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9 ABSTRACT: The origin of the dissolution of methylammo-
10 nium lead trihalide (MAPI) crystals in liquid water is clarified
11 by finite-temperature molecular dynamics by developing a
12 MYP-based force field (MYP1) for water−MAPI systems. A
13 thermally activated process is found with an energy barrier of
14 0.36 eV consisting of a layer-by-layer degradation with
15 generation of inorganic PbI2 films and solvation of MA and I
16 ions. We rationalize the effect of water on MAPI by identifying a
17 transition from a reversible absorption and diffusion in the
18 presence of vapor to the irreversible destruction of the crystal
19 lattice in liquid due to a cooperative action of water molecules.
20 A strong water−MAPI interaction is found with a binding
21 energy of 0.41 eV/H2O and wetting energy of 0.23 N/m. The
22 water vapor absorption is energetically favored (0.29 eV/H2O), and the infiltrated molecules can migrate within the crystal
23 with a diffusion coefficient D = 1.7 × 10−8 cm2/s and activation energy of 0.28 eV.
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25The importance of hybrid organic−inorganic perovskites
26 has greatly increased in recent years due to the
27 exceptional photovoltaic properties of methylammo-
28 nium lead trihalide, CH3NH3PbI3 (MAPI), that make it of great
29 promise for low-cost, solution-processable hybrid solar cells.
30 This material with a perovskite crystalline structure1 has light
31 absorption and charge transport properties comparable to those
32 of the most efficient inorganic semiconductors,2−4 making it
33 possible to manufacture 22% efficient MAPI solar cells.5−7 The
34 importance of MAPI extends far beyond photovoltaics with
35 many possible applications ranging from optoelectronics8,9 and
36 lasing,10−12 to photocatalysis13 and thermoelectricity.14−16

37 Despite its excellent optoelectronic properties, MAPI has
38 drawbacks such as thermal instability at relatively low
39 temperatures.17−19 More importantly the material easy
40 degrades in the presence of highly polar solvents, such as
41 water.20 Since solar cells operate at ambient conditions, the
42 presence of water in air can easily induce the degradation of
43 MAPI devices, also raising concerns on the dispersion of toxic
44 lead in the environment.
45 Although it is in principle possible to protect the active layer
46 by encapsulation,21−29 waterproofing the material,30−33 and to
47 improve the stability by mixed-cation systems,34 a conclusive
48 solution to the problem has not been achieved so far. The

49understanding of the water−MAPI interaction and of the
50irreversible degradation mechanisms of hybrid perovskites is
51accordingly a key issue toward the development of usable
52devices.
53Several experimental works have reported the effects of the
54exposure of MAPI to humidity: for example, Leguy et al.35 have
55observed that when MAPI single crystals and thin films are
56exposed to water vapor at room temperature, hydrated crystal
57phases are formed. Notably such transformation can be
58reversed upon drying. Water absorption under vapor exposure
59is not well understood. Müller et al.36 have observed water
60penetration into MAPI thin films within seconds at low, 10%
61humidity, while Zhu et al.37 did not observe infiltration up to
6280% relative humidity. Most works agree that water infiltration
63is surface-originating, and defects or grain boundaries can
64enhance the process. Despite the different results, all experi-
65ments indicate that MAPI transformations under vapor
66conditions have a reversible character.
67The exposure to liquid water instead always gives rise to
68irreversible dissolution of MAPI with the formation of PbI2.
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69 Degradation is very effective in this condition, and it is
70 observed already for very small amounts of liquid, such as
71 condensed drops on a thin film surface, or for fast dipping in
72 water.35,38 Degradation has been proposed to proceed through
73 the loss of CH3NH3

+ (with I− as the counterion) and the
74 irreversible formation of the reaction product PbI2.
75 Water also has an effect on the thermal degradation of MAPI
76 at high temperature. In the presence of humid air the kinetics is
77 faster and characterized by a lower activation energy (0.96 eV
78 in air versus 1.54 eV in vacuo).39

79 The molecular origin of dissolution has been searched by ab
80 initio atomistic simulations. The studies of water on MAPI
81 surfaces have been performed considering two possible cases:
82 MAI- or PbI2-terminated surfaces. In the former case, i.e., the
83 less stable MAI surface, it has been demonstrated that vapor
84 and liquid water infiltration40−43 are highly favored. Further-
85 more, by using Car−Parrinello molecular dynamics (CPMD),44

86 Mosconi et al.42 observed the solvation of a MAI unit detached
87 from this surface in liquid water.
88 Conversely, the interaction of water with the PbI2-terminated
89 surface has slower dynamics far from reach for ab initio. In fact
90 the full degradation of the PbI2-terminated surface of MAPI42

91 has never been observed, even in the presence of liquid water.
92 The computational cost of CPMD limits the time scale to a few
93 tens of picoseconds, which is in any case too short to observe
94 degradation of the PbI2-terminated MAPI surface and to clarify
95 the infiltration mechanism under controlled thermodynamic
96 conditions. Accordingly, the molecular origin and the critical
97 conditions for the overall MAPI dissolution in liquid water are
98 still unexplored and require alternative approaches.
99 Recently, a few model potentials have been reported for the
100 study of MAPI over longer time and length scales by classical
101 molecular dynamics.45−47 In particular, the MYP0 potential45

102 has demonstrated to reproduce several relevant properties of
103 MAPI, such as orthorhombic-to-tetragonal transition, vibra-
104 tional properties,48 defect diffusion,49 thermal transport proper-
105 ties,50,51 and the coexistence of ordered and disordered
106 molecular domains in MAPI under specific thermal treat-
107 ments.52 To date, the only study of water−MAPI systems by
108 model potential molecular dynamics (MPMD) has been
109 performed by Gutierrez-Sevillano et al.53−55 In their paper
110 the authors have adopted a force field that describes the MAPI
111 precursors in solvent but that is not able to reproduce the
112 properties of the crystalline phase of MAPI. Here we want to
113 simulate the dissolution process that, according to literature,
114 involves the formation of PbI2 in liquid water; thus we need a
115 force field able to model both the crystal and its dissolved
116 components.
117 In this work we refine and extend the MYP0 force field to
118 treat MAPI−water interactions and we study the full process of
119 dissolution of MAPI crystals in water by finite-temperature
120 molecular dynamics. We are able to clarify the transition from
121 reversible phenomena (such as vapor infiltration) to dissolution
122 in liquid water. The kinetics reveals an Arrhenius behavior with
123 an activation energy of 0.36 eV. Such an activation energy
124 derives from a collective mechanism involving clusters of water
125 molecules inducing the dissolution into ionic components. This
126 decomposition process is fast and efficient in water, and it
127 represents a first step toward a slower irreversible degradation
128 involving higher energy reactions, ∼1 eV,39,56 such as
129 deprotonation of methylammonium into methylammine39 or

f1 130 methylammonium fragmentation into ammonia and CH3I.
56,57

131RESULTS AND DISCUSSION
132System under Study. The typical system studied in this
133work consists of water molecules (either a single molecule, a
134cluster, or a liquid layer) on top of a (001) PbI2-terminated
135 f2MAPI slab (see Figure 2). The choice of this surface stems
136from the fact that the (001) is one of the lowest energy cuts for

Figure 1. (Top) Snapshot of the simulated interface between the
PbI2-terminated perovskite slab and the water layer. Red is O,
white is H, pink is I, dark gold is Pb, cyan is C, and blue is N.
Polyhedra are made by triangles that connect all triplets of groups
of atoms within a 4 Å radius. (Bottom) I−HW (black), HMA-O
(red), and Pb−O (blue) radial distribution functions (RDFs) at the
interface, averaged over the first 25 ps. The top curves are shifted
to enhance visibility and correspond to the ab initio RDFs of ref 42.

Figure 2. (a) Water molecule bound to the PbI2-terminated
perovskite slab showing the formation of the Pb−O bond; (b)
water molecule infiltrated within the MAPI crystal showing the
formation of the H−O link between the methylammonium and
water. Both snapshots are taken during dynamics at room
temperature. Red is O, white is H, pink is I, dark gold is Pb,
cyan is C, and blue is N.
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137 MAPI.58 Furthermore, the PbI2 termination is interesting for
138 applications since its surface states can act as intermediate levels
139 for hole transfer.59 Additional calculations for the MAI-
140 terminated surface were performed to validate results on
141 degradation (see the Supporting Information).
142 The MAPI crystal is periodically replicated in the x−y
143 directions and the lateral sizes are Lx = 3.6 nm × Ly = 3.4 nm.
144 The slab is 1.8 nm thick along the z direction. For the study of
145 vapor only one water molecule is put on the MAPI surface,
146 corresponding to a surface density of 2.4 × 10−10 g/cm2, while
147 for the liquid case, a 2.5 nm thick layer of water molecules is
148 relaxed on top of the surface (surface density of ∼8 × 10−8 g/
149 cm2). Overall up to 104 atoms were used in the simulations.
150 MAPI interatomic forces are described by a refined version of
151 the MYP0 model potential45 (referred to as MYP1). The main
152 difference is a reduction of the Pb and I charges and the use of
153 PbI Buckhingham parameters close to the potential of Winkler
154 et al.,60 as interestingly suggested by Handley et al.61 With
155 respect to the Handley potential, the MYP1 is still able to
156 reproduce the orthorhombic-to-tetragonal transition. An
157 extensive validation of the model against density functional
158 theory (DFT) and experimental data can be found in the
159 Supporting Information.
160 The TIP3P model62 is used for water. This is a simple three-
161 site model for water with a low computational cost, and it is
162 widely adopted in the literature for a broad range of systems
163 and problems. The MAPI−water interactions are described as
164 the sum of Coulomb and Lennard-Jones (12-6) contributions
165 and are fitted on ab initio results for structure and energetics of
166 suitable water−MAPI systems (see Supporting Information). In
167 addition the present model is able to reproduce the water/
168 MAPI radial pair distribution functions (see Figure 2), the
169 easiness of water penetration inside the MAPI surface, and the
170 experimentally observed insolubility of PbI2 in water35,36 (see
171 Supporting Information).
172 Vapor Phase Analysis. First, we want to quantify the
173 absorption of water on the MAPI surface and its ability to
174 infiltrate inside the MAPI crystal. Near saturation, a parcel of air
175 contains ∼28 g of water per cubic meter at room temperature
176 and pressure, which corresponds to one water molecule per 103

177 nm3. With reference to our model, vapor phase conditions are
178 thus attained by placing a single water molecule on the surface.
179 A single water put in front of the surface is attracted by the
180 crystal, and its oxygen eventually binds to a Pb atom on the
181 surface, giving rise to a polar Pb−O link. This is in agreement
182 with DFT calculations (see Section S2 of the Supporting
183 Information). The average energy gain upon adhesion of the
184 water molecule on the surface at room temperature is 0.41 eV.
185 Once the molecule is anchored in this way, it does not diffuse
186 sizably at room temperature on the nanosecond time scale.
187 To study water infiltration within the MAPI crystal, we
188 calculated the associated energy gain of placing the water
189 molecule inside the MAPI bulk, ΔEin. We find ΔEin = 0.29 eV
190 at room temperature, meaning that water infiltration is possible,
191 though less convenient than water absorption on the surface.
192 This is consistent with ab initio results.41,42 A comparison

t1 193 between MYP1 and DFT results is reported in Table 1. Further
194 details can be found in the Supporting Information.
195 Infiltration on a perfect crystal surface is found to be a rare
196 event, indicating the existence of an energy barrier. Water
197 infiltration during NPT dynamics at room temperature was
198 observed only by applying a constant force on water
199 perpendicular to the MAPI surface. This provides a rough

200estimate of the energy barrier of 0.3−0.5 eV. The existence of
201an energy barrier was suggested also by ab initio calculations,41

202reporting a static barrier between 0.023 and 0.23 eV, depending
203on the orientation of the MA cations. This is also consistent
204with results based on CPMD simulations of vapor,63 in which
205water infiltration was not observed. In the case of damaged
206surfaces or in the presence of more than one water molecule
207(see below), the infiltration process can be faster.
208Once infiltrated, the molecule spends most of the time
209vibrating inside the MAPI tetragonal cell containing it. In
210agreement with ref 42, it is preferentially located on the sides of
211the perovskite cage, where it can form hydrogen bonds with the
212I atoms. The distribution of positions of hydrogen and oxygen
213atoms shows that H spends most of the time in proximity to I
214atoms, while O stays closer to the positive MA cation, as
215expected for electrostatic arguments (see, for example, top
216 f3panel of Figure 3), due to a tendency to form O−H links (see
217results at T = 0 K, Supporting Information).
218Diffusion between adjacent cells is observed during long
219dynamics at room temperature. The molecule can jump from
220one PbI cage to the neighboring ones of the bulk. As the
221temperature is raised, the water diffusion increases rapidly,
222indicating a thermally activated process. An example of
223diffusion trajectory is reported in Figure 3. By fitting the
224average mean square displacements (MSD) with the Einstein
225relation MSD = 6Dt we estimated the diffusion coefficients D at
226different temperatures. At T = 300 K a value of D = 1.7 × 10−8

227cm2/s and an activation energy of 0.28 eV are found.
228Interestingly, this value is comparable with the case of water
229diffusion in perovskite oxides.64

230Liquid Phase Analysis. We now focus our attention on the
231opposite limit, i.e., the MAPI surface in the presence of liquid
232water (see Figure 2). It is interesting first to calculate the
233adhesion energy ΔEwet necessary to separate a unit surface of
234water (wetting layer) from the crystal. An energy gain of 1.45
235eV/nm2 is found, corresponding to 0.23 N/m. As a term of
236comparison, the interaction energy between water and silica is
237∼0.2 N/m.65 A summary of the water/MAPI energetics is
238 t2reported in Table 2.
239The wettability of the perovskites favors the contact between
240the water and the surface, making the degradation process
241possible. Accurate measurements of degradation velocity are
242not reported in the literature, but available data at room
243temperature indicate that samples of thickness 1−100 μm
244degraded in a few seconds.38 In terms of microscopic quantities
245this corresponds to a few monolayers (∼1 nm) dissolved in
246104−106 ns. Accordingly, within the time scale typical of
247molecular dynamics simulations (up to 100 ns in the present
248study) a sizable degradation at room temperature is not
249expected. This is in fact the case. However, as the temperature
250increases, the degradation kinetics rapidly increases. Already at
251340 K, degradation events can be observed within 100 ns. At

Table 1. Energy Gain (eV/H2O) for Adhesion and
Infiltration of a Single Water Molecule

energetics

0 K 300 K

MYP1a DFTa DFTb DFTc MYP1a

adhesion 0.42 0.71 0.44 0.38−0.54 0.41
infiltration 0.23 0.37 0.45 0.05−0.3 0.29

aThis work. bFrom ref 42. cFrom ref 41.
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252 higher temperatures the full degradation of a 4 nm thick crystal
253 was observed during the dynamics. Under the hypothesis that
254 the degradation velocity v follows an Arrhenius dependence on
255 temperature (v ∼ exp(−EA/KBT)), we plot ln(v/l0) vs 1000/T,
256 where l0 is the thickness of the MAPI monolayer (0.63 nm) and

257t0 = l0/v is the time at which the first layer is completely
258degraded into PbI2. The corresponding plot is reported in the
259 f4bottom panel of Figure 4, and it provides EA = 0.36 eV. Figure

2604 shows some snapshots of the degradation process simulated
261at T = 480 K: after 4 ns, the first layer has been transformed
262into PbI2 by the water, and it takes about 50 ns to degrade the
263whole slab. The degradation starts locally at some random
264point of the surface where a Pb−I bond breaks. After that the
265degradation tends to propagate laterally along the outermost
266layer of the crystal, and the MAPI is degraded in a layer-by-
267layer fashion. PbI2 layers are formed, while MAI is dissolved in
268water as MA+ molecules and I− ions. This is in agreement with
269experimental results reporting PbI2 as the product of
270degradation.38

271We have also performed a study of MAPI degradation by
272starting from the MAI-terminated surface. To limit the
273computational cost, we have considered only 300 and 480 K.
274In agreement with the CPMD simulations42 (reporting the
275solvation of one MAI unit at room temperature in 8.5 ps) we
276observe a fast dissolution (within 10 ps) of outermost MAI

Figure 3. (Top) Illustration of the H2O diffusion inside a MAPI
bulk at T = 550 K during 5 ns. The water molecule jumps from a
MAPI cell to an adjacent one in discrete steps. Red (gray) circles
represent consecutive positions of oxygen (hydrogen) atoms of
water along the trajectory. The initial and final positions of the
water molecule are also shown. (Bottom) Arrhenius plot of the
diffusion coefficients.

Table 2. Energetics: Energy Gain (ΔE) for Adhesion,
Infiltration, and Wetting; Kinetics: First Two Columns
Report the Diffusion Coefficient in the Crystal (D) at T =
300 K and Last Two Columns Report the Activation Energy
(EA) for Diffusion and Degradation

Energetics

ΔE

adhesion 0.41 eV/H2O
infiltration 0.29 eV/H2O
wetting 0.23 N/m

Kinetics

(T = 300 K) EA (eV)

D 1.7 × 10−8 cm2/s diffusion 0.28
degradation 0.36

Figure 4. (Top) Snapshots of water degradation by liquid water at
T = 480 K. (Bottom) Arrhenius plot for MAPI degradation in
liquid water. t0 = l0/v is the time (in nanoseconds) at which the first
layer is completely transformed into PbI2.
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277 layers (see Figure S4 of the Supporting Information). After the
278 removal of external MAI units the surface evolves into a PbI2-
279 terminated one. The surface is not perfectly flat due to the
280 presence of an almost half-coverage of I adatoms. At longer
281 simulation time, we observe that the degradation is analogous
282 to the PbI2 case. Eventually (at 480 K and after ∼40 ns of
283 annealing) the MAPI is fully dissolved into insoluble PbI2 and
284 solvated MA and I ions (see Figure S5 of the Supporting
285 Information).
286 Past literature has indicated that an important channel for
287 degradation of MAPI either under thermal stress or in the
288 presence of water is the deprotonation of methylammonium. In
289 this case a dependence on the pH of water is expected, but the
290 effect has been found to be modest.38 Furthermore, the energy
291 cost for deprotonation is high (∼1 eV). In the present study we
292 find a lower activation energy mechanism for the spontaneous
293 dissolution of the crystal into its ionic components in water.
294 This fast process can possibly facilitate further decomposition
295 by higher energy and slower fragmentation of methylammo-
296 nium. As explained below, the dissolution process relies on the
297 ability of water molecules to damage the crystal by a collective
298 action.
299 Degradation by Collective Molecular Mechanisms.
300 Summarizing the previous results, we have found that the
301 infiltration and diffusion of a single water molecule in a MAPI
302 crystal is possible and does not induce degradation. Conversely,
303 water in the liquid phase is able to irreversibly dissolve the
304 perovskite. It is natural to ask what is the reason for such a
305 different behavior and whether a minimal amount of water
306 exists that is necessary and sufficient to degradate MAPI. In
307 order to answer this question, we consider increasing the
308 amount of water on the MAPI surface, and we study the
309 damage induced on the surface as a function of the number of
310 water molecules on the perovskite surface. We focus on T =
311 340 K, as a similar analysis at room temperature, though
312 possible, would require much longer simulations and a huge
313 computational cost. We start by covering 10% of the MAPI
314 surface sites by water molecules, and we then increase the
315 coverage up to 100% (i.e., a complete water monolayer). The
316 first degradation event is observed for 75% water coverage,
317 corresponding to a surface density of 5.9 × 10−9 g/cm2: one I
318 atom is lifted from the surface attracted by the surrounding

f5 319 H2O molecules (see Figure 5a,b1). A Pb−I bond is thus
320 broken, and two water molecules infiltrate inside the crystal
321 (see Figure 5b2,b3). A network of hydrogen bonds is formed
322 between the water molecules and surface I atoms so as to bring
323 the number of donor hydrogen bonds per molecule toward its
324 ideal value.66 This is the first step of the water degradation, as
325 detailed in the previous section. It is interesting to compare the
326 degradation energy calculated from the dynamics with the
327 energy cost associated with the formation of I defects on the
328 surface. In the absence of water the formation energy is 0.62
329 eV. Notably, in the presence of a cluster of four water
330 molecules, this value decreases to 0.26 eV, close to the
331 activation energy of 0.36 eV. This, together with the
332 observation of the mechanism of water intrusion, suggests
333 that the barrier is mainly due to the cost of forming the
334 hydrated I defect. Furthermore, these results show that the
335 presence of aggregated water molecules acts as catalyzer for the
336 formation of such defects and the degradation of MAPI (see
337 Supporting Information, Section S3).
338 For higher temperatures, this phenomenon is observed at
339 lower water coverages: for example, at T = 480 K a coverage as

340small as 20% is sufficient to initiate the surface degradation
341process. We remark here that the Pb−I bond breaking and
342subsequent multiple water infiltrations are possible only when
343more than one H2O molecule is present in the proximity of the
344bond: in the simulated systems at low coverage, this correspond
345to having at least three water molecules around the I atom.
346These results clearly indicate a collective effect of water
347molecules.
348In the vapor phase (containing less than 1 molecule per 103

349nm3) water is not able to damage the PbI network, and we can
350speculate that water progressively infiltrates and diffuses as
351isolated molecules without damaging the crystal until the
352formation of the hydrated phase. Conversely, when water is
353aggregated on the surface, irreversible degradation of the lattice
354can occur.

355CONCLUSIONS
356By calibrating a simple force field for water/MAPI we have
357been able to study the interaction of a MAPI crystal with vapor
358and to simulate its full dissolution in liquid water. The study
359provides a comprehensive picture of the transformation
360phenomena occurring in MAPI in the presence of water. At
361room temperature the water vapor absorption is energetically
362favored by 0.29 eV and the infiltrated water molecules can
363diffuse without damaging the crystal structure, with a diffusion
364coefficient D = 1.7 × 10−8 cm2/s at room temperature.
365On the contrary the dissolution of MAPI in liquid water is
366irreversible and thermally activated with a barrier of 0.36 eV.
367The underlying microscopic mechanism of degradation is
368explained as a collective action of water molecules that perturb

Figure 5. Snapshots taken during the simulation of 75% water
coverage on a MAPI surface at T = 340 K. (a) View of three H2O
molecules lifting an I atom (depicted in green for clarity). (b)
Subsequent moments of the simulation, showing water infiltration
(the yellow circles indicate the infiltrated molecules).
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369 the inorganic framework by lifting I atoms, making liquid water
370 infiltration possible. In the presence of bulk water, at the initial
371 stages of the degradation, a tendency of liquid water to
372 transform the material layer by layer is observed, by solvating
373 MA and I ions and producing insoluble PbI2 films.
374 By using models at increasing water coverage, we are able to
375 rationalize the transition from the reversible kinetics in the
376 presence of water vapor to the irreversible degradation of the
377 crystal in liquid. In particular, we show that three water
378 molecules are needed to deteriorate locally the perfect PbI-
379 terminated surface of the hybrid perovskite.
380 We point out that previous theoretical works exploring the
381 picosecond scale were not able to observe PbI2-surface
382 degradation and concluded that such a surface could act as a
383 protective layer. Here, we show that on a longer nanosecond
384 scale the MAPI degradation is indeed possible also from the
385 PbI2-terminated surfaces, although it is less favored (i.e., slower)
386 than from MAI-terminated ones. The model developed in the
387 present work and applied to perfect crystalline MAPI is also
388 suitable to study realistic samples containing extended defects
389 and grain boundaries.

390 COMPUTATIONAL DETAILS
391 Model potential molecular dynamics simulations were performed by
392 using the LAMMPS code.67 The MYP1 parameters can be found in
393 the Supporting Information. The long-range electrostatic forces were
394 calculated by the particle−particle particle-mesh Ewald algorithm,68

395 and van der Waals interactions were cut off at 10 Å. The velocity-
396 Verlet algorithm69 with a time step as small as 0.5 fs was used to solve
397 the equations of motion. Trajectories were analyzed by using the VMD
398 1.9 code.70 After a conjugate gradient minimization and a short (5 ps)
399 low-temperature (1 K) relaxation, the systems were heated to the
400 temperatures of interest. Temperature was controlled by a Nose-
401 Hoover thermostat.71,72 Simulations in liquid water were run for up to
402 50 ns. To estimate the diffusion coefficients for absorbed water
403 molecules, we performed 10 independent simulations for each
404 temperature, and we averaged the molecule MSD.
405 DFT calculations were performed by the plane-wave Quantum
406 ESPRESSO code73 with the LDA exchange−correlation functional,
407 ultrasoft-pseudopotentials for all atomic species, 45 Ry kinetic energy
408 cutoff for the orbital and 300 Ry for charge density, and 4 × 4 × 1
409 Monkhorst−Pack reciprocal space sampling.
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