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Understanding moisture stability and degradation
mechanisms of 2D hybrid perovskites: insights
from ab initio molecular dynamics simulationst
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2D hybrid perovskites have been in focus as better alternatives to their 3D counterparts to solve long-
term stability issues. In this regard, investigation of their stability and possible degradation mechanism in
the presence of moisture is of utmost necessity. A detailed analysis with the help of ab initio molecular
dynamics simulations has been carried out to understand their interaction with water interfaces for the
first time. Various possible terminations of Ruddlesden—Popper (RP) and Dion-Jacobson (DJ) phases of
2D hybrid perovskites have been considered. We monitor the various possible interactions in the perov-
skite/water interface model to reveal the robustness of various terminations. Pbl, terminated structures
are found to interact mainly through Pb-O interactions, and the DJ phase is found to be more robust. I,
formation is found to be the possible degradation route for | terminated phases. The importance of the
bulky hydrophobic organic cation layer is highlighted, whose unique arrangement plays an essential role
in resisting water infiltration and dissolution of surface components in the case of organic cation termi-
nated phases. Interestingly, the organic cation layer is found to be robust in 2D hybrid perovskites com-
pared to reported 3D perovskites. Our study signifies the opportunity to tune the cation layer, thereby
maintaining moisture stability without compromising the optoelectronic properties of 2D hybrid perov-

rsc.li/energy-advances

1. Introduction

Hybrid halide perovskites with the general formula AMXj;,
where A is a monovalent cation (formamidinium (FA) or
methylammonium (MA)), M a divalent metal (Pb and Sn), and
X a halide (I, Br, and Cl) have emerged as a potential choice of
material for optoelectronic devices."”” However, these excep-
tionally efficient materials, commonly known as 3D perov-
skites, suffer from instability issues (due to light, oxygen, and
moisture) in operational circumstances.®® Methylammonium
cations can be replaced with bulkier cations such as butylam-
monium and phenylethyl ammonium to tune perovskite
systems.'®** However, according to the Goldschmidt tolerance
factor, these large cations cannot fit into the metal-halide
octahedral cavity but separate two consecutive inorganic layers
and act as spacer cations connecting inorganic metal-halide
layers.”® The low dielectric nature of large cations makes the
perovskite multiple quantum-well type in nature, and the
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skites, thus contributing to the fundamental understanding of 2D hybrid perovskites at water interfaces.

materials are referred to as 2D hybrid perovskites.'**® Large

organic cations possess strong van der Waals interaction,
which results in much higher formation energy for 2D perov-
skites compared to their 3D counterpart. As a result, 2D
perovskites are much more stable than 3D perovskites.'> Owing
to exemption from the criteria of the Goldschmidt tolerance
factor, 2D hybrid perovskites offer chemical flexibility to
explore a wide range of organic ammoniums as spacer cations.
Eventually, due to the broad availability of organic ammonium
cations, the quantum-well nature and the optoelectronic proper-
ties of the 2D perovskites are tuneable with variation in spacer
cations. Depending on the nature of multiple quantum-wells, 2D
perovskites are applicable for specific devices such as solar cells,
light emitting diodes, and photodetectors.'® There are two major
classes of 2D perovskites, namely Ruddlesden-Popper (RP) phases
and Dion-Jacobson (DJ) phases.'” Ruddlesden-Popper (RP) phase
contains bilayers of monovalent organic spacer (A") with chemical
formula A’,A, 1M,Xs,+, Whereas perovskites featuring mono-
layers of a bivalent organic spacer (A”) with the formula of
A’A, 1M, X3, are referred as Dion-Jacobson (DJ) phase. Here, n
represents the thickness of metal-halide layers between organic
spacer layers.

However, the degradation mechanism of perovskites neces-
sitates special attention to address the stability issue. There are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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experimental reports of degradation of RP phase quasi 2D
perovskites to n-1 2D and 3D perovskites when exposed to water
vapour.’® Also, poor stability of RP perovskites based on
1-propylamine compared to 1,3-diaminopropane-based D] per-
ovskites was reported.'® This observation was justified owing to
the absence of the van der Waals gap between organic spacer
layers in DJ phase 2D hybrid perovskites. Again, the hydration
tendency of some bifunctional spacer-based perovskites has
been reported.”® These reports indicate the role played by the
perovskite structure towards their moisture stability and the
distinct behaviour of the two phases towards humidity. As of
now, the detailed studies on the degradation behaviour of the
3D methylammonium lead iodide (MAPbI;) perovskite in the
presence of heat and moisture have shed light on their future
design strategy.>"** In these studies, the degradation mecha-
nism of different surface terminations in the presence of water
interfaces was demonstrated using ab initio molecular
dynamics (AIMD) simulations. A comparative analysis of MAI
terminated surfaces with Pbl, terminated surfaces showed the
robustness of the latter over the former.>' Such insights help to
understand the design principle and scope of the material.
However, no such theoretical insights have yet been provided
on the interaction nature of 2D perovskites at the water inter-
faces. Compared to methyl ammonium cations in 3D counter-
parts, large organic spacers in 2D perovskite are expected to be
more reluctant towards water. Moreover, an atomic level study
on the behaviour of the two phases of 2D perovskites towards
moisture is of utmost importance. A proper insight into the
degradation mechanism of these 2D hybrid perovskites could
enlighten understanding of their stability criterion and further
application.

In this work, we have carried out ab initio molecular
dynamics (AIMD) simulations to understand the nature of
interactions of 2D hybrid perovskites at water interfaces. Here,
we have focused on the different behaviour of two perovskite
phases, DJ and RP, towards water. There are several experimen-
tally synthesized 2D perovskites available for both the DJ and
RP phases. The most widely studied RP phase 2D perovskites
are n-butylammonium (BA) containing (BA),Pbl, and pheny-
lethylammonium (PEA) containing (PEA),Pbl,. Whereas in the
case of the DJ phase, the popular systems are 3-aminomethyl-
pyridinium (3-AMP) and 4-aminomethylpyridinium (4-AMP)
based (3AMP)Pbl, and (4AMP)PbI, perovskites. Since our work
is mainly focused on the fundamental understanding of 2D
perovskites, we have selected the perovskite system from two
different perovskite phases, which have well-characterized crys-
tal structures and are commonly studied for fundamental
analysis. Thus, the perovskite systems we have considered in
this study are the RP phase (BA),Pbl,/H,O interface and D]
phase (3AMP)PbI,/H,0 interface. For both the systems, we have
considered possible surface terminations as follows: (i) Pbl,
termination where the PbI, layer is present in direct contact
with water molecules, (ii) iodine termination where axial
iodides are interfaced with the water environment, (iii) organic
spacer cation termination where organic spacer molecules are
interfaced with water molecules (Fig. 1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Hydrated interface models of RP ((BA),Pbls) and DJ ((3AMP)Pbl,)
phase perovskites with different terminations. Colour codes: hydrogen
(pink), carbon (brown), nitrogen (blue), oxygen (red), iodine (purple) and
lead (grey).

2. Computational details

For the considered RP and DJ phase perovskites, we have
modelled 2 x 2 supercells of the respective (001) surfaces of
Pbl,-, I- and organic layer-terminated systems. The considered
crystal structure for modelling these systems agrees with the
reported lattice parameters from experiments.'”** Further, a
vacuum region of 15 A on top of the perovskite slabs is
considered to be filled up with water molecules. Owing to the
experimental density of liquid water (1.003 g cm™3), we have
filled the vacuum region with 150 water molecules with the
help of PACKMOL software, thereby creating surface-water
interface models of the 2D hybrid perovskites as shown in
Fig. 1.>* The lattice parameters of all the considered systems are
mentioned in Table S1 (ESIT).

The AIMD simulations of the considered models have been
carried out in the CP2K package implementing the Quickstep
module, which has emerged as a robust tool for carrying out
large-scale simulations in rapid time.>>>” A double-{ basis set
(DZVPMOLOPT) along with norm-conserving Goedecker-Teter-
Hutter (GTH) pseudopotentials was used.’®*° A wave function
CUTOFF = 500 Ry, and for the expansion of the electron density,
a REL_CUTOFF = 50 Ry was used. The exchange-correlation

Energy Adv.,, 2024, 3,1992-2001 | 1993
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potentials were implemented using PBE functional with the
DFT-D3 van der Waals corrections as described by Grimme.***"
A canonical ensemble method was appointed to fix the volume,
and the temperature was controlled using a Nosé-Hoover
thermostat with a target temperature of 350 K.>>** For all the
considered models, AIMD simulations were performed till
10 ps with a time step of 1 fs to understand the evolution of
the perovskite surfaces in the presence of water. Similar time-
scales have been reported to be enough for 3D perovskite
systems.”™** Also, we have performed Bader charge analysis
with the help of the Henkelman program to quantify the results
and understand the impact of charges on elements as well as
layers.**™*” To analyse the interactions between various kinds of
atoms throughout the simulations, we have calculated the
radial distribution functions (RDF), g(7) as,
ni\r
) = s o)

where (n,(r)) is the ensemble average number of jth type
particles present at distance r from the ith type particles within
a volume of 4nr2dr. pj is the bulk density of jth type particles.
The RDFs are integrated to obtain the number of jth type
species at a distance r around the ith type species,

intg; ()] = 4”ij;gi/(")r2dr @)

The x-axis of the RDF plots typically refers to the ‘distance’
indicating the radial distance from the reference/central atom.
The reference for ‘zero’ distance is usually the distance from
the reference atom to itself, essentially indicating the distribu-
tion of neighbouring atoms around the reference atom. In
general, the RDF plot illustrates how the density of neighbour-
ing atoms varies as a function of distance from the central/
reference atom. Peaks in the RDF plot indicate preferred
distances where neighbouring atoms are likely to be found.

3. Results

Now, we have considered the simulations of all three termi-
nated surfaces of both RP and DJ phases of 2D hybrid perovs-
kites, which have been discussed separately henceforth.

3.1. PbI, termination

First, we analyse the PbI,-terminated surface-water interfaces
of RP and DJ phases (Fig. 1). The post-simulation structures are
provided in Fig. S1 (ESIt), and a zoomed view is presented in
Fig. 2. From both Fig. S1 (ESIt) and Fig. 2, structural distortions
of the Pb-I surface are visible in the surface-water interfaces for
both phases. Thus, we have analysed various interactions using
RDF plots.

To understand the effect of water, we have separately plotted
Pb-1 RDFs for the surface and inner bulk layers, as shown in
Fig. 3a and b. Two Pb-I layers in contact with water are referred
to as surface layers, whereas two inner Pb-I layers are referred
to as bulk layers. From Fig. 3a, the peaks for surface Pb-I bonds

1994 | Energy Adv., 2024, 3,1992-2001
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Fig. 2 Pbl, terminated (a) RP/H,O interface and (b) DJ/H,O interface
after 10 ps simulation. Colour codes: hydrogen (pink), carbon (brown),
nitrogen (blue), oxygen (red), iodine (purple) and lead (grey).

are found to be broader than those of bulk layers for both
phases.

Different types of peaks for surface and bulk lead iodide
layers indicate different bond strengths of Pb-I bonds in these
layers. Since the bulk lead iodide layers do not come in contact
with the water molecules, all Pb-I bonds keep the same bond
length, resulting in a sharp peak in the RDF plot. Meanwhile,
the Pb-I bonds present at the surface layer are strongly influ-
enced by the presence of a water environment. Since the Pb and
I atoms in the surface layer are interacting with the water
molecules, the Pb-I bonding strength decreases, and hence,
the Pb-T bond length varies for a range of values (~2.8-3.8 A),
giving rise to a broad g™ (r) peak. From the integrated RDFs
shown in Fig. 3b, the coordination environment of the Pb
atoms can be grasped. The number of Pb-I interactions for
each Pb atom is nearly 4 (Fig. 3b) for the surface layers
compared to 5 for bulk layers at 3 A in both phases. Upon
comparing the surface layers for both phases, we can say that
the coordination number for Pb-I bonds is less in the RP phase
compared to the DJ phase (Fig. 3b). A decrease in the Pb-I
coordination number means a smaller number of distinct Pb-I
bonds, which infers that some of the Pb-I bonds are broken
due to interaction with water molecules. Also, the lead iodide
layer having a smaller Pb-I coordination number has lesser Pb—
I bonds due to the stronger involvement of Pb and I atoms with
water molecules. In other words, we can say that a smaller Pb-I
coordination number means a stronger interaction of the lead
iodide layer with water. Thus, stronger interaction with water is
experienced by the RP phase compared to the DJ/H,O interface.
From Bader analysis, we have observed that surface layer Pb
atoms are more electropositive in nature (~0.99 |e|) compared
to the bulk layer Pb atoms (~0.90 |e|), which results from the
interaction with the water environment at the surface.

Also, we have studied the interactions happening at the
interface between the surface atoms and water molecules. The
possible interactions could be between Pb and water O atoms
(Pb-0) and between I and water H atoms (I-H,,) (Fig. 2). Thus,
we have plotted the RDFs for Pb-O and I-H,, as presented in
Fig. 3c and d. From Fig. 3c, the average Pb-O distance is found
to be ~2.6 A, which suggests the interaction between surface
Pb and a lone pair of water O atoms. The Pb-O interaction is
found to be stronger in the RP phase compared to the DJ phase
(Fig. 3c). This can also be confirmed from the integrated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Radial pair distribution plots and (b) integrated distribution plots of Pb—I for RP and DJ interfaces for Pbl, terminated surface—water interfaces.

Radial pair distribution and integrated distribution plots of (c) Pb—O and (d) I-H,, for Pbl, terminated surface—water interfaces. Regular lines represent

g(r), and dashed lines represent int[g(r)].

distribution plot in Fig. S2 (ESIt), where a larger number of
Pb-O coordination is seen at shorter bond distances (till 3 A)
for the RP/H,O interface compared to the DJ/H,O interface.
Such observation is supported by Pearson’s hard-soft acid-base
principle. Similar interactions are also found for 3D perov-
skites, as reported by De Angelis and coworkers.>*

However, I-H,, interactions show a wide distribution in
the RDF plot without any distinct peaks for both phases
(Fig. 3d). The distributions start at ~2.2 A in both interfaces,
thereby indicating hydrogen bonding interactions between I
and water. From these findings, we can say that the RP/H,O
interface experiences stronger Pb-O interaction, whereas both
interfaces experience similar I-H,, interactions. Also, compar-
ing the peak intensity of Pb-O and I-H,, RDFs (at 3 A), we can
see stronger interaction through Pb-O bond formation. So, we
can mention that the Pbl, terminated RP phase interacts with
the water to a larger extent compared to the DJ phase. Also, to
understand the water adsorption nature of the perovskite
surface, we have calculated adsorbed water molecules per
metal for both phases. In Fig. S3 (ESIf), we have presented
the histograms for the number of water molecules adsorbed
per metal over the simulation trajectories. From the plot,
we can notice high frequencies of the numbers 1.1 and 1.2
in the case of the RP/H,O interface compared to the DJ/H,O
interface, inferring the adsorption of water molecules on
the surface to a larger extent. Hence, we can conclude that

© 2024 The Author(s). Published by the Royal Society of Chemistry

decomposition via water adsorption would happen faster in
the RP than in the DJ phase.

3.2. Iodine termination

Here, we have analysed the I-terminated surface-water inter-
faces of RP and DJ phases (Fig. 1). The simulated structures of
the same are presented in Fig. S4 (ESIT) with a zoomed view
of the interface given in Fig. 4. From the simulated figures
(Fig. S4, ESIT and Fig. 4), the distortion in the interfaces
is very evident, especially in the formation of I, molecules.

Fig. 4 | terminated (a) RP/H,0 interface and (b) DJ/H,0 interface after
10 ps simulation. Colour codes: hydrogen (pink), carbon (brown), nitrogen
(blue), oxygen (red), iodine (purple) and lead (grey).
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Fig. S4 (ESIt) shows that the inner layers are largely unaffected,
whereas the surface layers react with the water environment.
To quantify these changes, we have plotted the RDFs aver-
aged throughout the simulation trajectories. Again, we have
categorized the inorganic layers as surface and bulk layers, and
the RDF plots for Pb-I are represented in Fig. 5a. From Fig. 5a,
sharp peaks are observed for bulk Pb-I layers compared to the
broad peaks for surface Pb-I layers interacting with water
molecules. For the RP/H,0 interface, Pb-I RDF shows a sharp
peak at 3.26 A for the bulk layers, whereas the broad peak at
3.16 A is observed for surface layers (Fig. 5a). That means the
bulk lead iodide layer has distinct Pb-I bonds with a bond
length of 3.26 A, which remains intact throughout the simula-
tion trajectory. But the surface layer is disturbed by the water
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interface where the Pb-I bond lengths range from 2.8 A to 4.5 A.
A similar phenomenon was observed for the DJ/H,O interface,
where bulk and surface Pb-I RDF peaks are found at 3.16 A and
3.14 A with sharp and broad distribution, respectively (Fig. 5a).
From the integrated RDF plots, the number of bulk Pb-I
interactions reaches 5 at 3.27 A, whereas for surface Pb atoms,
it ranges from 2 to 4 within 4 A in the RP phase (Fig. 5b). Also,
in the case of the DJ phase, the number of bulk Pb-I interac-
tions reaches 5 within 3.60 A, whereas for the surface, it ranges
from 2 to 4 within 4 A (Fig. 5b). This result indicates that after
the interaction of lead iodide layers with water molecules, the
number of Pb-I bonds for a particular Pb atom decreases to 2.
That means Pb atoms remain coordinated only with two I
atoms, whereas other coordination sites are occupied by the
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(a) Radial pair distribution plots and (b) integrated distribution plots of Pb—I for RP and DJ interfaces for | terminated surface—water interfaces.

(e) I-O and (f) I-I for | terminated surface—water interfaces. Regular lines
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water O atoms. Instead, dissociated I atoms are involved in
other interactions, which we will discuss in the following
sections. These observations suggest the complete breakdown
of the octahedral framework at the surface of I-terminated
perovskites for both the water interface models.

During the simulation, different types of interactions occur
between the surface and the water environment. In Fig. 4a, we
have highlighted the bonding interactions experienced by the
RP/H,0 interface. Also, the decomposition of Pb-I bonds due
to interaction with water is visible, leading to the formation of
L. Interestingly, for the DJ/H,O interface, we noticed one of the
water molecules diffusing towards the spacer cation layer
through inorganic slabs (Fig. 4b). Infiltration of water mole-
cules through the DJ phase perovskite in the presence of
moisture was also observed experimentally by Grétzel and
coworkers.”® Infiltration of water can lead to nucleophilic
substitution at the Pb metal centres, which triggers the release
of I leading to I, formation (Fig. 4).>> Thus, to quantify the
interactions between surface Pb atoms and water O atoms, we
have plotted the RDFs for Pb-O averaged over the simulation,
as shown in Fig. 5c. The peaks for Pb-O interaction are seen at
2.45 and 2.56 A for RP/H,0 and DJ/H,O perovskite water
interface models, respectively, which are within typical Pb-O
bond lengths reported for lead oxide crystals.*® Also, similar
Pb-O bond lengths at perovskite water interfaces were reported
by De Angelis and coworkers.>” Hence, we can claim that strong
bonding interactions are present between Pb and O in both RP
and DJ phase iodine terminated surfaces. The stronger inter-
action in the case of the RP phase is also supported by the more
positive charge on surface Pb atoms in this case (0.99 |e| for RP
vs. 0.89 |e| for DJ). Next, we investigate the RDFs for interaction
between surface I atoms and water H atoms (Hy), as shown in
Fig. 5d. I-H,, interaction is detected by the peak starting at
2.65 A for the RP/H,0 interface, whereas for the DJ/H,O inter-
face, the peak is broader and slightly right-shifted at 2.86 A,
referring to a weaker interaction strength compared to the RP
phase (Fig. 5d). Noticeably, for both cases, the RDF broadens
substantially after the peak due to long-range interactions.
From these findings, we can highlight an unusual observation
that the RP/H,O interface is much more sensitive to both the
Pb-O and I-H,, interactions than the DJ phase. Despite the
water infiltration that happens, the DJ/H,O interface is robust
towards moisture compared to the RP phase. Similar observa-
tions are reported for the 3D analogue where the Pbl, termi-
nated MAPDbI; perovskite structure remains undistorted even
after water infiltration.>

Notably, from the AIMD simulation, we noticed a significant
interaction between surface I atoms and water oxygen atoms
(Fig. 4a). To support this observation, we have calculated the
RDFs for I-0, as presented in Fig. 5e. For the RP/H,0 interface,
a peak at 2.24 A indicates the formation of the I-O bond,
whereas no such interaction is present in the DJ/H,0 interface
(Fig. 5€). This observation is also supported by the fact that few
of the surface I atoms are positively charged in the RP/H,O
interface, having charges around 0.43 |e|. These positively
charged I atoms are responsible for the formation of I-O bonds.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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For both phases, a broad peak is observed close to 4 A due to
the water molecules present at larger distances. To investigate
the I, molecule formation detected in Fig. 4a and b, as some
surface I atoms diffuse into the water environment, we have
plotted the RDFs for the I-1 interaction as presented in Fig. 5f.
The peak observed at 3 A indicates the formation of the I,
molecule (Fig. 5f). The later peak arising around the 4.5 A
region is due to other I atoms present in the inorganic layer.
From charge analysis, the positively charged I (~0.21 |e|) atoms
combine with negatively charged I (~—0.50 |e|) atoms to form
the I, molecule for both the phases of water interfaces. This
occurrence can be correlated with the decrease in the Pb-I
coordination number discussed earlier. Since the surface I
atoms originally bonded with Pb diffuse and form I,, the Pb-I
coordination number decreases eventually. From these obser-
vations, we can say that the I terminated water interfaces of
both the RP and DJ perovskite phases face similar interactions
with water, differing only in the I-O interactions. For both
phases, I termination cannot be considered as a preferable
termination from the water stability perspective due to the
formation of I, because of nucleophilic substitution of H,O at
the Pb centres.

3.3. Cation termination

Now, we move on to study the simulation results of the cation-
terminated surface-water interfaces for both phase perovskites
(Fig. 1). In Fig. S5 (ESIt), we have presented the simulated
geometries of two considered perovskites, and a zoomed view
of the interfaces is shown in Fig. 6. Extensive water infiltration
through the organic cation layer at the surface can be observed
in the simulated structures (Fig. 6 and Fig. S5, ESIt). In this
case, as the PbI layers are not at the surface, they are mostly
found to be intact.

Although water molecules did not cross the organic layer
completely and react with the inorganic layer within the simu-
lation time, we have analysed the robustness of the two cation
terminated phases towards surface water molecules. Thus, we
have further calculated the RDFs for interaction between Pb
atoms and water O atoms for the cation-terminated water
interface models (Fig. 7a). From Fig. 7a, Pb-O RDF in RP/H,0

P S 382 O |
Fig. 6 Cation terminated (a) RP/H,O interface and (b) DJ/H,O interface

after 10 ps simulation. Colour codes: hydrogen (pink), carbon (brown),
nitrogen (blue), oxygen (red), iodine (purple) and lead (grey).
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Fig. 7 Radial pair distribution plots and integrated distribution plots of (a) Pb—O and (b) I-H,, for cation-terminated surface—water interfaces. Regular
lines represent g(r), and dashed lines represent intlg(r)]. H-bonding interaction between axial iodine and ammonium hydrogens of the surface organic

layer of (c) RP/H,0O interface and (d) DJ/H,O interface.

interface (BA cation) shows a broad distribution starting at
4.2 A and a peak located at 4.55 A. However, the Pb-O RDF in
DJ/H,O interface (3AMP cation) shows a weak distribution
starting as far as 5.2 A (Fig. 7a). Thus, the 3AMP cation in the
DJ/H,0 interface is found to be more resistant to the water
environment. This is also supported by the presence of more
charge on the oxygen atoms of the water layer in the RP/H,0O
interface (—1.33 |e| per O) compared to the DJ/H,O interface
(—1.29 |e| per O). This further supports the robustness of the
3AMP cation in comparison to the BA cation. Further, we have
analysed the RDF for the interaction between I and water H
atoms, as presented in Fig. 7b. The I-H,, RDFs show a peak at
~2.55 A (Fig. 7b). The high peak intensity for the DJ/H,O
interface indicates its preferability to interact through I-H,,
hydrogen bonding. The less pronounced nature of Pb-O inter-
action than I-H,, can be seen when comparing the intensity of
Pb-O and I-H,, RDFs.

Since the polar water molecules are not able to diffuse into
the perovskite through the hydrophobic organic chain, they can
only reach up to an interacting distance of axial iodides of
the inorganic layer (Fig. 6). This observation can be attributed
to the robustness of organic cations that keep the PbI layer
protected from water infiltration. To support the robustness of
organic cations, we have verified the H-bonding interaction
nature of the axial I and ammonium H of the surface organic
layer. For both the perovskite phases, consistent interaction
between axial I of the inorganic layer and ammonium H of

1998 | Energy Adv, 2024, 3,1992-2001

surface organic cations interfacing with the water environment
is observed throughout the simulations (Fig. 7c and d).

4. Discussions

Finally, one of the main goals of this study is to find the
possible ways the perovskite structure degrades in the presence
of water/moisture. In other words, which terminations are more
prone to structural distortion in the presence of water? In this
context, we have compared the RDFs of Pb-I interactions for
all the considered systems as the Pb-I bond decomposition
has been found to be the possible way for the initiation of
instability in the presence of water. From Fig. 8a and b, one can
notice that cation and Pbl, terminated water interfaces possess
more intense peaks compared to the I terminated for both the
RP and DJ phases. These results infer that there are a smaller
number of Pb-I bonds with an exact bond length in iodine
terminated surfaces, which indicates a decomposed state of
this surface in the presence of moisture. Meanwhile, the Pb-I
bonds for the cation terminated surfaces remain stronger even
in the presence of moisture due to the strong van der Waals
forces present in the organic cations. In addition, Fig. 8c and d
shows the highest number of Pb-I interactions for the cation
terminated water interfaces. For the RP/H,O interface, the Pb-I
coordination number reaches 4.95 at 3.8 A for cation termi-
nated models, whereas it remains at ~4.5 for the other two

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Radial pair distribution plots of Pb—I for (a) RP/H,0, and (b) DJ/H,0 interfaces. Integrated distribution plots of Pb—I for (c) RP/H,O and (d) DJ/H,O

interfaces.

surfaces (Fig. 8c). Similarly, for the DJ/H,O interface, till 3.8 A
bond length, the Pb-I coordination number for the Pbl,, I and
cation termination are 4.45, 4.05 and 4.8, respectively (Fig. 8d).
Hence, we can claim that there is a much stronger bonding
interaction between Pb and I in the case of cation terminated
perovskite water interfaces compared to the PbI, and I termi-
nated models. The retention of bonding interactions in the
cation terminated structure is due to the hydrophobicity of
bulky surface cations, keeping the inorganic layer safe from
degradation. The same is also visible from the post simulation
geometries of cation terminated models in Fig. S5 (ESIY).
From our findings, we can mention some major events that
could possibly happen with 2D hybrid perovskites in the
presence of moisture. Primarily, 2D hybrid perovskite surfaces
terminated with large organic spacer molecules emerge as the
most stable surface terminations against moisture. Among
inorganic layer terminated surfaces, Pbl, termination is found
to be more stable compared to I termination. This happens due
to the stability of the PbI, surface, fulfilling the charge and
coordination number of Pb and I. On the other hand, in the I
terminated interface, the presence of unsaturated iodides leads
to locally charged surfaces, making them more reactive towards
the water environment. Another point worth mentioning is
that even for the I terminated water interface models, the
inside Pb-I layers away from the surface do not undergo much
change during the simulations (Fig. S4, ESIT). This can be
attributed to the robustness of the large organic ammonium

© 2024 The Author(s). Published by the Royal Society of Chemistry

layers, which prevent water infiltration due to their hydropho-
bic nature. Similarly, the cation terminated water interfaces are
also quite robust. The possible degradation pathway of the I
terminated surface could be through I, formation.

De Angelis and coworkers have carried out fundamental
research work on the stability of 3D halide perovskites in the
presence of water.>"*> For the most studied system MAPbDI;,
they reported that PbI, termination is much more stable at
water interfaces due to strong Pb-I bonds compared to the
MAI terminated surface, in which case both MA and I are
prone to dissolution as water molecules interact with the Pb
nodes.”® In another work, they have considered only the
metal-I, terminations to compare MAPbI;, MASnI; and
DMASNBr;.>> Here, they found that Sn-I bonds of the Snl,
layer also break in the presence of water. On the other hand,
SnBr; is found to form an amorphous surface layer preventing
water infiltration, but such layers can be detrimental to
photovoltaic applications. In our work, we have found that
in the case of the considered 2D halide perovskites, the Pbl,
termination is quite stable due to strong Pb-I bonds. The most
noteworthy feature is the unique arrangement of the organic
cation layer that prevents water infiltration by virtue of hydro-
phobicity, which also protects the inner inorganic Pb-I layers.
The bulky organic cation layer also remains intact, unlike
MA or similar small cations in 3D perovskites.”"*> The
cation termination can be helpful in maintaining stability in
the presence of moisture without the requirement of an

Energy Adv., 2024, 3,1992-2001 | 1999
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amorphous surface layer, thereby preserving the optoelectro-
nic properties of 2D hybrid perovskites.

5. Conclusions

Understanding the stability of perovskite systems in environ-
mental conditions, especially in the presence of water, is crucial
for the application of these materials in photovoltaics or other
applications. In this regard, we have carried out a systematic
ab initio molecular dynamics-based study to investigate the
stability of 2D hybrid perovskites at the water interface. Analys-
ing the time-averaged structures, we have been able to figure
out possible degradation pathways of the 2D hybrid perovskites
in the presence of a liquid water environment. We have
considered all possible terminations (Pbl,, I-, organic cation-)
of both the Ruddlesden-Popper (RP) and Dion-Jacobson (DJ)
phases. Pbl, terminated surfaces are found to experience
interaction through Pb-O bond formation, and in this case,
the DJ/H,O interface is more robust compared to the RP/H,0
interface. In the case of the I terminated interfaces, I, for-
mation is most prominent, resulting from nucleophilic sub-
stitution of water molecules at Pb metal centres. This
phenomenon is expected to be the possible degradation route
for this type of 2D hybrid perovskite system in contact with
water molecules. Despite water infiltration through the surface
Pbl, octahedral layer, DJ phase perovskites possess less pro-
nounced interaction compared to the RP phase. Cation termi-
nated interfaces are found to be more robust towards the water
environment. The presence of bulky organic cations (like 3AMP
and BA) in 2D perovskites plays an important role in both Pbl,
terminated and organic cation terminated structures by pre-
venting water infiltration inside inorganic layers. Also, we
observed BA and 3AMP cations to interact differently with water
molecules. Thus, tuning the organic cation layer can be an
ingenious way to maintain the moisture stability of optoelec-
tronic devices based on 2D hybrid perovskites. Overall, our
work represents the fundamental understanding regarding the
stability and degradation of 2D DJ and RP phase perovskites in
the presence of moisture and directs the perovskite community
towards further design and development in perovskite research
and application.
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