration, however the PL 

emission properties of films after the first and second hydration–dehydration cycles are closely 

comparable. The drop in PL intensity and peak broadening could be attributed to the structural 

rearrangements during the 1st hydration-dehydration cycle and reduced sample crystallinity 
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(Figure 3d). Such changes in structural and optoelectronic properties upon hydration are observed 

for the thin films of (PDMA)FAPb2I7 n = 2 composition as well, indicating that higher 

compositional representatives are also prone to hydration under comparable mechanism (Figure 

S14). However, unlike n = 1 compositions, they show a lower level of reversibility under 

comparable experimental conditions, which is likely to be associated with higher structural 

rearrangements that require further analysis which is beyond the scope of this investigation. 

The reversibility of water-induced changes of structural and optoelectronic properties is highly 

relevant to the protective role of 2D perovskites in perovskite solar cells. For this purpose, it is 

important to estimate the rate of such changes. We therefore performed in-situ UV–vis absorption 

measurements of n = 1 samples exposed to humid (65 ± 5% RH) atmosphere (Figure 4a–c). To 

determine the kinetic profile of the hydration process, we monitored the evolution of the optical 

absorption over time (Figure 4a) and analyzed the normalized intensity of optical absorption at 

510 nm at different time instances (Figure 4c). The evolution of the absorption suggests that 

pristine (PDMA)PbI4 films hydrate within minutes at 65 ± 5% RH. The hydration kinetics are 

dependent on the relative humidity level, which is in agreement with previous observations,45,46 

with  higher RH (~80%) atmospheres causing a faster hydration process (Figure S15). 

Thus far, we have analyzed data referring to thin films or powders of (PDMA)PbI4 which were 

annealed in argon atmosphere. We now explore the effect of a supplementary post-synthetic 

annealing (hereinafter referred to as post-annealing) step performed either in argon or ambient 

atmosphere. The hydration is suppressed by post-annealing samples in air at 150 °C for 10 min 

prior to the hydration step, with the samples showing a remarkably improved resilience to moisture 

(Figure 4b). Comparison of the optical absorption as a function of time (Figure 4c) unambiguously 
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shows that the hydration rate is slowed significantly when the sample had been post-annealed in 

air (red curve) as compared to the pristine sample (black curve) or to a sample that had been post-

annealed in argon (blue curve).  

 

Figure 4. (a) In-situ UV-Vis absorption spectra of pristine (PDMA)PbI4 films that have been 

exposed to the 65 ± 5% RH in argon atmosphere for 150 min; the excitonic peak at 510 nm is 

gradually suppressed and it completely diminishes after 150 min (blue line). (b) In-situ UV-Vis 

absorption spectra of samples post-annealed in air for 10 min at 150 °C before (black line) and 

after being exposed to 65 ± 5 % RH argon atmosphere for 16 h and 45 min (blue line). (c) The 

hydration kinetic profiles of pristine (black), post-annealed in argon (blue) and post-annealed in 

air (red) samples acquired by monitoring the intensity of the absorption peak at 510 nm. The 

sample is completely hydrated within 150 min and the sample post-annealed in argon in 500 min, 

whereas the sample post-annealed in air retains the excitonic peak at 510 nm for at least 1005 min. 

To identify the origin of hydration resilience, we performed X-ray photoelectron spectroscopy 

(XPS) and monitored the changes in surface chemistry. During the post-annealing process in air, 

(PDMA)PbI4 may react with oxygen and form PbO/PbO2;47  we therefore investigated the 

possibility of forming such a capping layer that could slow down the hydration. However, Pb 4f 

core level spectra (Figure 5a) show no difference between pristine and post-annealed in air 

samples, which is corroborated by the I 3d and O 1s spectra (Figure S16), implying that PbO/PbO2 
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is not generated upon post-annealing in air. Alternatively, instead of lead oxides, a PbI2 layer could 

form during the post-annealing step.47 This could also act as a protective layer since PbI2 films do 

not appear to hydrate upon exposure to humidity, as monitored by in-situ UV-Vis measurements 

(Figure S11). As the chemical environments of Pb2+ ions in (PDMA)PbI4 and PbI2 are comparable, 

XPS is unable to discern the difference. Therefore, we analyzed the films using grazing-incidence 

XRD measurements. The recorded diffraction patterns of pristine samples and those post-annealed 

in argon and air (Figure 5b) do not exhibit significant differences in either peak positions or peak 

intensities, in accordance with a comparable crystal structure for all samples. However, the inset 

shows that post-annealed in air samples feature a very small diffraction peak at 12.8°, which 

corresponds to PbI2. After longer post-annealing in air the diffraction peak at 12.8° becomes more 

pronounced (Figure S17) strongly indicating that during this process the PbI2 is gradually 

generated.  

Based on the observation of low degree of hydration for PbI2 thin films (Figure S11), this result 

suggests that PbI2 formation may be responsible for the increased resilience to hydration of 

samples post-annealed in air. Another possibility is that the difference in hydration rates is due to 

differences in the sample microstructure. For example, assuming that water molecules have a faster 

diffusion through grain boundaries, the hydration of polycrystalline materials with larger grains 

should be slower. Atomic force microscopy (AFM) images of pristine (PDMA)PbI4 films reveal 

large grains of several µm (Figure 5c). Upon post-annealing in air, the sample roughness increases, 

yet the grain size remains comparable (Figure 5d). We can thus conclude that the morphology does 

not significantly contribute to the suppression of the hydration, which can instead be mainly 

attributed to the generation of PbI2. However, future work will be needed to assess if and how the 

grain boundaries are involved in the hydration process, as well as to determine a detailed 
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mechanistic understanding of this phenomenon. From our findings, we infer that during the post-

annealing process in air, a thin capping self-protective layer of PbI2 is generated and that 

consequently the structure and optical absorption of post-annealed 2D perovskites stabilize in 

humid environments. This provides a new route for increasing the moisture stability of layered 

hybrid perovskites. Furthermore, the analysis of the 2D n = 1 composition provides the basis for 

extending the understanding to n > 1 quasi-2D and 2D/3D perovskite systems that are expected to 

be highly relevant for photovoltaic applications in the future. 

 

Figure 5. (a) X-ray photoelectron spectra (XPS) in the Pb 4f core level range of pristine (black) 

and post-annealed (red) samples of (PDMA)PbI4. (b) Grazing incidence XRD measurements of 

pristine (black), post-annealed in argon (blue) and post-annealed in air (red) samples of 

(PDMA)PbI4 before hydration indicate comparable crystal structures. However, the inset shows a 

very small PbI2 peak that is apparent when the sample is post-annealed in air. (c–d) Surface 

morphology images obtained by atomic force microscopy (AFM) suggest that both pristine (c) and 

post-annealed (d) films consist of grains that are of comparable size. Post-annealing was performed 

for 10 min at 150 °C in air. 
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In conclusion, we have investigated the effect of humidity on Dion–Jacobson-type 2D layered 

hybrid perovskites of (PDMA)PbI4 composition. Within minutes of exposure to 65 ± 5% RH, a 

structural transformation takes place that disrupts the layered perovskite structure, as observed by 

XRD, solid-state NMR and UV-vis optical absorption spectroscopy. The formation of 1D 

perovskite-like chains with water molecules is further evidenced by single crystal X-ray structure 

analysis. The observed hydration-induced processes are partially reversible when annealing the 

powders and thin films at 150 °C in inert atmosphere, while the rate of hydration could be retarded 

by post-synthetic annealing in air before exposure to humidity. We assign this effect to the 

formation of a thin layer of PbI2, which likely protects the 2D perovskite. This study thereby 

evidences the tendency of a 2D DJ layered perovskite to hydrate in humid atmosphere. Moreover, 

it provides a new strategy to improve the resilience of layered hybrid perovskites against moisture, 

which is relevant for the stabilization of hybrid perovskite-based optoelectronic devices. 
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