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ABSTRACT: Microscopic understanding of interaction between H2O and MAPbI3 (CH3NH3PbI3) is essential to further
improve eﬃciency and stability of perovskite solar cells. A
complete picture of perovskite from initial physical uptake of
water molecules to ﬁnal chemical transition to its monohydrate
MAPbI3·H2O is obtained with in situ infrared spectroscopy,
mass monitoring, and X-ray diﬀraction. Despite strong aﬃnity
of MA to water, MAPbI3 absorbs almost no water from ambient
air. Water molecules penetrate the perovskite lattice and share the space with MA up to one H2O per MA at high-humidity levels.
However, the interaction between MA and H2O through hydrogen bonding is not established until the phase transition to
monohydrate where H2O and MA are locked to each other. This lack of interaction in water-inﬁltrated perovskite is a result of
dynamic orientational disorder imposed by tetragonal lattice symmetry. The apparent inertness of H2O along with high stability
of perovskite in an ambient environment provides a solid foundation for its long-term application in solar cells and optoelectronic
devices.

■

INTRODUCTION
Organic−inorganic hybrid perovskite CH3NH3PbI3 (MAPbI3)
has shown great potential for high-eﬃciency low-cost solar cells
and optoelectronic devices, but its chemical stability in ambient
environments has hindered large-scale commercial application.1−8 MAPbI3 was found to be very sensitive to the
environment, especially to water or moisture: the dark ﬁlm of
MAPbI3 turned yellow because of its decomposition to
PbI2.9−12 Early proposal indicates that even a single water
molecule can catalyze the degradation of perovskite to
PbI2.7,13,14 Later, two groups used X-ray diﬀraction (XRD)
and claimed perovskite dihydrate (MA)4PbI6·2H2O as an
intermediate phase before decomposition.15,16 Shortly after
that, Leguy et al. reported that the perovskite ﬁrst became
monohydrate MAPbI3·H2O before further hydration to
(MA)4PbI6·2H2O.17 The observation of monohydrate in the
degradation pathway is very convincing, but it is still not wellrecognized in recent literature.3,8 In the meantime, ﬁrstprinciples calculation and molecular dynamics were employed
to gain microscopic understanding of degradation pathways and
the atomic interaction between perovskite and water
molecules.18−20 These simulations show that water molecules
© 2016 American Chemical Society

can spontaneously permeate into perovskite lattice and form
hydrogen bonds with MA cations and iodine ions.18,21 Recent
experiments studied the eﬀect of moisture on the electronic and
lattice structures of perovskite.20−22 Grancini et al. observed a
blue shift in photoluminescence and changes to MA Raman
spectrum when single-crystal perovskite was exposed to
moisture, and attributed them to the widening of band gap
and formation of hydrogen bonding of MA with water.20 Müller
et al. observed a uniform red shift by ∼10 cm−1 in the infrared
(IR) spectrum of MA, and also attributed the shift to the
hydrogen bonding. They further showed that the perovskite
ﬁlm became saturated by water molecules with 2:1 MAPbI3/
H2O molar ratio even at 10% low relative humidity (RH).21
However, diﬀerent from Grancini et al.’s work,20 their IR results
show negligible water absorption in perovskite single crystal at
ambient conditions (∼40% RH).21
In this work, we present a very diﬀerent but more complete
picture of interaction of water with perovskite using ﬁrstReceived: July 14, 2016
Revised: September 6, 2016
Published: September 21, 2016
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Figure 1. XRD patterns and FTIR spectra of fresh and decomposed perovskite monohydrate MAPbI3·H2O. (a) XRD patterns. Insets are optical
macroscopic and microscopic images. Decomposed monohydrate was obtained by brief N2 ﬂushing in air. (b) Corresponding FTIR spectra by
attenuated total reﬂection (ATR). (c, d) Evolution of ATR FTIR spectrum of perovskite monohydrate as it was exposed to ambient air.

MAPbI3·H2O can be recognized by characteristic XRD peaks at
8.35° and 10.31°, and the dark dehydrated product is conﬁrmed
as MAPbI3 by strong XRD diﬀraction peaks at 14.18° and
28.46°.17,24 The optical images also reveal that monohydrate
consists of microwires with uniform diameter, but the structure
collapses after dehydration.24 XRD conﬁrmed that yellow
monohydrate reappeared when such-obtained dark perovskite
was exposed to moist N2 (RH > 95%), although single-crystal
microwires are not recovered.
The establishment of reversible transition between MAPbI3·
H2O and MAPbI3 enables us to obtain vibrational spectrum of
MAPbI3·H2O and use it to further study the phase transition.
Figure 1b shows IR spectra of fresh and dehydrated MAPbI3·
H2O as in Figure 1a. A signiﬁcant diﬀerence can be seen
between two spectra, and the spectrum of MAPbI3 (dehydrated
monohydrate) is nearly identical to those reported before
except a broad water absorption band near 3450 cm−1.26,27 This
broad band is also present in the spectrum of fresh
monohydrate, and is due to residue water initially adsorbed
to fresh monohydrate when it was extracted from reaction
solution. To unambiguously identify major IR features of
monohydrate, we prepared dry monohydrate with much less
surface water residue, and then let it degrade slowly in ambient
air and monitored the transition with FTIR. Figure 1c,d shows
the evolution of IR spectrum as the fresh monohydrate
dehydrated and became perovskite in about 89 min. The major
changes in spectrum can be summarized as follows from high to
low wavenumber: (1) The disappearance of two sharp peaks
near 3500 cm−1; (2) asymmetric stretching mode of NH3+
remaining the same, but several peaks in the 3000 cm−1 region
disappearing accompanied by the emergence of the symmetric
stretching mode of NH3+ at 3133 cm−1; (3) two modes in the
1500 cm−1 region disappearing; (4) spectral shifts for three
peaks in the region of 1300−900 cm−1. It can also be seen that
the broad water absorption band near 3500 cm−1 is not so
visible in both fresh and degraded monohydrate due to the
elimination of water residue.

principles vibrational dynamics and a comprehensive set of
techniques which enable us to monitor in situ the lattice
vibrations, lattice structure, and moisture uptake when
perovskite is exposed to an environment with controlled
humidity. After conﬁrmation of monohydrate as the immediate
hydrate of perovskite and their reversible transition by XRD, we
show that the hydration of perovskite is very diﬀerent from
dehydration of monohydrate with Fourier transform infrared
spectroscopy (FTIR). Contrary to some misunderstandings
and previous reports, water absorption in ambient air (25 °C
and 40−45% RH) is negligible; signiﬁcant water absorption is
observed only when the RH reaches ∼85%, with the maximum
1:1 MAPbI3/H2O molar ratio at RH of ∼100%. We show direct
evidence that water molecules are not simply adsorbed on the
surface or trapped in grain boundaries; they penetrate the
lattice and ﬁll the space surrounded by PbI6 cages with MA
without changing the tetragonal lattice structure and MA
vibration spectrum. We identify a set of distinctive IR bands
that serve as “ﬁngerprints” of the onset of hydrogen bonding
between H2O and MA. These ﬁngerprints allow us to monitor
the phase transition from water-saturated perovskite where MA
cations and water molecules are orientationally disordered to
monohydrate MAPbI3·H2O where they are locked to each
other through hydrogen bonding. The inactivity of water
molecules with perovskite is further supported by our
observation of superior chemical stability of MAPbI3 in
ambient conditions when it is stored in the dark.

■

RESULTS
Infrared Spectrum of MAPbI3·H2O. We start ﬁrst by
conﬁrming that monohydrate MAPbI3·H2O, rather than
dihydrate (MA)4PbI6·2H2O, is the ﬁrst hydrated phase of
MAPbI3.17,23,24 To achieve this, we synthesized MAPbI3·H2O
following a reported hydrothermal method.17,24,25 Figure 1a
shows optical images and X-ray diﬀractions of fresh
monohydrate and its dehydrated product by brief nitrogen
blowing in ambient air. The initial pale yellow material of
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Signature Molecular Vibration Modes of MAPbI3·H2O
by First-Principles Calculations. On the basis of the above
FTIR observations and ﬁrst-principles calculations, we are able
to identify major IR signatures of MAPbI3·H2O. Table 1

IR feature in monohydrate is the relatively sharp band at 2954
cm−1. This band is of particular signiﬁcance because it reﬂects
the hydrogen bonding between MA and H2O that locks
otherwise orientationally disordered molecules in PbI6 cage.
Figure 2 displays the three characteristic O−H vibrations of
water molecules in MAPbI3·H2O, calculated28 [Supporting
Information] at 1522, 3466, and 3520 cm−1. The O−H
vibrations in the hydrate have lower frequencies than those in
water vapor due to the dielectric properties of MAPbI3 cage. In
MAPbI3·H2O, the distance between one of the hydrogen atoms
of NH3+ and O of neighboring H2O molecule is 1.93 Å23
typical for hydrogen bond lengths. One of the interesting
revelations is the pair of vibrational modes at 2964 cm−1 (exp.
2954 cm−1) and 3253 cm−1 (exp. 3176 cm−1). It involves the
same N−H vibrations of the highest frequency doubly
degenerate E mode of a free MA molecule split oﬀ in
MAPbI3·H2O to a lower frequency Au and higher frequency Bu
modes. In the Au mode at 2964 cm−1 the H vibration is along
the O−H−N hydrogen bond, whereas in the highest frequency
Bu mode it is parallel to the H2O plane. We ﬁnd this the most
distinctive signature for the formation of hydrogen bonds
between MA and H2O. On the other hand, the MA vibration at
3253 cm−1 remains unchanged in going from perovskite to
monohydrate.
In Situ FTIR Monitoring of Perovskite Hydration and
Phase Transition. Although the transformation between
MAPbI3·H2O and MAPbI3 is reversible, FTIR reveals a big
diﬀerence in the microscopic process between hydration and
dehydration. Figure 3a,b shows the evolution of the FTIR
spectrum when the same decomposed monohydrate (perovskite) is exposed to the moist N2. In contrast to the dehydration
process shown in Figure 1c,d, MAPbI3·H2O is not formed until
about 300 s later despite rapid appearance of water absorption
band at 3500 cm−1. This observation indicates that adsorbed
water molecules do not transform perovskite to monohydrate
immediately, while in the reverse dehydration process, water
molecules do not stay with perovskite when monohydrate is
decomposed. We also note the concomitant appearance of

Table 1. Measured Vibrational Modes of Perovskite (WaterInﬁltrated Perovskite) and Monohydratea
MAPbI3·H2O
(cm−1)
IR band assignment

MAPbI3 (cm−1) (exp.)

exp.

calc.

CH3−NH3 rock
CH3−NH3+ rock
CH3−NH3+ stretch
CH3−NH3+ rock
CH3 bend
CH3−NH3+ bend
H2O bend
NH3+ bend
NH3+ bend
asym. NH3+ stretch
sym. CH3 stretch
asym. NH3+ sym. CH3 stretch
sym. NH3+ stretch
asym. NH3+ stretch
sym. H2O stretch
asym. H2O stretch

910
961

943
955
994
1260
1427
1460
1520
1593
1624
2954
2983
3075

952
962
1017
1277
1434
1460
1522*
1590
1642
2964*
2995
3042

3176
3467
3526

3253*
3466*
3520*

+

1248
1422
1469
1579

2916
3133
3176

a

The asterisks denote the set of distinctive IR vibrations in
monohydrate shown in Figure 2. IR band assignment gives only a
crude description of vibrational modes. Additional vibrational
eigenvectors of monohydrate are given in the Supporting Information.

summarizes the assignment and peak positions of vibrational
modes. Similar to the broad water absorption band, the two
narrow peaks at 3527 and 3467 cm−1 belong to asymmetric and
symmetric O−H stretching modes of water. The appearance of
the band at 1520 cm−1 in Figure 1b,d also correlates with that
of the two stretching modes of water. The notable water-related

Figure 2. Lattice crystal structure and signature molecular vibrations of MAPbI3·H2O. (a) Unit cell of lattice crystal structure of MAPbI3·H2O.
Hydrogen bonds between H of NH3+ and O of H2O are indicated by dashed lines. (b−f) Signature molecular vibrations of hydrogen-bonded
CH3NH3+ and H2O in MAPbI3·H2O.
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Figure 3. Perovskite hydration and subsequent phase transition to monohydrate in moist N2 monitored in situ by FTIR. (a, b) The same
decomposed monohydrate (perovskite) as in Figure 1c,d. (c, d) Powders of perovskite single crystal. Black and red solid curves stand for the start
and end in each ﬁgure, respectively. Relative humidity (RH) > 95%.

Figure 4. In situ hydration of perovskite thin ﬁlms monitored by FTIR, XRD, and quartz crystal microbalance with dissipation (QCM-D). (a)
Evolution of ATR FTIR spectrum in the same RH level as in Figure 3 (RH > 95%). (b) QCM-D water uptake at increasing RH levels. (c) Water
vapor sorption isotherm from (b). Inset shows a schematic of water-inﬁltrated perovskite when H2O/MAPbI3 ratio reaches 1:1 at the highest RH
level. (d) Change in perovskite unit cell volume when exposed to dry and moist N2.

absorption band at 1632 cm−1, which is the signature of
bending mode of H2O molecule. The phase transition to
monohydrate is marked by the emergence of two sharp peaks
on the top of the broad band at 3500 cm−1; the relatively broad
1632 cm−1 band also diminishes, along with the appearance of

the stronger 1520 cm−1 band and the signature 2954 cm−1
band. Note that the sharper band at 1624 cm−1 involves a NH3+
bend mode in the monohydrate.
We can say that the transformation from MAPbI3 to
MAPbI3·H2O requires two stages: initial physical water uptake
7388
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reﬁnement of the entire XRD pattern ﬁtting: the unit cell
expands in all three directions with about 1% volume
expansion.

and subsequent chemical phase transition. These two distinct
stages are also observed in single-crystal perovskite. As can be
seen from Figure 3c,d, in the ﬁrst stage, the amount of water
increases until the maximum is reached, but once the phase
transition starts, the broad band water absorption decreases
while the narrow sharp water absorption bands grow, implying
that the water in monohydrate comes from the water already
adsorbed to perovskite, rather than the surrounding moist
environment. It is important to note that, in the water uptake
stage before the phase transition, all the IR bands of perovskite
remain in the same positions, which is very diﬀerent from a
previous report.21
Is there a limit to the amount of water uptake? What is the
required minimum amount of water to initiate the phase
transition from perovskite to monohydrate? To answer these
questions, we turned to perovskite thin ﬁlm for better
quantitative measurement of moisture uptake. Figure 4a
shows similar growing broad water absorption band when the
perovskite ﬁlm is exposed to the same moisture environment.
The big diﬀerence is that water uptake quickly becomes
saturated in a few minutes, and there is no more growth and
phase transition over the next several hours. We also noted that
the water was not observed in the ﬁlm initially. In fact, as shown
in Figure S4a, no diﬀerence and no water are observed when a
ﬁlm is exposed to ambient air when taken out from vacuum.
Figure S4b even shows no sign of long-term degradation and
water absorption when perovskite ﬁlm is exposed to the
ambient air provided that it is kept in the dark. It is worth
mentioning that the MAPbI3 ﬁlm will degrade to PbI2 slowly if
it is left on the benchtop and exposed to room light.29,30
Moisture Uptake Measurement by Quartz Crystal
Microbalance. To directly monitor and quantify the absorbed
water in perovskite, we measure the gain in the mass of the
perovskite ﬁlm using quartz crystal microbalance with
dissipation (QCM-D). QCM-D curve in Figure 4b,c conﬁrms
that the water absorption happens at a similar rate as before and
the total amount of water is limited depending on RH level. At
the highest available RH level of ∼97%, the mass of the
perovskite ﬁlm increases by 2.9%, corresponding to 1:1 H2O/
MAPbI3 molar ratio. QCM-D also reveals a very surprising
observation: the amount of adsorbed water drops very quickly
as RH is reduced from the vapor saturation level, by nearly 7
times at the RH of 84%, and negligible water absorption in
ambient conditions (Figure S9). Note that, as in Figure 4a,
MAPbI3·H2O is not formed even when the 1:1 H2O/MAPbI3
molar ratio is reached.
Lattice Expansion Probed by XRD. Water is ubiquitous;
its eﬀect on perovskite has been the focus of many studies since
the very beginning.3,4,7,8 It has been suggested that water
molecules interact with perovskite through adsorption on the
surface or trapping in the grain boundaries.4,15,17,20 As
mentioned before, water is also believed to be able to penetrate
the crystal lattice of perovskite;18−21 however, there is no direct
experimental evidence to show any changes to the perovskite
lattice. The observation of the maximum water absorption at
1:1 MAPbI3/H2O ratio indicates that water molecules do
permeate into the lattice structure of perovskite. This
conclusion is also supported by the following FTIR and
QCM-D measurements using perovskite ﬁlm with diﬀerent
thicknesses: the amount of water is not determined by the ﬁlm
surface area; instead, it is roughly proportional to the thickness
or mass of perovskite ﬁlms (Table S2 and Figure S3). The ﬁnal
but strongest evidence is given in Figure 4d using unit cell

■

DISCUSSION
A microscopic picture of water-saturated perovskite is now
obtained (inset of Figure 4c): water molecules and MA cations
ﬁll up the space enclosed by PbI6 octahedrons as in MAPbI3·
H2O; the space is even tighter for perovskite because PbI6 cages
there are connected by corner-sharing. The question is why
H2O and MA molecules interact through hydrogen bonding in
monohydrate, as manifested by the change to MA vibrational
modes, while in perovskite, water has no eﬀect on the MA IR
spectrum. This lack of hydrogen bonding in perovskite is
surprising, on one hand, because it is in direct contradiction to
previous simulations and observation.18,21 On the other hand,
this diﬀerence is expected because the dynamics of water and
MA molecules in perovskite is diﬀerent. In monohydrate, the
position and orientation of MA and water molecule are locked
to each other, as can be seen in Figure 2.5 This is a general
property of stoichiometric hydrates such as gypsum CaSO4·
2H2O (http://www.gmss.us/community/minerals/gypsum).31
The sharp peaks of stretching and bending modes are a strong
indication of isolated and locked water molecules.31 The
situation is diﬀerent in perovskite. To satisfy the tetragonal
lattice symmetry of perovskite, MA and water molecules cannot
be locked; as a result, rigid hydrogen bond between H of NH3
and O of water cannot be established.
It is well-understood that MA cations in perovskite exhibit
orientational disorder at room temperature as a consequence of
the noncoincidence of the crystallographic site and the
molecular cation symmetries.11,32 This disorder has been
conﬁrmed by NMR,32,33 FTIR,27 and recently neutron
diﬀraction.34 The rotation of MA dipole is very fast; neutron
scattering measurements show that at room temperature MA
ions reorientate between the faces, corners, or edges of the
pseudocubic lattice cages every 14 ps.34 Density functional
theory (DFT) calculation reveals that it is such rapid
reorientation of MA in many quasi-equivalent directions that
transforms the perovskite from an indirect band gap semiconductor to a “dynamical” direct band gap semiconductor.35
Note that even when water and MA are locked in perovskite,
certain vibration modes such as the asymmetric stretching
mode of NH3+ at 3253 cm−1 remain the same as shown in
Figure 2 because this mode does not feel an electrostatic force
from the neighboring water molecule. When a polar molecule
such as water or MA has dynamic orientational disorder, its net
eﬀective or average dipole moment becomes zero. Such weak
eﬀective interaction is also observed in several ammonia salts;
the stretching vibrations of NH4+ are not aﬀected by the
surrounding water molecules.36,37 The orientational disorder of
water in perovskite can also be seen from the broad absorption
band from water stretching modes. FTIR in Figures S3 and S6
also reveals subtle diﬀerence between inﬁltrated water
molecules with those in liquid water or adsorbed on the
surface.38 The absorption band of water stretching modes shifts
to lower frequency as the amount of inﬁltrated water
increases.39,40 The red shift is due to a change in the frequency
distribution driven by the increased coupling between O−H
stretching vibrations of water molecules,39,40 frustrated by the
limited space in the MAPbI3 cage.
Because of the strong aﬃnity of MA to water, it was believed
that water molecules can permeate into perovskite sponta7389
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at 100 °C for 5 min. MAPbI3 and MAPbI3 H2O single crystals were
synthesized following the work of Poglitsch and Weber.25 For
MAPbI3, 2.915 g of lead(II) acetate trihydrate (99%, Alfa Aesar,
Haverhill, MA) was added to 10 mL of hydriodic acid (HI) (57% w/w
aqueous solution (aq. soln.), stab with 1.5% hypophosphorous acid,
Alfa Aesar) in a 50 mL ﬂat bottom ﬂask. The mixed HI acid solution
was heated up to 100 °C in a water bath. Two milliliters of HI solution
(57% w/w aq. soln., Alfa Aesar) and 1.7 mL of methylamine solution
(40% w/w aq. soln., Alfa Aesar) were ﬁrst mixed in a 10 mL beaker
and then added into the hot solution. After 24 h gradual cooling from
100 to 70 °C, black precipitate was obtained on the ﬂask bottom which
was then ﬁltered, washed, and dried. In Poglitsch and Weber’s work, it
was also mentioned that a hydrated form of MAPbI3 can be obtained if
the temperature of the solution is lowered below 40 °C. The same
method as the preparation of MAPbI3 crystals was used, but the
solution was cooled from 100 °C to room temperature in 24 h. After 2
days at room temperature in the dark, pale yellow thin needles were
found in the ﬂask. The ﬁltered pale yellow needles are metastable and
would turn into polycrystalline MAPbI3 by losing the crystalline water
even in ambient environment (25 °C, 45% RH). It was conﬁrmed by
XRD that the pale yellow needle is the monohydrate of perovskite,
CH3NH3PbI3·H2O. Figure S1a in the Supporting Information shows
an optical image of MAPbI3 single crystal. Figure S1b,c shows scanning
electron microscopy (SEM) images of a surface and cross section of a
MAPbI3 ﬁlm on silicon substrate. Figure S1d−f shows SEM images of
MAPbI3 ﬁlms on diﬀerent substratesglass, silicon, and QCM chip,
respectively.
Setup for the Generation of Moist N2. Figure S2 shows the
setup to produce moist N2 with controlled relative humidity (RH)
levels. To maintain a stable RH environment, dry N2 was connected to
a mass ﬂow controller with constant ﬂow rate, and moist nitrogen gas
was obtained after passing through a ﬂask bubbler which contained
deionized water or saturated salt solutions. The RH was measured in
real time throughout the experiment using a calibrated hygrometer
(±5% margin of error) placed downstream of moist N2 in the sample
chamber.
Fourier Transform Infrared Spectroscopy (FTIR). The FTIR
spectra were recorded with a Nicolet iS50 FT-IR Spectrometer using
three conﬁgurations: (1) a Ge single attenuated total reﬂection (GesATR) for Figure 1b−d and Figure 3a−d; (2) a ZnSe multiple
attenuated total reﬂection (ZnSe mATR) for Figure 4a and Figure
S3;53 (3) conventional thin ﬁlm transmission for Figure S4. For
MAPbI3 in Figure 3c,d, single-crystal MAPbI3 was ground to
microsized powders and then pressed into a pellet on the Ge sATR.
The measurements were performed either in the ambient condition
with room temperature of ∼25 °C and relative humidity in the range
of 40%−45%, or in moist N2.
First-Principles Calculations. The lattice dynamics and molecular
vibration calculations of MAPbI3·H2O were performed using the
density functional perturbation theory.54 The results closest to the
experimental ones were obtained within the generalized-gradient
approximation with PBE exchange-correlation functional as implemented in the QUANTUM ESPRESSO suite.28 The experimental
crystal structure of MAPbI3·H2O,23 space group P21/m, with a =
10.3939 Å, α = 90.00° b = 4.6419 Å, β = 101.161°, c = 11.1181 Å, and
γ = 90.00° was relaxed at ﬁxed lattice parameters. The total energy
minimized self-consistently (SCF) with 75 Ry kinetic energy cutoﬀ for
the plane wave, 300 Ry charge density cutoﬀ, energy convergence
10−10, and force convergence greater than 10−9 over 4 × 8 × 4
Monkhorst−Pack mesh. Figure S5 displays the atomic displacements
in the calculated IR active modes with frequencies in the
experimentally accessible range 800−4000 cm−1.
Quartz Crystal Microbalance with Dissipation (QCM-D). The
QCM-D measurement was performed using Biolin Scientiﬁc Q-Sense
E1 system equipped with a humidity module. Figure S8 shows the
schematics. To monitor the mass change of MAPbI3 ﬁlm under
moisture treatment, the ﬁlm was spin-coated directly on a QCM-D
chip. Figure S9 shows a negligible mass change of a MAPbI3 ﬁlm in dry
N2 after it was exposed to the ambient air for 10 min. Diﬀerent salt
solutions were used to produce nitrogen with well-controlled relative

neously, or perovskite can uptake water from ambient
environment and degrade.18,19,21 Our observation of weak
interaction between water and MA can also be seen from the
vapor isotherm curve in Figure 4c. Such curve is typical for
hydrophobic crystals.41 The sharp increase of water uptake and
saturation at the phase transition vapor pressure is also
characteristic of the anhydrous phase of stoichiometric
hydrates.41−43 Water inﬁltration into perovskite-like oxides is
a common strategy to enhance proton conductivity.42,44 The
diﬀusion is possible because of available space or channels in
perovskite.45 In many cases, the inﬁltration will not change the
crystal structure, but will expand the unit cells as observed in
our case.14,46
It was predicted that the band gap will increase as a result of
expanded unit cell,18,21 but our UV−vis measurement shows no
apparent change. Photoluminescence becomes enhanced by
several folds upon or after water inﬁltration (Figure S15), in
good agreement with previous observations,47 but the PL peak
position experiences a red shift as opposed to the blue shift
observed in single-crystal ﬁlm.20 Note that there is no
contradiction between UV−vis and photoluminescence because
photoluminescence can be aﬀected by many factors; it is not an
accurate method to determine band edge positions. Similar to
the eﬀect on PL, a large photoconductivity enhancement was
also observed upon exposure to 84% RH N2 (Figure S11). SEM
further revealed an increase in the grain size after exposure for 1
h (Figure S10). It is well-known that larger grains can reduce
defect states and grain boundaries, thus leading to better device
performances.48−50 The enhanced PL and photoconductivity
have been reported in moist treated perovskite, but it is the ﬁrst
time to show that moisture can increase perovskite grain size.
Our observation of stable thin ﬁlm in ambient conditions or
in high humidity agrees well with previous observations by
several groups.15−17 The less stable single-crystal perovskite
powder and perovskite from dehydrated monohydrate are due
to their porous structures. The single-crystal sample in Figure
3c,d is actually a powder pellet made of microsized particles
from large millimeter-sized single crystal for attenuated total
reﬂectance (ATR) FTIR measurement. Such porous structure
also makes it easy to trap and absorb water molecules, leading
to stronger water absorption in FTIR and degradation to
monohydrate. The potential high stability and its dependence
on the microstructure, ambient moisture, and light provide new
insight into alternative degradation mechanisms and highly
stable perovskite solar cells.

■

MATERIALS AND METHODS

Preparation of CH3NH3PbI3 Films, Single Crystals of
CH3NH3PbI3 and CH3NH3PbI3·H2O. CH3NH3PbI3 (MAPbI3) ﬁlms
were synthesized based on the methods described in refs 9, 51, and 52.
Lead iodide (PbI2), dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF), isopropanol (IPA), and toluene were purchased from
Sigma-Aldrich (St. Louis), and methylammonium iodide (MAI) was
purchased from Lumtec (Taiwan, Republic of China). All chemicals
were used without further puriﬁcation. For preparation of
PbI2(DMSO) complex, PbI2 (5 g) was dissolved in 15 mL of
DMSO at 60 °C under stirring and then 35 mL of toluene was dripped
into the PbI2 solution slowly to form white precipitate. The white
precipitate was ﬁltered and dried in a vacuum oven at 60 °C for 24 h.
The chemical composition of the produced powder was conﬁrmed by
XRD. Prepared PbI2(DMSO) complex was then dissolved in DMF at
room temperature. First, the PbI2(DMSO) complex solution (1.3 M)
was spin-coated on a substrate at 3000 rpm for 30 s. MAI solution (70
mg/mL) in IPA was spin-coated on top of the transparent
PbI2(DMSO) ﬁlm at 5000 rpm for 30 s. Then the ﬁlm was annealed
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humidity. Table S1 shows 5 RH levels from 32% to 97% with ﬁve
solutions.55 Table S2 shows that the amount of inﬁltrated water is
proportional to the mass of MAPbI3 ﬁlm.
Photoconductivity. Gold (50 nm)/chromium (5 nm) contacts
were fabricated on precleaned glass substrate by electron-beam
deposition. An optic ﬁber was used as shadow mask. MAPbI3 ﬁlm
was spin-coated on the substrate after contacts deposition. A Keithley
2400 Source-Meter unit was used to characterize the electrical
property. The device was illuminated by a 532 nm laser during the
photoconductivity measurement. Each device was aged under 532 nm
laser illumination in dry N2 atmosphere for more than 15 min.
Photoluminescence (PL). The PL spectra of MAPbI3 ﬁlms were
measured using a HORIBA iHR320 Spectrometer equipped with
Synapse CCD. A 532 nm continuous wave laser was used as an
excitation source. The measurements were performed in ambient
condition. Figures S10−S13 show PL spectra and intensities of
MAPbI3 ﬁlms in ambient air, dry N2, and moist N2.
Powder X-ray Diﬀraction. Powder X-ray diﬀractograms were
recorded using X’Pert PRO PANalytical X-ray powder diﬀractometer
with Cu Kα radiation (λ = 1.54178 Å). Unit cell reﬁnement for all
sample powder X-ray diﬀractograms were obtained using whole
pattern ﬁtting reﬁned with LeBail Method56 that was inserted in the
Jana2006 software package.57 The same system was used to measure
the NIST standard silicon reference with a = 5.431195(9). By
application of the same reﬁnement method, the lattice parameter was
obtained as a = 5.43158(3). The ambient temperature in the PXRD
lab was maintained at ∼20 °C all the time. Figure S16 shows XRD
patterns of MAPbI3 and MAPbI3·H2O. Figure S17 and Table S3 show
the XRD pattern and unit cell parameters obtained from unit cell
reﬁnement.

■

conclusions in the paper are present in the paper and/
or the Supporting Information. Additional data related to
this paper may be requested from the authors (PDF)
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Bakulin, A. A.; Brzuska, C.; Scheer, R.; Pshenichnikov, M. S.;
Kowalsky, W.; Pucci, A.; Lovrinčić, R. Water Infiltration in
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