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ABSTRACT

Here, first-principles density functional theory calculations are presented which reveal how water incorporation in hybrid halide perovskite
[CH3NH;]PbI; (MAPDI3) catalyzes the phase transition to the ([CH3NH;3]PbI3.H,O edge-sharing) monohydrate (colorless) phase, elimi-
nating its favorable photovoltaic properties. First, fundamental chemical and electrostatic interactions between water and each component
of MAPDI; are analyzed, demonstrating their dependence on water concentration. Second, the energetics of incorporated water is explored,
leading to the discovery of spontaneous phase segregation into dry regions and regions with more than one water per formula unit—termed
the “super-hydrous state.” Third, the properties of the super-hydrous state are analyzed, including the acceleration of octahedron breaking and
rearrangement by the high water density. This reveals the phase transformation to be a bulk process, initiated at the super-hydrous regions.
This paper concludes with a discussion of how this super-hydrous model explains disparate recent experimental observations concerning the
water-induced transition from (black) perovskite to edge-sharing Pbl, (yellow) phase.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5087290

. INTRODUCTION

Organometal halide perovskites (OMHPs) have been a cen-
ter of attention in the renewable energy community due to their
rapid increase in efficiency as photovoltaic (PV) materials,'”'® LEDs,
and high-gain photodetectors.''"'® Low-cost and low-temperature
production methods, high optical adsorption over a broad solar
spectrum, sharp band edge, tunable bandgap, and long charge-
carrier lifetime and diffusion length have made this class of mate-
rials exceptionally attractive.??-2° Since 2009, when the top reported
power conversion efficiency (PCE) was 3.8%, further development of
hybrid perovskite solar cells (PSCs) has enabled efficiencies higher
than 23%.597 Methylammonium lead iodide (MAPbI;) is one
OMHP that has been widely studied.**"** Due to optimal bandgap
and long carrier diffusion length, MAPbI; is a promising mate-
rial for PV technology.??“%8 It consists of a perovskite (ABX3)
organic-inorganic hybrid lattice, where the methylammonium
(MA) organic A cations sit in the cages formed by the inorganic
(BX3) lead iodide corner-sharing octahedral lattice. The polarity
of the methylammonium molecule and its interaction with the

inorganic lattice contribute to the favorable optical and electronic
properties of the material which, in turn, make MAPbI3 a more
efficient PV 384955

It has been shown that MAPDI; is thermodynamically unsta-
ble.>559 Thus, even in the absence of foreign molecules, the mate-
rial has a tendency to (eventually) degrade.®°-5? Nevertheless, water
molecules can significantly catalyze and accelerate the degrada-
tion process.>®63-%9 Although the presence of moisture has been
found to have advantageous effects during the formation and crys-
tallization of MAPDI3, leading to an improvement of the perfor-
mance of solar cells,”%77 prolonged exposure is known to cause
its degradation back to Pbl,. This factor stands as a prominent
obstacle to the commercialization of MAPbI;.7%? Just by plac-
ing the material in ambient conditions for 24 h, the PCE of the
material drops by up to 80% due to its instability.”? Careful device
encapsulation schemes have been proposed to avoid the exposure
to water and the consequent degradation,®>#¢ although many of
these schemes fail to prevent degradation after prolonged aging
and exposure to heat and humidity.®9°? Experimental studies indi-
cate that the degradation mechanism (from favorable black-phase
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perovskite MAPbI;) first goes through a transformation into a col-
orless edge-sharing monohydrate (MAPbI3-H,0) phase.?*° This
transformation is found to be reversible (in the presence of water
vapor but not with liquid water), unlike the further transformation
to (yellow-phase) Pbl, (plus CH3NH, and HI).?*95-°° Degrada-
tion widens the bandgap of MAPbI; and eliminates its favorable PV
properties.'00-105

Most of the theoretical literature has been focused on a surface
mechanism in understanding the degradation process.' %6121 Polar-
ization dependence of water binding energy (BE) on MAPbI3(001)
has been shown.'?? Ab initio molecular dynamics (MD) calcu-
lations on different facets of MAPbI3(001) have also been per-
formed."%123 Force-field based MD has also been applied to study
the surface interactions with liquid water and a layer-by-layer
degradation.'?*

There have also been some theoretical studies on water in
bulk MAPbI3. For example, Hall et al. studied the reversible water
intercalation and related this to the water pressure dependence of
the cell open-circuit voltage.'?> They indicated a favorable inter-
action between H,O and a hydrogen of the ammonium group (in
MA") for low H,O concentrations. This study involves water BEs
up to 0.5 H,O (per MA) concentration. They observe that the BE
per HO becomes less exothermic for increasing water concen-
tration (up to the highest coverage they study, i.e., 0.5). Grancini
et al. made the same observation about the favorability of H,O-
MA" interactions and consider this as the driving force for water
incorporation, but they only studied 0.25 H,O (per MA) concentra-
tion.'®" Jong et al. studied water intercalation in 1 H,O (per MA)
concentration.'?6

Il. MOTIVATION

Despite the advances in understanding the instability of per-
ovskite MAPbI;, there are still important unsolved questions. Specif-
ically, we address four such questions: (i) What is the nature of
bonding between water and MAPbI3, and what are the fundamen-
tal forces driving it? To answer this, we perform density functional
theory (DFT)-based electronic structure analysis along with appro-
priately designed numerical experiments. (ii) How does the energet-
ics of water bonding in MAPbI; help us to determine the arrange-
ment of water in the solid? To answer this, we compute the con-
centration dependence of water bonding geometries and energetics,
varying the (H,O:MA) ratio from 3L2 to 2. (iii) How can the corner-
sharing perovskite MAPbI3 structure readily and in low (room)
temperatures turn into an edge-sharing monohydrate phase with
a dramatically different structure? To understand this, we analyze
the high concentration limit of water intercalation and explain how
a super-hydrous state acts as a transient bridge between corner-
and edge-sharing structures. (iv) Is MAPbI3 degradation a bulk or
surface-driven mechanism? To answer this, we take few experimen-
tal puzzles and explain how a super-hydrous bridge and a bulk
degradation mechanism can rationalize them. Some of these exper-
iments include the following: (a) the isotropic and homogeneous
reversible formation of the monohydrate phase independent of the
depth in the film;*> (b) the scaling behavior of moisture-induced
grain degradation in polycrystalline perovskite MAPbI3;'?7 (c) the
observation that grain-boundary passivation enhances the stability
of the sample.'?8
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I1l. COMPUTATIONAL METHODS

We perform calculations using density functional theory
(DFT)'?9130 with plane wave basis sets using the Quantum
Espresso.'®" Ultrasoft GBRV pseudopotentials'>? and Perdew,
Burke, Ernzerhof (PBE) exchange correlations (XC)'** have been
used. Dispersion interactions are accounted for using the Grimme
DFT-D2 method."**"3> For calculating energy barriers, we use the
nudged elastic band method with climbing image (CI-NEB).'36-13°
We use a kinetic energy cutoff for wave functions (Ecut) equal to
476 eV and the charge cutoff being 10 times larger. The sam-
pling for k-space is equivalent to 3 x 3 x 2 for the tetragonal
MAPbI; v/2 x \/2 x 2 supercell containing 48 atoms. The Ecy and
k-mesh have been chosen to achieve a convergence of better than
0.01 eV for calculating binding energies (BEs). This was checked by
increasing Ecy: up to 1360 eV and increasing the k-space sampling
to the equivalent of 9 x 9 x 6 (for more details, see Sec. 1 of the sup-
plementary material). The BE is defined such that a more negative
number means more exothermic

BE(H;0) = Epina(H20)
= E(Material with H,O) — E(bare material)
— E(isolated H>O molecule).

For calculating the structures with(out) water, we perform
variable-cell relaxations (vc-relax), permitting the atomic coordi-
nates and all components of the lattice vectors to relax. Many (in
some concentrations ~100) educated guess-structures (based on the
knowledge of H,O bonding discussed in this work) have been used
as initial guesses (starting points) to ensure identification of the
global energy minimum.

We successfully achieve a convergence of better than 0.01 eV
(for BEs) with respect to our convergence parameters; this is the pre-
cision we use in quoting calculated energetics. The theoretical model
we propose is self-consistent up to this limit. Furthermore, we have
identified the error that might be associated with the absolute values
of our BEs (compared to experiments). We have pinpointed the pos-
sible errors generated by short and long-range corrections to our XC
functional, by benchmarking our results against hybrid functionals
and different schemes for inclusion of dispersion interactions. For
more details, see Sec. 2 of the supplementary material.

IV. RESULTS AND DISCUSSIONS
A. Fundamentals of water bonding in MAPbI3

Below, we delve into the nature of water bonding in MAPbI;.
To better understand the system by analyzing different contribu-
tions to the bonding, we also perform numerical gedanken experi-
ments on molecular MA* (with negative jellium background) and
PbI3 (with positive jellium background).

1. H,O-MA* bond

In much of the literature, the bond between water and organic
MA" group in MAPbI; has been named a hydrogen bond.'“°
Although here we are not concerned with the semantics, the bonding
between MA" and water is fundamentally different from a canonical
hydrogen bond, e.g., O-H:--O bonds in a water network. The main
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TABLE . Total charges (nuclear + electronic) computed using BCA on MA? and MA*
(electron charge is negative). The average charge on N-bound H is denoted as Hy

and C-bound is denoted as H.

MA° MA* AMA* — MAY)
N —1.27 —1.26 0.01
Hy 0.31 0.52 0.21
C 0.13 0.28 0.15
Hc 0.07 0.14 0.07
Sum 0.00 1.00 1.00

difference is that unlike a neutral H,O molecule, the MA™* group has
a net +e charge, and the presence of this extra hole has a determina-
tive role in dictating the strength of the H,O-MA" bond. To eluci-
date this, we investigate H,O bonding to MA* and MA® molecules.
Both molecules are placed in large boxes and isolated using the
Martyna-Tuckerman scheme.'“! It turns out that the H,O BE to
cationic MA™ is —0.86 eV, while the BE to MA® is only —0.45 eV.
Thus, the hole on the MA™ makes a great contribution to the bond.
To better understand the spatial distribution of this hole and how
this changes upon water bonding, we use the Bader charge anal-
ysis (BCA).'#?145 As can be seen in Table I, the hole on MA" is
mostly located on N-bound hydrogens (Hy). Thus, these hydrogens
are more “proton-like.” This is the reason H,O binds to one of
these hydrogens. In Table I, after H,O binds to an Hy (we denote
this specific hydrogen by HY), (a) the HY becomes even more
proton-like, i.e., the hole redistributes itself to move more toward
an H,O lone-pair, and (b) the associated N-H bond is elongated.
This shows itself as the blue region (electron depopulation) local-
ized on this hydrogen in Fig. 1(c). The aforementioned N-H bond
elongation phenomenon is also observed in the context of surface
chemistry and is known as adsorbate-induced lifting.'#*""46 The
common cause is creating a deeper electrostatic potential well (and
a stronger associated electric field) that can more strongly polarize
and bind the H,O lone-pair."* In Table II, in addition to local-
ization of the hole on Hy, MA" electrons also get more localized
on the CH3 group to decrease the electron-electron repulsion with
the polarized lone-pair. There is also a small charge transfer from

scitation.org/journal/apm

H,0 to MA" which stems from some degree of covalency and orbital
mixing.

The role of local electric fields and electrostatic potential wells
(ESP wells) in enhancing water bonding via lone-pair polarization
has been recently pointed out in the context of inorganic surface
chemistry;'“* we extend such a picture to the bulk chemistry of
hybrid organic-inorganic systems. The chemically active lone-pair
orbitals of water are its HOMO (perpendicular to its dipole) and
HOMO-1 (parallel to its dipole), which are shown in Figs. 1(a) and
1(b). Figures 1(c) and 1(d) show the water lone-pair (specifically
HOMO-1) polarization upon interacting with MA*. The lone-pair
polarization puts more electron charge density closer to the proton-
like Hy;, close to which a deep electrostatic potential well (and asso-
ciated strong electric field) exists [this charge movement is indicated
by the yellow arrow along O-MA bond in Fig. 1(c)]. Figures 1(c) and
1(d) reveal that the charge density differences are virtually identical
using B3LYP and PBE-D2 XC functionals. It can also be seen that
there is some electron charge movement toward the CH3 group (as
also mentioned above in the context of changes in Bader charges)
to minimize the electron-electron repulsion between the polarized
lone-pair and the MA. The latter charge redistribution is indicated
by a yellow arrow along the N-C bond in Fig. 1(c).

In addition to the electrostatics, there is also a (less dominant)
covalent component to the H,O-MA" bond. This is noticeable in
the BCA presented above, showing itself as a small charge transfer
from H,O to MA™. This covalency also shows up as a bifurcation of
water HOMO-1. For more details, see Sec. 3 of the supplementary
material.

2. H,O-Pbl; bond

Here, to identify and better understand the different binding
motifs in the full MAPDI3 system, we design another gedanken
experiment: take the fully vc-relaxed MAPbI; supercell, remove the
MA" cations, and substitute them with a uniform positive jellium.
We then relax the remaining Pbl; cell, fixing the lattice parame-
ters. The goal is to understand how the inorganic backbone can bind
H,O, independent of specific organic groups.

Figure 2 depicts the structure of the bare Pbl;, the H,O bind-
ing geometry to the Pb** cation, and the associated charge density
difference plots. In our PbI; model, as well as MAPbI3, the Pb**
cations are encaged at the center of Is octahedra. Such a symmetric

TABLE II. Total charges (nuclear + electronic) computed using BCA and bond lengths for bare MA* before binding to H,O

and MA* after H,0 bonding.

N-H bond N-H bond

MA* length (before) A Charge (before) length (after) A Charge (after)
HY 1.036 0.52 1.075 0.58

Hn 1.034 0.50

Charge (before) Charge (after)

H,O 0 0.07

N —1.26 —1.21

NH; 0.3 0.38

CHj3; 0.7 0.56
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H,0 HOMO-1
wavefunction

a) H,0 HOMO b)
wavefunction

c) Ap(H20*MA*) d)
XC=PBE-D2, Ey;4(H,0)= -0.86 eV

Bond Length: 1.63 A A
L g
.

distribution of negative charges around the positive centers causes
a relatively insignificant electrostatic potential well outside the Pb**
center. Alternatively, one can think of this as an effective screening
of the Pb?* electric field by the I symmetric cage, preventing bond
formation between the H,O lone-pair and the Pb**. Only when such
an octahedron is broken [see Fig. 2(b)], Pb** moves off-center and

a) (Pbly)” b)

<) Ap(H,0*(Pbly) ) d)
XC=PBE-D2, E,;4(H,0)= -0.05 eV

Ap(H20*MA*)
XC=B3LYP-D2, E,;4(H,0)= -0.82 eV

i

Ap(H,0*(Pbl,) )
XC=HSE06-D2, Ey, 4(H,0)= -0.03 eV
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FIG. 1. (a) and (b) depict the H,O chem-
ically active orbitals (HOMO and HOMO-
1). Cyan and magenta show different
signs of the wavefunction. (c) and (d)
show the electron charge density differ-
ence upon water bonding to MA* derived
using (c) PBE-D2 and (d) B3LYP-D2
XC functionals. Red (blue) shows the
regions populated (depopulated) by elec-
trons. The yellow arrows in (c) show the
direction of local charge density move-
ment. Color code is O(red), H(white),
C(black), and N(green).

some «I — Pb — I angles are widened [see the <13 — Pb — 14 in
Fig. 2(c)], and there is an appropriate angle of approach in which the
Pb** positive center is far enough from the surrounding I” such that
a significant electrostatic potential well (and associated electric field)
can be accessed close to Pb>* by the H,O lone-pair. Here, the Pb*
is no longer at the center of the asymmetrical Is cage. This is shown

H,0*(Pbl,)”

FIG. 2. (a) The PbI; structure, (b) H,O
binding to PbIy, and the associated
charge density difference plots for (c)
PBE-D2 and (d) HSE06-D2 XC func-
tionals. The water concentration is 0.25
H,O:Pb. Red (blue) shows the regions
populated (depopulated) by electrons.
The orange arrows in (c) show the
direction of local charge density move-
ment. Color code is O (red), H (white),
| (brown), and Pb (dark gray).
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in Fig. 2(b). This water-induced distortion (symmetry-breaking) has
the same principles as the adsorbate-induced lifting in water-surface
bonds."#* Also similar to the case of surfaces, the H,O bonding
geometry is such that the HOMO (perpendicular to H,O classi-
cal dipole) points toward Pb**. The HOMO thus becomes polar-
ized, creating a dipole perpendicular to the water geometric dipole.
Thzis is shown in Fig. 2(c) by the orange arrow pointing toward
Pb*".

H,O bonding to the inorganic framework is a triaxial phe-
nomenon [see Fig. 2(c)], associated with three charge accumulation
centers: one between O and Pb>" and two between Hu,0 and I” s
[marked by I, and I in Fig. 2(c)]. A water lone-pair (mostly HOMO)
polarizes toward the positive center on Pb, while some charge den-
sity on Pb gets re-distributed (to minimize electron-electron repul-
sion with the polarized lone-pair and create a more positive site
toward which the lone-pair polarizes) and localized in the two I -H"
axes [between H,O hydrogens and I, and I, in Fig. 2(c)]. This can
be considered as a hydrogen bond between the H,O hydrogens and
the lattice I” ions. Also for a similar reason, some charge density on
Pb redistributes to the opposite side of the atom [this can be noticed
as the red center at the top-left of the marked Pb in Fig. 2(c)]. Both
the shape of charge density re-distribution and the projected density

a) b)

scitation.org/journal/apm

of states (PDOS) [see Fig. 3(a)] teach us that this triaxial bonding
is driven by electrostatics rather than covalency. In Fig. 3(a), the
four H,O peaks below the Fermi energy (Er) correspond to eight
states occupied by electrons in molecular H,O. In Fig. 3(a), the H,O
chemically active orbitals (HOMO and HOMO-1) remain virtually
molecular-like (associated with small broadening and sharp peaks)
upon the triaxial interaction with the inorganic backbone. This is the
fingerprint of a non-covalent bond. For more information on triax-
ial bonding and short continuum of states above 5 eV, see Sec. 4 of
the supplementary material.

3. H,O-MAPbI3; bonds

Based on this understanding of H,O-MA" and H,O-PbI;
bonds, we now analyze water bonding to MAPbI3. So far, there are
two distinct water binding sites available for H,O: (a) interacting
with an Hy on MA™ and (b) distorting an octahedron and interact-
ing with the exposed Pb**. Based on H,O BEs reported above, the
bonding to MA™ seems more favorable. This is also confirmed by
our direct MAPbI; calculations and the literature.’?>2¢ Although
studying the H,O bonding to MA" and Pbl; separately teaches us
important lessons on water—-MAPbI3 bonds, there are significant
complexities that arise only when considering the whole MAPbI;

0.25-H,0-MAPbI;-PDOS

0.25-H,0-(Pbl3)-minus

EF ——

tOt—Hzo —

tot-inorganic
tot-organic

FIG. 3. PDOS of inorganic, organic, and
water components for (a) H,O binding
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tration), (b) H,O bonding to Hy (MA)
in MAPbl3 and H,O bonding to Pb in
MAPbI; [in 0.25 H,0:Pb (MA) concentra-
tion] for (c) the less stable local minimum
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10 . . . . . and (d) the more stable H,O-Pb bond
motif.
s L
w Vv
0 w == q\:
s B s ST
o S — o -SE— 558
~ g c |+
N — > -
o> -10 o> -10 1 ©
5 = P == -
S5 -1s S -15t had
-20 -zoF»
B2 4 6 8 10 B2 4 6 8 10

APL Mater. 7, 041112 (2019); doi: 10.1063/1.5087290
© Author(s) 2019

7,041112-5


https://scitation.org/journal/apm
ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-7-007904

APL Materials ARTICLE

Eping(H,0)=-0.22 eV Eying(H,0)= -0.60 eV

Eynq(H,0)= -0.42 eV

system. We examine these, first for the case of relatively low 0.25
H>O:MA concentration.

First, we consider the more energetically favorable case of H,O
binding to Hy on MA™ [Figs. 4(a) and 4(b)]. One difference with the
simpler case of bonding to a molecular MA" is that here water is ori-
ented such that mostly the HOMO lone-pair interacts with the HY.
The HOMO is polarized, putting more charge density closer to the
electrostatic potential well near the positively charged HY. Another
difference is the existence of H-bonds between H,O and nearby I”
anions. This can be seen in Figs. 4(a) and 4(b) as the red region
between H (of H,O) and I;, which are 2.52 A apart. Smaller isoval-
ues in the charge density difference plots reveal another red region
between the other H and (I;) 2.73 A apart: a weaker H-bond. Hence,
this can also be considered as a triaxial water bonding environment.
It should be noted that although the water does not appear to disrupt
the perovskite MAPbI; inorganic network, one can quantify some

scitation.org/journal/apm

FIG. 4. Different modes of H,O bind-
ing (in 0.25 H,O:MA concentration) to
MAPbI; (left) and associated charge
density redistribution plots (upon H,O
bonding) (right). Red (blue) shows the
regions populated (depopulated) by elec-
frons. In (a) and (b), the lowest-energy
binding mode for water is depicted (MA*
bonding). In (c) and (d), a higher-energy
Pb?* bonding mode is depicted which is
similar to the previously discussed mode
in PbI3 (with positive jellium). In (e) and
(f), a lower energy Pb?* bonding mode
is depicted. Color code is O (red), H
(white), C (black), N (green), | (brown),
and Pb (dark gray).

distortions to the lattice structure (for more details, see Sec. 5 of the
supplementary material).

We now consider the Pb-bonding mode for H,O. There are two
such modes as local energy minima [see Figs. 4(c) and 4(e)]. The less
stable bonding mode [Fig. 4(c)] is similar to the H,O bonding mode
to PbI;. In Fig. 4(d), one can notice a triaxial bonding between the
HO and the inorganic backbone. Water has disrupted the octahe-
dron and exposed the Pb?*, stabilizing its polarized lone-pair in the
local electrostatic potential well. It also forms H-bonds with I, and
I, sitting 2.45 and 2.52 A apart from its hydrogens, respectively.

The second (more favorable) Pb* bonding mode [Figs. 4(e)
and 4(f)] is not favored in the simple case of water in PbI;. Here,
the octahedron is not as distorted as the other Pb-bonding mode
(or Pb bonding mode in Pbl3); thus, less mechanical deformation
cost is imposed upon the system. For more details, see Sec. 6 of the
supplementary material.
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MAPbI;.H,0

MAPbI;

4. Water bonding in edge-sharing
MAPbI3-H,O monohydrate

The reversible degradation of corner-sharing perovskite
MAPbI; (black phase) to the edge-sharing MAPbI3-H,O monohy-
drate (colorless phase) is a precursor to the irreversible degrada-
tion to edge-sharing stacked hexagonal Pbl, (yellow phase) (see
Fig. 5).9%147.148 The mechanism behind water binding in the col-
orless phase is not different from the cases discussed above. This is
explained in Sec. 7 of the supplementary material.

B. Concentration-dependent water energetics
in bulk MAPDbI; and phase-segregation

In Fig. 6, we plot the H,O BE (per molecule), which is the
energy gain by addition of water to the material’s structure, as a
function of H,O concentration in perovskite MAPbIs. The general
trend is as follows: in a very low concentration, the energy gain by

T §‘ @;r@*@* CAFAVAVA
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Pbl,

FIG. 5. The structures of corner-sharing
MAPbI; perovskite (left), edge-sharing
monohydrate (middle), and edge-sharing
stacked two-dimensional hexagonal Pbl,
(right). Color code is O (red), H (white),
C (black), N (green), | (brown), and Pb
(dark gray).

H,O intercalation (H,O BE) into perovskite MAPbI; is ~—0.68 eV
per molecule. This limit is a local minimum in the space of BE vs
H,O concentration (n, defined as H;O:MA ratio). As we increase
H,O concentration, the BE per molecule decreases in magnitude
(less exothermic) and we reach a maximum at around 7 = 1. Increas-
ing n further leads to stabilization of H,O intercalation and we reach
an almost flat valley at around # = 2, which we call a super-hydrous
state [see Fig. 7(d)]. In Fig. 6, we also depict the energy gain of turn-
ing the water-intercalated perovskite structure into a monohydrate
edge-sharing phase (—0.28 eV per H,O) at n = 1. The energy values
in Fig. 6 should be compared to the energy associated with the stan-
dard entropy of gas phase water (1 bar, 300 K) ~—0.59 eV. The BEs
are great enough that the water intercalation in MAPbI3 becomes
relevant, although such adsorption deprives the molecule of its gas
phase translational entropy.

Ranging from n = 0 to 1, each H,O binds to the Hx group
on MA*, and thus, it might not be obvious why there is a strong
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n-dependence on H,O BE. The answer to this is multi-fold. First,
each H,O perturbs (distorts) the inorganic backbone, to maximize
the attractive H-bonding to I" and to minimize the electrostatic
repulsion between the O, lone-pair and I". Thus, intercalated water
in these materials (even if it is directly interacting with MA™ in
lower concentrations) is surrounded by a network of distortions
in the inorganic framework. Thus, increasing the H,O concentra-
tion (from n = 0 to 1) leads to unfavorable interactions between
these distortions and destabilizes the H,O binding. Second, the
hole-localization on MA" is also n-dependent. As mentioned pre-
viously, the hole on MA" becomes concentrated on the Hy inter-
acting with H,O, to make it more proton-like. In the case of two
water molecules interacting with the same MA?', an extra effect
changing the BE will be their competition for this hole. In addi-
tion to the previous two effects which destabilize H,O binding, a
third (stabilizing) effect in higher concentrations is the possibility of
forming H-bonding networks between neighboring H,O molecules.
The existence of these sometimes opposing effects makes it hard to
a priori make a unique guess for the H,O binding geometry in
MAPDI;. In Fig. 7(b), our calculations reveal at n = 1, which is four
H,O per our simulation unit cell, the ground-state configuration is
the one in which two of the H,O molecules form a H-bond with
each other and through that make a connected chain of (HO-MA-
H,0-H;0-MA), leaving the fourth H,O out of the chain to bind to
two neighboring MA*.

2 H,0 per MA

scitation.org/journal/apm

FIG. 7. Ground state water structure
for different H,O:MA concentrations.
At over-stoichiometric H,O:MA ratios,
Pblg octahedra begin to break by H,O
molecules binding to them. This makes
the structure ready for its transformation
to the edge-sharing monohydrate form
(MAPbI3-H,0). Color code is O (red), H
(white), C (black), N (green), | (brown),
and Pb (dark gray).

In Fig. 6, at (n > 1) range, there is a wide “valley of stabil-
ity,” which we call a super-hydrous state. In this plot, we have
only investigated concentrations as high as n = 2, but it is possi-
ble that a super-hydrous state continues to be (more) stable even
with a larger number of H,O molecules per unit-cell. As can be
seen in Fig. 6, water prefers to phase-segregate into regions of high
and low concentrations. Thus, the way to the stable edge-sharing
MAPDI3-H,O monohydrate (colorless) phase (which as shown in
Fig. 6 is a local thermodynamic sink for the hydrated system) is not
a straight way that simply connects a stoichiometric water interca-
lated H,O-MAPDI; (perovskite) phase to the colorless phase, but
rather a “longer” path which passes through the phase-segregated
valley of stability, i.e., the super-hydrous nH,O-MAPbI; (n > 1)
phase (see Fig. 6). It is only in this super-hydrous state that the
structure has enough freedom (associated with lower transforma-
tion barriers) to readily re-arrange into an edge-sharing structure.
This is due to the broken octahedra and under-coordinated (water-
coordinated) Pb*" and I ions (see Fig. 7), in addition to emergence
of water H-bond networks. Relevant features that can be seen in,
e.g., Fig. 7(d), are (a) I" anions connected to only one Pb%*, (b)
Pb?* cations bonding to two H,O, and (c) connected Pb-H,O-
H,0-MA-H,0-Pb strings. In other words, the catalytic role of
water for readily driving the phase-transition (around room tem-
perature) through smaller barriers emerges in such an over-hydrous
phase.
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C. Bulk degradation mechanism via
the super-hydrous state

1. High water concentration: Facile octahedra
breaking and structural changes

As we have seen previously, the Pb binding mode for H,O is
a higher energy but still competitive mode for lower H,O concen-
trations (Fig. 4). For n = 0.25, the MA* and Pb** water binding
modes are —0.60 and —0.42 eV, respectively. Although the Pb bond-
ing modes are higher energy at low coverage, as the water molecules
keep distorting and expanding the MAPDI; cell, upon intercalation,
there reaches a point (at n > 1) at which the Pb bonding modes
are energetically favorable for the system. This causes the structures
with broken octahedra to actually become the ground state of the
system in the presence of enough water. The exposed Pb** cations
can generate strong electrostatic potential wells that can effectively
polarize the H,O lone-pair and make strong bonds to it."** To do
this, it is necessary that the symmetry of the Pbls octahedron is
broken, creating angles of approach along which the water can see
a large effective positive charge. As mentioned previously, this is
associated with a mechanical deformation energy; thus, Pb bond-
ing modes are not the ground state for water binding at low cov-
erages. By contrast, at higher H,O concentrations, the structure is
automatically pushed in the direction of distortion and disconnec-
tivity. Now, there are enough water molecules that, through forming
strong bonds (lone-pair, hydrogen or triaxial bonds) to the MAPbI;
ionic components and via hydrogen bonding networks with other
H,O molecules, stabilize such distortions (e.g., under-coordinated
Pb** sites).

As can be seen in Fig. 8, at near-zero H,O concentration
regime, the cell volume remains almost constant, or even decreases
slightly by water intercalation, mostly due to dispersion interac-
tions.”“? As the water molecules (and their associated distortions
in the inorganic-backbone) get closer (by increasing ), the lattice
expands to accommodate these distortions and added volume of
water molecules. Up to n = 1, the added cell volume by water addi-
tion is small. Changing n from 0.5 to 1 by the addition of two H,O
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FIG. 8. MAPbI; cell volume change upon water intercalation in three different
regimes of (H,0:MA) concentration.

ARTICLE scitation.org/journal/apm

molecules per supercell changes the cell volume by ~ 5 A per H;O,
which is small compared to the effective volume of an H>O molecule
in liquid water is ~ 30A°. At n > 1 regime, something special
happens. Here, the addﬂesd cell-volume by addition of each extra
H,O jumps up to » 20A”. The corner-sharing perovskite MAPbI;3
structure can be considered to be broken for n > 1. Here, water
begins to interact with the Pb*" cations by breaking the Pbls octa-
hedra. The large volume expansion per additional H,O, along with
the broken octahedra and associated distortions, gives the super-
hydrous structure more freedom to re-arrange into the monohy-
drate edge-sharing phase. This is another indicator [in addition to
the thermodynamic phase-segregation argument (Fig. 6)] that a low
(room) temperature transition to the monohydrate phase is facili-
tated through a super-hydrous pathway. The fact that at n > 1, the
structure is broken and addition of each water molecule introduces
even more distortion and under-coordinated sites, indicates that the
super-hydrous state might not be a stable phase (deep enough Gibbs
free energy local minimum). Such a phase rather acts as a tran-
sient intermediate state between the perovskite and edge sharing
structure.

The fact that something special happens at around (n > 1) is
not only evident in volume-vs-concentration plot (Fig. 8) but also
in bandgap-vs-concentration plot [see Fig. 9(a)]. The blue curve
depicts the changes in the bandgap of the water intercalated sys-
tem. The orange curve corresponds to a gedanken experiment done
to understand the role of water in changing the materials’ bandgap:
we remove the H,O molecules from the relaxed structure, freeze the
rest of the structure, and find the electronic structure to calculate
the bandgap. It can be seen that in the (0 < n < 1) range, addition
of water generally increases the bandgap,'>° and both the hydrated
(blue) and H,O-removed (orange) curves virtually overlap with each
other. This gap change is due to the structural deformation and
lattice expansion.'®"'152 Generally speaking, the addition of water
reduces the connectivity of the MAPbI3 host structure, weakening
bonds, narrowing the bands, and increasing the bandgap.'5%15 It
can be seen in Fig. 9(a) that in the (1 < # < 2) range, the orange and
blue curves begin to deviate from each other. Here, the effect of water
cannot be reduced to merely changing the geometric properties of
the host MAPDI; structure, rather as in Figs. 9(b) and 9(c), the water
molecules have a “chemical” role in dictating the bandgap. It can be
noted by comparing Figs. 9(b) and 9(c) that at higher water concen-
trations (e.g., n = 2), the water orbitals (more significantly) consti-
tute both the valence band minimum (VBM) and conduction band
maximum (CBM), due to an increased covalency with I and Pb*
of the inorganic backbone. This is caused as a result of broken octa-
hedra and water directly making bonds to the inorganic backbone
(i.e., the Pb*").

2. Water shuttling to wet regions through
bulk MAPbI3

The energetics of water binding vs concentration in Fig. 6
shows that water intercalation and segregation into high and low
concentration regions is energetically favored for the hydrated
MAPbI; system. But how favorable is the associated dynamics? We
calculate the water diffusion barrier (in low concentration n ~ 0.0625
or i) along different possible pathways across the perovskite mate-
rial. The corresponding minimum-energy paths (MEPs) for water
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bandgap upon water intercalation
as a function of water concentration
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diffusion in the ab plane (a and b represent short axes of the tetrag-
onal phase) and along the ¢ axis (the longer direction) are found
and depicted in Figs. 10 and 11. The diffusion barrier for the lat-
ter is found to be 0.39 eV, while for the former, it is 0.44 eV. These
small values, along with the small barriers reported in the literature
for water entrance from the vacuum into the material,’'®2? mean
that MAPDI; is isotropically permeable to water molecules. Such fast
diffusion of water in low concentrations is also supported by exper-
imental observations and has been described by Miiller et al. as fast
and inconspicuous.'>*

An important point to note in the MEPs along both long- and
short-axis diffusion pathways is the critical role of the electrostatic
bond between the proton-like Hy group of MA™ and the water lone-
pair (HOMO). It can be seen in Fig. 10 that the first MA™ rotates such
that its Hy group always points at the H,O HOMO. After reaching
the TS2, the water HOMO is locked to the Hy group of the second
MA" and both rotate to bring the H,O into its final state. The same
effect can be seen for the long-axis diffusion (see Fig. 11). Here, the
Hy group of the first MA* group is locked into the H,O HOMO,
and both MA™ and H,O rotate until water reaches its local energy

4 6 8 10
PDOS

minimum at the bottom of its initial cell (image #10 of Fig. 11). Then,
the second MA™ (at the bottom cell) begins to rotate and bring its Hy
group closer to the H,O. The Hy group then (electrostatically) locks
into the water HOMO, and the MA* and H, O rotate with each other
to lead H, O to its final state.

D. Connection to experiments

Our proposed degradation mechanism via bulk water shuttling
and a phase-segregated super-hydrous state can be readily applied
to understand some important experimental observations in the lit-
erature. Leguy et al.? reported that the formation of the mono-
hydrate edge-sharing MAPbI; (colorless) phase is independent of
the depth in the film, which is isotropic and homogeneous. Wang
et al. reported the scaling behavior of moisture-induced grain degra-
dation in polycrystalline MAPbI3 and mention that grains degrade
along the in-plane direction (from grain boundaries toward their
center) rather than the out-of-plane direction (from surface down),
and that the necessary duration for films to degrade showed a lin-
ear relationship with the grain size.'?” Niu et al. demonstrated
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an effective mechanism to enhance the stability of the sample via
grain-boundary passivation with hydrophobic agents.'?® As shown
in Fig. 6, although the presence of a low concentration (n < 0.1)
of water molecules is energetically favorable for the system, but as
the energy vs concentration has a positive slope for 0 < n < 1, each
H,O makes the local environment more hydrophobic. On the con-
trary, if there is a nucleus of a larger concentration of H,O molecules
(n »~ 2), the addition of extra water molecules does not affect the
energetics of the rest due to the zero slope of energy vs concentration
in this limit. Consequently, such a nucleus grows, which can then
transform the local environment toward the lower-energy colorless
phase (see Fig. 6). We propose that these initial high concentration
nuclei are located in grain boundaries due to a large concentration
of structural and stoichiometric defects and the related free vol-
ume.'>® Next, since the H,O molecules can easily shuttle through

scitation.org/journal/apm

FIG. 10. Minimum-energy pathway for
H,O diffusion at low concentrations in
ab plane. A few important images are
shown, including the first TS image #7
and second TS image #13. As a guide
to the eye, the diffusing H,O is shown by
the orange arrow. Color code is O (red),
H (white), C (black), N (green), | (brown),
and Pb (dark gray).

the material,’>* they find these high-concentration nuclei (“wet”
regions) get adsorbed into them, leaving the “center” of the grains
as low concentration (“dry”) regions behind. This is the reason
why the degradation propagates “in-plane” from the grain bound-
aries toward the center.'?”'5¢ We propose that the homogeneity
reported by Leguy et al.°®> and the thickness independent degrada-
tion rate mentioned by Wang et al. are the result of two operating
principles: (i) The details of the grain boundaries are irrelevant in
the degradation process, and they only provide the initial nuclei
for water phase-segregation. (ii) The supply of water molecules that
drives the degradation forward are not provided via grain bound-
aries, but by water molecules readily diffusing through the bulk of
the material. Leguy et al. attributed the homogeneous and isotropic
progression of degradation to rapid transport of water molecules
along the grain boundaries,”® while we propose that the water
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shuttling is done by the bulk of the MAPbI; rather than the grain
boundaries. Here, the grain boundaries are only responsible for pro-
viding initial high-concentration water nuclei for phase segregation.
As the degradation proceeds and the monohydrate phase propa-
gates in-plane toward the grain center,'?” what used to be a grain
boundary is now a monohydrate-perovskite interface. It is not guar-
anteed that such an interface independent of local details of the sam-
ple keeps universal water permittivity characteristics. On the other
hand, a bulk-driven water transport mechanism guarantees such
universality.

It should be emphasized that the transformation of an over-
stoichiometric super-hydrous state [#nH,O-MAPDI3, (n > 1)] to
a stoichiometric edge-sharing MAPbI;-H,O monohydrate locally
leads to an excess of water molecules. These can then join the other
over-stoichiometric regions and help catalyze the transformation of
the rest of the sample into the edge-sharing phase.

We note that the super-hydrous state is a transient rather
than a stable state, which acts as a bridge between the perovskite
and edge-sharing structures. Thus, isolating and directly charac-
terizing it as a stable phase might not be experimentally viable.

scitation.org/journal/apm

FIG. 11. Minimum-energy pathway for
H,O diffusion at low concentrations
along the c axis. A few important images
are shown, including the first TS image
#6, the second TS image #15, and the
third TS image #24. Color code is O
(red), H (white), C (black), N (green), |
(brown), and Pb (dark gray).

Nevertheless, this state has some unique characteristics that can
be searched for as potentially experimentally testable fingerprints.
This includes (a) the over-stoichiometric high concentration of
H,O0 molecules, (b) the aforementioned Pb?*-H,0 bonds, and (c)
the volume expansion (x~13%) relative to the perovskite phase and
(~7%) relative to the edge-sharing monohydrate. In a real sample,
depending on the local constitution and topography, the forma-
tion of the super-hydrous state might lead to a stress field in the
interface with the rest of the material (either perovskite or edge-
sharing). An effective encapsulation scheme or interfacing with a
hard material, especially in the limit of smaller perovskite nanopar-
ticles, can in fact penalize the super-hydrous state, since trans-
formation to a higher volume state at higher pressure incurs a
greater Gibbs free energy penalty. Studying the effect of external
pressure on the super-hydrous state can be the subject of future
work.

The super-hydrous bulk-degradation model can help shed
light upon the experimental evidence regarding the role of het-
erostructure/heterojunctioning’>7:'5¢ and the dimensionality engi-
neering'°?'%5 on the stability of the halide-perovskite-based
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systems. Quan et al.'®® have studied the stability of a class of
mixed-cation Ruddlesden-Popper (RP)'67:1%¢ quasi-2D perovskite
films [(PEA)2(MA),-1Pb,I5,41, 1 < n < oo] and have found an
improved stability for smaller values of n. In addition to (a) the larger
concentration (per Pb) of hydrophobic CH groups on the long-chain
cations'®® and (b) the thermodynamic arguments originally pre-
sented by Quan et al. based on DFT-based formation enthalpies,'©®
one can rationalize the kinetics behind this stability via our bulk
degradation model. Decreasing n effectively reduces the dimension-
ality of the system, suppresses the bulk-driven degradation mech-
anism, and improves the stability. A central idea in our model is
the role of initial high concentration nuclei necessary for creation
and expansion of the super-hydrous regions. Based on the notion
of electrostatics-driven'“* water bonding mechanism developed in
this work, such initial nuclei tend to form in regions possessing high
density of under-coordinated Pb** cations which can create effec-
tive 3D bonding motifs for stabilization of initial H,O networks
(e.g., nano-droplets). The dimensionality engineering schemes (e.g.,
quasi-2D structures with smaller ) can help eliminate such regions.
Additionally, in such RP quasi-2D structures, even if the density of
defects in a layer is high enough to create a super-hydrous region
and degradation, they do not propagate to other layers separated by
hydrophobic long organic cations. This should be contrasted with
the discussed case of continuous 3D hybrid perovskites. Hetero-
junctioning can also be used for defects’ suppression of perovskite’s
interfaces. Additionally, as mentioned before, interfacing (via strong
contacts with harder materials) can help the stability (especially of
smaller halide perovskite particles) by restraining the lattice con-
stants and penalizing the higher volume super-hydrous state. Het-
erostructuring can also physically seal off the perovskite sample from
the inbound water molecules, similar in philosophy to the encap-
sulation schemes.'®®'79 Jana and Kim have recently shown such
protective interfaces do not necessarily need to be made with foreign
materials or molecules but by transformation of the peripheral lay-
ers of the halide perovskites [to Pb(OH), in their work].'”" There-
fore, an effective perovskite-based heterostructure can be potentially
used in a relatively harsh aqueous electrochemical environment for
efficient (photo)catalysis.' 727175

Finally, it is worthy to note that Walsh and co-workers have
studied defect (specifically vacancies) chemistry in bulk hydrated
perovskite MAPbI3 with stoichiometric H,O:MA ratio [nH,O-
MAPbI; (n =1)].'2517° They studied the effect of water on vacancy
formation energetics and enhancing vacancy-mediated ion migra-
tion. This is indeed an important theoretical venue in understanding
the bulk water chemistry, yet our approach in this work was different
in philosophy. We propose that the degradation through a super-
hydrous state can proceed without the need of pre-existing vacancies
and can take place in a perfect bulk MAPbI; single crystal (given the
initial high water concentration nuclei). In this mechanism, aggre-
gation of water molecules naturally distorts the structure and cat-
alyzes the phase transformation. Nonetheless, our super-hydrous
bulk-degradation model suggests that at grain boundaries the defect
chemistry of halide perovskites becomes particularly important to
help understand the (in)stability of these materials. Such a bulk-
driven mechanism should also be contrasted with the recent surface-
driven mechanism proposed by Fan et al. for the thermal degra-
dation of MAPDI3 at higher temperatures and in the absence of
water.*0177
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E. Connection to other hybrid-perovskites

The chemical bonding analysis and the degradation model
hereby presented were centered on MAPDI; as representative of
the hybrid-perovskites class. Nevertheless, this is extendable to the
larger halide perovskite family.' 78185 A critical feature of the super-
hydrous state is water binding with the inorganic cation (IC), which
is originally located in a symmetric cage of the halide anions. Water
binding to the inorganic backbone requires the mechanical distor-
tion of the octahedron and breaking of this symmetry. The strength
of the chemical bond between the IC and the halide has a determin-
ing role in dictating the energetics of this mechanical deformation,
thus the relative favorability and energetics of the super-hydrous
state. The relative sizes of the IC and the halide also dictate their
bond length, which is a factor that dictates the local electrostat-
ics that determines the ESP well, lone-pair polarization, and the
strength of the H,O-IC bond.'** A possible direction for future
research will be to study the periodic trends in the energetics of
the super-hydrous state (as a measure of the material’s stability)
vs the combination of different IC and halides. It might also be
possible that some simple descriptors can be found to map the
combinations-space to the aforementioned energetics. In princi-
ple, the effect of changing the organic cation’s type and the asso-
ciated trends can also be understood based on differences in (a)
direct electrostatic interaction with water, (b) stabilizing interac-
tion with the (bare and distorted) inorganic octahedra, (c) inter-
action with the intercalated H,O bound to the distorted octahe-
dra [see the discussions in Fig. 4(¢) and Sec. 6 of the supplemen-
tary material), and (d) changing the water diffusion barrier through
the bulk material (as shown above, interaction between water
and the organic cation plays a central role in the water diffusion
process).

V. CONCLUSIONS

We discussed the fundamental underlying physics and chem-
istry behind water bonding in MAPbI; by extending concepts from
the recent theory of lone-pair-surface bonds.'** The low concen-
tration bonding mode for water is a relatively strong electrostatic
bond between the polarized water lone-pair (mostly HOMO) and
the proton-like ammonium H of MA™. The important electrostatic
role of the extra hole on MA* in the H,O binding energy (BE) was
discussed. This hole redistributes itself closer to H,O to enhance
its bonding. The possibility of Pb-bound modes for water adsorp-
tion was also discussed. Here, the Pbls octahedron must be broken
to create the appropriate electrostatics for H,O lone-pair bond-
ing. Such a bonding mode is not the ground state for lower water
concentrations, but as water concentration increases (n = H,O:MA
> 1), H,O-Pb bonds readily form and structures with broken Pbls
octahedra occur as ground states. The role of H,O molecules in
increasing the bandgap of water-intercalated phases was discussed.
In under-stoichiometric concentrations (n = H,O:MA < 1), band-
gap change is led by mechanical effects leading to a smaller degree of
connectivity in the system, while in the over-stoichiometric regime
(n = H,O:MA > 1), the water has a chemical effect in widening the
bandgap of the system, mostly through the formation of covalent
bonds with under-coordinated Pb*" sites.

By calculating the concentration dependence of water BE in
MAPDbI;, we showed that the stoichiometric water intercalated
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configuration is only a local energy maximum (in H,O BE vs con-
centration space), i.e., the system would rather phase-segregate into
low- and high-concentration regions. The high-water-concentration
(wet) regions, which we call a super-hydrous state, are structures
with expanded volume and broken Pbls octahedra, in which the
corner-sharing MAPbI; perovskite structure is ready to re-arrange
itself into the edge-sharing MAPbI3-H,O monohydrate phase.
This transient intermediate state gives the organic and inorganic
components of MAPbI; enough freedom to re-arrange into the
colorless edge-sharing phase. This colorless phase is a local thermo-
dynamic sink, even more energetically favorable than water interca-
lation in very low concentrations. Thus, the system (water interca-
lated perovskite MAPbI3) has a thermodynamic tendency to form
such segregated hydration states and then degrade into the colorless
monohydrate.

We find small and virtually isotropic diffusion barriers
(~0.4 eV) through bulk perovskite MAPbI;. Thus, one should
perceive MAPDI3 as a water-permeable structure that is readily
filled with a small concentration of water molecules. These water
molecules distort the inorganic-backbone (although not directly
bonding with it at small concentrations) and through these distor-
tions repel other HO molecules. Thus, water in low concentration
renders the sample more hydrophobic. Only once the water con-
centration is significantly increased (n = H;O:MA > 1), the water
molecules and their associated distortions become cooperative and
hydrophilic, leading to a local super-hydrous state, further disrupt-
ing and expanding the inorganic backbone upon joining additional
itinerant H,O molecules.

Our model of super-hydrous mediated bulk degradation can
be used to rationalize some important experimental observations
including the macroscopically homogeneous and isotropic degrada-
tion of perovskite MAPbI; into the colorless monohydrate in multi-
grain samples, and the in-plane direction of degradation growth in a
single MAPbI; grain.?>27128 In such a model, the grain bound-
aries, which possess a large concentration of defects, are natural
nuclei at which the initial high water concentration for phase seg-
regation can occur and from which the degradation propagates.
Passivation of grain boundaries and regions with high densities
of defects can then lead to kinetically suppressing the formation
of high-water-concentration nuclei and thus the degradation pro-
cess.'867197 Another strategy is improving the stability through lim-
iting the number of entering H,O molecules that can easily travel
through the bulk MAPbI; and find and expand the wet regions,
using capping or encapsulation schemes,'?¢2%8 or 2D-3D (mixed-
dimensional) hybrid systems.! 69209213 The 2D-3D scheme (similar
to the quasi-2D and interfacing schemes) can also enhance the sta-
bility by defects’ suppression.?’“?'7 The role of surfaces on the
(opto)electronic properties of hybrid perovskites has been previ-
ously investigated.?’® Based on our results, surfaces do not have
a direct influence on the degradation mechanism. However, passi-
vation of the whole surface area of the sample can lead to water
insulation of the sample, thus indirectly helping the stability. Sim-
ilar to the grain-boundaries surfaces can also host a large number
of defects. Nevertheless, 3D bonding motifs can occur much easier
in the defected grain boundaries as opposed to the defected sur-
faces, and the existence of such favorable binding matrices means
that the degradation nucleates in grain boundaries (rather than sur-
faces) and propagates in-plane toward the center of the grains (upon
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joining other phase-segregated H,O molecules) as experimentally
observed.'?7

SUPPLEMENTARY MATERIAL

See supplementary material for more details on the computa-
tional methods, convergence tests, and further electronic structure
analyses.
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