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Abstract
The origin of the dissolution of MAPI crystals
in liquid water is clarified by finite temperature
molecular dynamics. It is found a thermally ac-
tivated process with an energy barrier of 0.36 eV
consisting of a layer by layer degradation with
generation of inorganic PbI2 films and solvation
of MA and I ions. We rationalize the effect of
water on MAPI by identifying a transition from
a reversible absorption and diffusion in presence
of vapor, to the irreversible destruction of the
crystal lattice in liquid due to a cooperative ac-
tion of water molecules.
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Introduction
The importance of hybrid organic-inorganic
perovskites has greatly increased in recent

years due to the exceptional photovoltaic
properties of methylammonium lead trihalide
CH3NH3PbI3 (MAPI) that make it a great
promise for low cost, solution processable hy-
brid solar cells. This material with perovskite
crystalline structure1 has light absorption and
charge transport properties comparable to
those of the most efficient inorganic semicon-
ductors2–4 making it possible to manufacture
22% efficient MAPI solar cells5–7. The im-
portance of MAPI extends far beyond photo-
voltaics with many possible applications rang-
ing from optoelectronics8,9 and lasing,10,11 to
photocatalysis12 and thermoelectricity.13
Despite its excellent optoelectronic proper-

ties, MAPI has drawbacks such as e.g. the
thermal instability at relatively low tempera-
tures.14–16 More importantly the material easy
degrades in presence of highly polar solvents,
like water.17 Since solar cells operate at ambi-
ent conditions, the presence of water in air can
easily induce the degradation of MAPI devices,
also raising concerns on the dispersion of toxic
lead in the environment.
Although it is in principle possible to pro-

tect the active layer by encapsulation,18–26 wa-
terproofing the material,27–30 and to improve
the stability by mixed-cations systems31 a con-
clusive solution to the problem has not been
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achieved so far. The understanding of the
water-MAPI interaction and of the irreversible
degradation mechanisms of hybrid perovskites
is accordingly a key issue towards the develop-
ment of usable devices.
Several experimental works have reported the

effects of the exposure of MAPI to humidity:
for example, Leguy et al. 32 have observed that
when MAPI single crystals and thin films are
exposed to water vapor at room temperature,
hydrated crystal phases are formed. Notably
such transformation can be reversed upon dry-
ing. Water absorption under vapor exposure is
not well understood. Müller et al. 33 have ob-
served water penetration into MAPI thin films
within seconds at low 10% humidity, while Zhu
et al. 34 did not observe infiltration up to 80%
relative humidity. Most works agree that water
infiltration is surface-originating, and defects or
grain boundaries can enhance the process. De-
spite the different results, all experiments in-
dicate that MAPI transformations under vapor
conditions have a reversible character.
The exposure to liquid water instead gives al-

ways rise to irreversible dissolution of MAPI
with the formation of PbI2. Degradation is
very effective in this conditions and it is ob-
served already for very small amounts of liquid,
like condensed drops on a thin film surface, or
for fast dipping in water32,35 . Degradation has
been proposed to proceed through the loss of
CH3NH+

3 (with I− as the counterion) and the
consequent formation of the irreversible reac-
tion product PbI2.
Water has also an effect on the thermal degra-

dation of MAPI at high temperature. In pres-
ence of humid air the kinetics is faster and char-
acterized by a lower activation energy (0.96 eV
in air versus 1.54 eV in vacuo).36
The molecular origin of dissolution has been

searched by ab initio atomistic simulations.
The studies of water on MAPI surfaces have
been performed considering the two possible
cases: MAI- or PbI2-terminated surfaces. In
the former case, i.e. the less stable MAI surface,
it has been demonstrated that vapor and liquid
water infiltration37–40 are highly favored. Fur-
thermore, by using Car-Parrinello molec-
ular dynamics (CPMD),41 Mosconi et al. 39

observed the solvation of a MAI unit detached
from this surface in liquid water.
Conversely, the interaction of water with the

PbI2-terminated surface has slower dynamics
far from reach for ab initio. In fact the full
degradation of the PbI2-terminated surface of
MAPI39 has never been observed, even in pres-
ence of liquid water. The computational cost of
CPMD limits the the time scale to few tens of
picoseconds, that is in any case too short to ob-
serve degradation of the PbI2-terminated MAPI
surface and to clarify the infiltration mecha-
nism under controlled thermodynamic condi-
tions. Accordingly, the molecular origin and
the critical conditions for the overall MAPI dis-
solution in liquid water is still unexplored and
requires alternative approaches.
Recently, a few model potentials have been re-

ported for the study of MAPI over longer time
and length scales by classical molecular dy-
namics.42–44 In particular, the MYP potential42
has demonstrated to reproduce several relevant
properties of MAPI, such as orthorhombic-to-
tetragonal transition, vibrational properties,45
defects diffusion,46 thermal transport proper-
ties47,48 and the cohexistence of ordered and
disordered molecular domains in MAPI under
specific thermal treatments.49 To date, the only
study of water/MAPI systems by model poten-
tial molecular dynamics (MPMD) has been per-
formed by Gutierrez-Sevillano et al..50–52 In
their paper the Authors have adopted a force
field that describes the MAPI precursors in sol-
vent but that is not able to reproduce the prop-
erties of crystalline phase of MAPI. Here we
want to simulate the dissolution process that,
according to literature, involves the formation
of PbI2 in liquid water; thus we need a force
field able to model both the crystal and its dis-
solved components.
In this work we refine and extend the MYP

force field to treat MAPI-water interactions and
we study for the first time the full process of
dissolution of MAPI crystal in water by finite
temperature molecular dynamics. We are able
to clarify the transition from reversible phe-
nomena (such as vapor infiltration) to disso-
lution in liquid water. The kinetics reveals
an Arrhenius behavior with activation energy
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of 0.36 eV. Such an activation energy derives
from a collective mechanism involving clusters
of water molecules inducing the dissolution into
ionic components. This decomposition pro-
cess is fast and efficient in water and it rep-
resents a first step towards a slower irreversible
degradation involving higher energy reactions
∼ 1 eV36,53 such as deprotonation of methy-
lammonium into methylammine36 or methy-
lammonium fragmentation into ammonia and
CH3I.53,54

Results and discussion

System under Study

The typical system studied in this work consists
of water molecules (either a single molecule,
a cluster or a liquid layer) on top of a (001)
PbI2-terminated MAPI slab (see Fig. 1). The
choice of this surface stems from the fact that
the (001) is one of the lowest energy cuts for
MAPI.55 Furthermore, the PbI2 termination
is interesting for applications since its surface
states can act as intermediate levels for hole
transfer.56 Additional calculations for the
MAI-terminated surface were performed
to validate results on degradation (see
Supporting Information).
The MAPI crystal is periodically replicated

in the x-y directions and the lateral sizes are
Lx=3.6 nm x Ly=3.4 nm. The slab is 1.8 nm
thick along the z direction. For the study of
vapor only one water molecule is put on the
MAPI surface, corresponding to a surface den-
sity of 2.4·10−10 g/cm2, while for the liquid case,
a 2.5-nm thick layer of water molecules is re-
laxed on top of the surface (surface density of
∼ 8·10−8 g/cm2). Overall up to 104 atoms were
used in the simulations.
MAPI interatomic forces are described by a

refined version of the MYP0 model potential57
(referred to as MYP1). The main difference is a
reduction of the Pb and I charges and the use of
PbI Buckhingham parameters close to the po-
tential of Winkler et al58 as interestingly sug-
gested by Handley et al.59 With respect to the
Handley potential, the MYP1 is still able to re-

produce the orthorhombic-to-tetragonal transi-
tion. An extensive validation of the model
against DFT and experimental data can
be found in the Supporting Information.
The TIP3P model60 is used for water. This

is a simple and widely adopted model for
water with a low computational cost. The
MAPI-water interactions are described as the
sum of Coulomb and Lennard-Jones (12-6) con-
tributions and are fitted on ab initio results
for structure and energetics of suitable
water-MAPI systems (see Supporting In-
formation). In addition present model is
able to reproduce the water/MAPI ra-
dial pair distribution functions (see Fig.
1), the easiness of water penetration in-
side the MAPI surface, and the experi-
mentally observed insolubility of PbI2 in
water32,33 (See Supporting Information).

Vapor phase analysis

First, we want to quantify the absorption of wa-
ter on MAPI surface and its ability to infiltrate
inside the MAPI crystal. Near saturation, a
parcel of air contains ∼28 grams of water per
cubic meter at room temperature and pressure,
which corresponds to one water molecule per
103nm3. With reference to our model, vapor
phase conditions are thus attained by placing a
single water molecule on the surface.
A single water put in front of the surface is at-

tracted by the crystal and its oxygen eventually
binds to a Pb atom of the surface giving rise to
a polar Pb-O link of length ∼ 2.8 Å . This is
in full agreement with DFT calculations. The
averaged adhesion energy at room temperature
of the water molecule on the surface is -0.41
eV. Once the molecule is anchored in this way
it does not diffuse sizably at room temperature
on the nanosecond time scale.
To study water infiltration within the MAPI

crystal we calculated the associated energy gain
of placing the water molecule inside the MAPI
bulk, ∆Ein. We find ∆Ein = -0.29 eV at room
temperature, meaning that water infiltration is
possible, though less convenient than water ab-
sorption on surface. Infiltration on a perfect
crystal surface is found to be a rare event on the
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Figure 1: Top: snapshot of the simulated in-
terface 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 con-
nect 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. 39

nanosecond time scale indicating the existence
of an energy barrier. This is consistent with the
results of Koocher et al. 38 obtained by ab initio
calculations reporting a static barrier between
0.023 and 0.23 eV, depending on the orienta-
tion of the MA cations. This is also consistent
with results based on CPMD simulations of
vapor61. In the case of damaged surfaces or in
presence of more than one water molecule (see
below), the infiltration process can be faster.
Once infiltrated the molecule spends most of
the time vibrating inside the MAPI tetragonal
cell containing it. In agreement with Ref. 39,
it is preferentially located on the sides of the
perovskite cage, where it can form hydrogen
bonds with the I atoms. The distribution of
positions of hydrogen and oxygen atoms shows
that H spends most of the time in proximity to
I atoms, while O stays closer to the positive MA
cation, as expected for electrostatic arguments
(see e.g. top panel of Fig. 2), due to a ten-
dency to form O-H links (see results at T=0K,
Supporting Information).
Diffusion between adjacent cells is observed

during long dynamics at room temperature.
The molecule can jump from one PbI cage to
the neighboring ones of the bulk. As temper-
ature is raised, the water diffusion increases
rapidly indicating a thermally activated pro-
cess. An example of diffusion trajectory is re-
ported in Fig.2. By fitting the average mean
square displacements (MSD) with the Einstein
relation MSD=6Dt we estimated the diffusion
coefficients D at different temperatures. At
T=300K a value of D=1.7·10−8 cm2/s and an
activation energy of 0.28 eV are found. Inter-
estingly, this value is comparable with the case
of water diffusion in perovskite oxides.62

Liquid phase analysis

We focus now our attention on the opposite
limit, i.e. MAPI surface in presence of liquid
water (see Fig. 1). It is interesting first to cal-
culate the adhesion energy ∆Ewet necessary to
separate a unit surface of water (wetting layer)
from the crystal. An energy of -1.45 eV/nm2 is
found, corresponding to 0.23 N/m. As a term
of comparison, the interaction energy between
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Table 1: Energetics: energy gain (∆E) for ad-
hesion, infiltration and wetting. Kinetics: first
two columns report the diffusion coefficient in
the crystal (D) at T=300 K. Last two columns
report the activation energy (EA) for diffusion
and degradation.

Energetics
∆E

adhesion -0.41 eV
infiltration -0.29 eV
wetting 1.45 eV/nm2

Kinetics
( T=300K) EA(eV)

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

water and silica is ∼0.2 N/m.63 A summary of
the water/MAPI energetics is reported in Table
1.
The wettability of the perovskites favors the

contact between the water and the surface mak-
ing it possible the degradation process. Accu-
rate measurements of degradation velocity are
not reported in literature but available data
at room temperature indicate that a fast phe-
nomenon with samples of thickness 1-100 µm
degraded in a few seconds.35 In terms of mi-
croscopic quantities this corresponds to a few
monolayers ( ∼ 1nm) dissolved in 104-106 ns.
Accordingly, within the time scale typical of
molecular dynamics simulations (up to 100 ns
in the present study) it is not expected a siz-
able degradation at room temperature. This is
in fact the case. However, as the temperature
increases, the degradation kinetics rapidly in-
creases. Already at 340 K, degradation events
can be observed within the 100 ns. At higher
temperatures the full degradation of a 4 nm
thick crystal was observed during the dynam-
ics. Under the hypothesis that the degrada-
tion velocity v follows an Arrhenius dependence
on temperature (v ∼ exp(−EA/KBT)), we plot
ln(v/l0) vs 1000/T, where l0 is the thickness of
MAPI monolayer (0.63 nm) and t0 = l0/v is
the time at which the first layer is completely
degraded into PbI2. The corresponding plot is
reported in the bottom panel of Fig.3, and it

Figure 2: Top: illustration of the H2O diffusion
inside a MAPI bulk at T=550K during 5 ns.
The water molecule jumps from a MAPI cell to
an adjacent one in discrete steps. Red (grey)
circles represent consecutive positions of oxy-
gen (hydrogen) atoms of water along the tra-
jectory. The initial and final position of the
water molecule is also shown. Bottom: Arrhe-
nius plot of the diffusion coefficients.

provides EA =0.36 eV. Fig. 3 shows some snap-
shots of the degradation process simulated at
T=480 K: after 4 ns, the first layer has been
transformed into PbI2 by the water, and it takes
about 50 ns to degrade the whole slab. The
degradation starts locally at some random point
of the surface where a Pb-I bond breaks. After
that the degradation tends to propagate later-
ally along the outmost layer of the crystal, and
the MAPI is degraded in a layer-by-layer fash-
ion. PbI2 layers are formed, while MAI is dis-
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solved in water as MA+ molecules and I− ions.
This is in agreement with experimental results
reporting PbI2 as product of degradation.35

Figure 3: Top: snapshots of water degradation
by liquid water at T=480K. 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.

We have also performed the study of
MAPI degradation by starting from the
MAI terminated surface. To limit the
computational cost we have considered
only 300K and 480K. In agreement with
the CPMD39 (reporting the solvation of
one MAI unit at room temperature in 8.5
ps) we observe a fast dissolution (within
10 ps) of outmost MAI layers (see Figure
S4 of Supporting Information). After the

removal of external MAI units the sur-
face evolves into a PbI2 terminated one.
The surface is not perfectly flat due to the
presence of an almost half coverage of I
adatoms. At longer simulation time, we
observe that the degradation is analogous
to the PbI2 case. Eventually (at 480K
and after 40ns annealing) the MAPI is
fully dissolved into insoluble PbI2 and
solvated MA and I ions (see Figure S5
of Supporting Information).
Past literature has indicated that an impor-

tant channel for degradation of MAPI either
under thermal stress or in presence of water
is the deprotonation of methylammonium. In
this case a dependence on the pH of water is ex-
pected, but the effect has been found to be mod-
est.35 Furthermore, the energy cost for depro-
tonation is high (∼ 1eV). In the present study
we find a lower activation energy mechanism for
the spontaneous dissolution of the crystal into
its ionic components in water. This fast pro-
cess can possibly facilitate further decomposi-
tion by higher energy and slower fragmentation
of methylammonium. As explained below the
dissolution process relies on the ability of water
molecules to damage the crystal by a collective
action.

Degradation and water coverage

Summarizing the previous results, we have
found that the infiltration and diffusion of a sin-
gle water molecule in MAPI crystal is possible
and it does not induce degradation. Conversely,
water in liquid phase is able to irreversibly dis-
solve the perovskite. It is natural to ask what
is the reason for such a different behavior and
whether it exists a minimal amount of water
that is necessary and sufficient to degradate
MAPI. In order to answer to this question we
consider increasing amounts of water on MAPI
surface and we study the damage induced on
the surface as a function of the number of water
molecules on the perovskite surface. We focus
on T=340K as a similar analysis at room tem-
perature, though possible, would require much
longer simulations and a huge computational
cost. We start by covering 10% of MAPI sur-
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face sites by water molecules, and we then in-
crease the coverage up to 100% (i.e. a complete
water monolayer). The first degradation event
is observed for 75% water coverage, correspond-
ing to a surface density of 5.9·10−9 g/cm2: one
I atom is lifted from the surface attracted by
the surrounding H2O molecules (see Fig. 4a -
4b1). A Pb-I bond is thus broken, and two wa-
ter molecules infiltrate inside the crystal (see
Fig. 4b2- 4b3). A network of hydrogen bonds
is formed between the water molecules and sur-
face I atoms so as to bring the number of donor
hydrogen bond per molecule toward its ideal
value.64 This is the first step of the water degra-
dation, as detailed in previous section. It is
interesting to compare the degradation energy
calculated from the dynamics with the energy
cost associated to the formation of I defects on
the surface. In absence of water the formation
energy is 0.62 eV. Notably, in presence of a clus-
ter of four water molecules, this value lowers
down to 0.26 eV close to the activation energy
of 0.36 eV. This, together with the observation
of the mechanism of water intrusion, suggest
that the barrier is mainly due to the cost of
forming the hydrated I defect. Furthermore,
these results show that the presence of aggre-
gated water molecules acts as catalyzer for the
formation of such defects and the degradation
of MAPI (see Supporting Information, Section
S3).
For higher temperatures, this phenomenon is

observed at lower water coverages: for exam-
ple, at T=480 K a coverage as small as 20%
is sufficient to initiate the surface degradation
process. We remark here that the Pb-I bond
breaking and subsequent multiple water infil-
tration is possible only when more than one
H2O molecule is present in the proximity of the
bond: in the simulated systems at low cover-
age, this correspond to having at least 3 wa-
ter molecules around the I atom. These re-
sults clearly indicate a collective effect of water
molecules.
In vapor phase (containing less than 1

molecule per 103nm3) water is not able to dam-
age the PbI network and we can speculate that
water progressively infiltrates and diffuses as
isolated molecules without damaging the crys-

tal until the formation of the hydrated phase.
Conversely, when water is aggregated on the
surface the irreversible degradation of the lat-
tice can occur.

Figure 4: Snapshots taken during the simula-
tion of 75% water coverage on MAPI surface at
T=340 K. Panel a shows a view of three H2O
molecules lifting a I atom (depicted in green for
clarity). Panels b are subsequent moments of
the simulation, showing water infiltration (the
yellow circles indicate the infiltrated molecules).

Conclusions
By calibrating a simple force-field for wa-
ter/MAPI we have been able to study the inter-
action of MAPI crystal with vapor and to sim-
ulate its full dissolution in liquid water. The
study provides a comprehensive picture of the
transformation phenomena occurring in MAPI
in presence of water. At room temperature the
water vapor absorption is energetically favored
by 0.07 eV and the infiltrated water molecules
can diffuse without damaging the crystal struc-
ture, with a diffusion coefficient D=1.7·10−8

cm2/s at room temperature.
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On the contrary the dissolution of MAPI in
liquid water is irreversible and thermally acti-
vated with a barrier of 0.36 eV. The underly-
ing microscopic mechanism of degradation is ex-
plained as a collective action of water molecules
that interacting with both Pb and I ions per-
turb the inorganic framework producing a wa-
ter infiltration. In presence of bulk water, at
the initial stages of the degradation, it is ob-
served a tendency of liquid water to transform
the material layer by layer, producing inorganic
PbI2 films and solvated MA and I ions.
By using models at increasing water coverage,

we are able to rationalize the transition from
the reversible kinetics in presence of water va-
por to the irreversible degradation of the crystal
in liquid. In particular, we show that three wa-
ter molecules are needed to deteriorate locally
the perfect PbI-terminated surface of the hy-
brid perovskite.
We point out that this is the first molecu-

lar dynamics simulation of MAPI dissolution by
water which proceeds from the PbI2-terminated
surface. Previous theoretical works on the pi-
cosecond scale were not able to observe PbI2-
surface degradation and concluded that such a
surface could act as a protective layer. Here,
we show that on a longer nanosecond scale the
MAPI degradation is indeed possible also from
the PbI2-terminated surfaces, though it is less
favored (i.e. slower) than from MAI-terminated
ones. This study paves the way to further un-
derstanding of the role of extended defects and
grain boundaries on the degradation in realistic
samples.

Computational details
Model potential molecular dynamics simula-
tions were performed by using the LAMMPS
code.65 The long-range electrostatic forces were
calculated by the particle-particle particle-mesh
Ewald algorithm,66 and van der Waals interac-
tions were cutoff at 10 Å. The velocity-Verlet
algorithm67 with a time step as small as 0.5 fs
was used to solve the equations of motion. Tra-
jectories were analyzed by using the VMD 1.9
code.68 After a conjugate gradient minimization

and a short (5 ps) low temperature (1K) relax,
the systems were heated up to the tempera-
tures of interest. Temperature was controlled
by the Nose-Hoover thermostat.69,70 Simula-
tions in liquid water run for up to 50 ns. To
estimate the diffusion coefficients for absorbed
water molecules, we performed 10 independent
simulations for each temperature and we aver-
aged the molecule mean squared displacement
(MSD).
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