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ABSTRACT: Material instability issues, especially moisture degradation in Sy o 04 .

MA* ¢
ambient operating environments, limit the practical application of hybrid s *« * 3
perovskite in photovoltaic and light-emitting devices. Very recent experi- (vai Gbiebse’ co A ~
: s A me e

ments demonstrate that ligand passivation can effectively improve the surface pocetn £ 2 . o jco a
moisture tolerance of hybrid perovskites. In this work, the interfacial stability 7, Adaed = o R LU

of as-synthesized pristine and alkylammonium-passivated methylammonium 44« i, Sa
lead iodide (MAPbI;) with liquid water is systematically investigated using m:‘_m‘ — l(m . Y T 0.8-\__30
molecular dynamics simulations and reaction kinetics models. Interestingly, “**————— et ¢

the more hydrophilic [Pbl,]° surface is more stable than the less hydrophilic

[MATI]° surface because of the higher polarity of the former surface. Linear alkylammoniums significantly stabilize the [MAI]° surface
with highly reduced (by 1—2 orders of magnitude) dissociation rates of both MA* and ligands themselves, while branched ligands,
surprisingly, lead to higher dissociation rates as the surface coverage increases. Such anomalous behavior is attributed to the
aggregation-assisted dissolution of surfactant-like ligands as micelles during the degradation process. Short-chain linear
alkylammonium at the full surface coverage is found to be the optimal ligand to stabilize the [MAI]® surface. This work not
only provides fundamental insights into the ionic dissolution pathways and mechanisms of hybrid perovskites in water but also
inspires the design of highly stable hybrid perovskites with ligand passivation layers. The computational framework developed here is
also transferrable to the investigation of surface passivation chemistry for weak ionic materials in general.

KEYWORDS: hybrid perovskite, water stability, dissociation kinetics, ligand passivation, micellization

1. INTRODUCTION gap (from 1.6 to 3.1 eV) and hysteresis behaviors.'" In

Organic—inorganic hybrid perovskites, MAPbX, (MA* = contrast, liquid water can induce the irreversible decom-
) 3 - e .
CH,NH,; X = I, Br or Cl), have emerged as promising position of MAPDI;, releasing Pbl,, CH;NH; HI, and

14,15 . L
light absorbers in photovoltaic (PV) cells"” or as emitters in H,0. . Such water 1ndu.ced c.legrfldatlon 'S also reported to
. e . 34 . be facilitated by light illumination, which weakens the
light-emitting diodes (LEDs)”" because of their scalable and teraction betwoen i . PbL- and < cati
low-temperature synthesis processes”® and superior optoelec- m eﬁ?g]‘? I:m; a:;i?;gfiﬁf ierE\C;eriblse c;erzlcorcr)lrgc??iltio;a ‘I;rtl}i
tronic properties such as strong optical absorption,” longer P

carrier diffusion length (>1 ym),® and high carrier mobilities increasing humidity levels and light intensities.” Despite
(210 cm?/V-s). Despitz the enormous progress in device extensive research on water-induced degradation of MAPbI;,

performance of MAPbXybased PV cells and LEDs, the the underlying surface degradation pathway and molecular
37 )

undesired degradation of MAPbX, largely hinders the mechanism at the MAPbI;/water interface are still not well

commercialization of MAPDbX;-based functional devices. understood. L . .
_ . . i : Recent ab initio and classical molecular dynamics (MD)
Distinct environmental and operation conditions (i.e.,

. : . simulations have explored the dynamic interactions of water
moisture, temperature, and sunlight) may deteriorate the lecul ith diff MAPbI f dth d
chemical and thermal stabilities of MAPDbXj, resulting in the molecules with cifferent v 3 surfaces and the correspond-
degradation of device efficiency.'”"" In particular, the moisture ing impacts on their physical properties. It was found that the

& . eney par ’ MA" orientation'®"” and the terminated surface type (ie., the
effect on the material stability of MAPbXj; is the most research b tral [PL]0 or [MAL]")?*' play signifieant 1, :
interest because of the inevitable contact with water vapor in chatge neutra 2l-of play stgniicant rofes i
the ambient environment.

Various experimental studies have demonstrated the vital Received:  February 24, 2020
role of water molecules in the moisture-induced MAPbI, Accepted:  April 24, 2020
degradation.'”"? For instance, water vapor at room temper- Published: April 24, 2020
ature can activate the reversible hydration of MAPDI; to
monohydrate phases of MAPbI;-H,0 or MA,Pbl2H,0
(long-time exposure),'* accompanied by the increased band

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsami.0c03532

W AC S Pu b | iCat | ons 23584 ACS Appl. Mater. Interfaces 2020, 12, 23584—23594


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huanhuan+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingfan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingchao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shangchao+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.0c03532&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03532?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03532?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03532?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03532?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03532?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/12/20?ref=pdf
https://pubs.acs.org/toc/aamick/12/20?ref=pdf
https://pubs.acs.org/toc/aamick/12/20?ref=pdf
https://pubs.acs.org/toc/aamick/12/20?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c03532?ref=pdf
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

such MAPbI,/water interactions. Specifically, the [PbI,]%
terminated surface is more robust than the [MAI]’-terminated
one which undergoes a rapid dissolution process”’ and forms
hydrated compounds MAPbI;-H,0.>" As a result, the surface
degradation widens the band gap by ~0.3 eV and decreases
the optical absorption,”” giving rise to degradation of the
MAPDI; device performance. However, the time scale of ~10
ps covered in the above ab initio MD simulations may not be
sufficient to capture certain water-induced slow surface
degradation process. On the other hand, Caddeo et al.
conducted classical MD simulations to explore the dissolution
behavior of MAPbI,; in liquid water and reported an averaged
activation energy barrier of 0.36 eV for a [Pbl,]° monolayer to
dissolve.”> However, the non-integer partial charges of the
dissolved Pb and I ions defined in the MYPO™* and MYPI
potentials”> might not be compatible with the existing
molecular force fields with integer valence charges for the
ions, such as CHARMM,”> AMBER,*® and OPLS-AA.>’

In order to suppress the undesired degradation of hybrid
perovskites, there are urgent needs to improve their chemical
stability and structural integrity at the material level.”>*’
Notably, recent studies have confirmed that surface passivation
by organic hgand capping layers (such as long-chain
alkylammonlum, alkylphosphomc acid ammonium,”’ and
phenylalkylamine molecules®) or surface covering (such as
fluoro-graphene™) can effectively stabilize hybrid perovskites
by improving their surface moisture tolerance’*** and surface
hydrophobicity.”” Moreover, layered or quasi 2D perovskites
have shown impressive water resistance compared to 3D
ones.’>” Linear alkylammonium chains have been used to
separate 2D layers of PbI¢*~ octahedra composed of central Pb
and corner-sharing I atoms, which can stabilize 2D perovskite
structures in water.”*” Controlling of the peripheral layer of
the octahedral perovskite geometry has also been demon-
strated to generate water-stable perovskites.” However, there
is still a lack of theoretical understanding of thermodynamic
(ie, binding energies) and kinetic (ie., dissociation and
association rates) interactions between water molecules and
the passivation layers on hybrid perovskites.

With all of the above in mind, we perform classical MD
simulations based on a refined empirical potential to
investigate the water stability (which is an extreme case of
moisture stability when the humidity is above saturation) of
MAPbI; crystals without (original samples) and with surface
passivation layers. Both linear and branched alkylammonium
ligands were considered for surface passivation at different
surface coverages. Our surface ionic dissolution analyses
demonstrate, interestingly, that the more hydrophilic [Pbl,]°
surface is more stable than the less hydrophilic [MAI]° surface
because of the higher polarity of the former surface. We also
discover that passivated organic ligands can effectively stabilize
the [MAI]° surface even in water. The micellization of ligands,
which is due to the hydrophobic nature of the alkyl groups, is
found to greatly affect the surface ligand dissolution rate, on
top of the impact from their inherent hydrophobicity. Using a
parallel reaction kinetics model, we find that such micellization
behavior, especially for linear ligands with longer alkyl groups
and branched ligands at high surface coverages, dominates and
accelerates the dissociation rates of these ligands. Based on
MD contact angle calculations, we explore the complex
correlation between the surface wettability and the stability
of the ligand passivation layers. This computational work

provides insightful guidance for searching and designing highly
stable hybrid perovskites with organic passivation layers.

2. COMPUTATIONAL METHODS

2.1. Development of an Empirical Potential for MAPbI;/
Water/Ligand Systems. The recently developed empirical model
potential for hybrid perovskite (MYPO)24 has been widely utilized to
predlct multlphysmal (structural *! mechanical,” thermal,”® nucle-
ation,** and caloric*’) properties of MAPbI;. However, the non-
integer partial charges are assigned to atoms in the MYPO potential for
MAPbI, only,”* and later, the MYP1** potential to describe MAPbI,/
water interactions are lnCOﬂSlStent with standard valence charges of
constituent ions (ie, I~ and Pb*).*® Therefore, we carefully
developed a modified MYP potential (referred to as m-MYP
hereafter) for MAPbI,/water systems upon refinement of the MYPO
or MYP1 potential. The main differences between the m-MYP and
the MYPO or MYP1 potential include (i) the use of integer partial
charges for I” (—1) and Pb** (+2) ions and (ii) the revised force field
parameters for the Buckingham and Coulombic potentials*® for the
(Pb, I)—(C, N) pairwise interactions. All the parameters of the m-
MYP potential (see Table S1 in Supporting Information) were fitted
in the GULP" package depending on the density functional theory
(DFT)-calculated structural and mechanical properties of the MAPbI
crystal (see Table S2 in Supporting Information). The MAPbI,/water
interactions modeled by the m-MYP potential were validated using
water contact angle simulations and water adsorption/infiltration
energy calculations (see Figure S3 and Table S3 in Supporting
Information). The comprehensive validation of m-MYP potential by
comparing MD and DFT results were detailedly discussed in Section
S1 in Supporting Information.

The SPC/E*® model (see Table $4 in Supporting Information) was
employed for simulating intra and intermolecular interaction of water
molecules. The MAPbI;/water interaction was described by the sum
of the Lennard- _]ones (LJ) 12-6 and Coulombic terms from the
AMBER force field.* Especially, the rationally-designed L] parame-
ters for metal’® and halide®" ions in explicit solvent were utilized to
simulate (Pb, I)/water interaction. The L] parameters of cross-term
interactions were obtained using the common Lorentz—Berthelot
mixing rule. Intra and intermolecular interactions of MA, two linear
alkylammonium (CH,;(CH,),NH;*, where n = 3 and 7, which are
referred to as C4" and C8*, respectively), and branched
alkylammonium ((CH;);CCH,NH,", which is referred to as BS")
cations are described by the AMBER force field* as well. The same
cut off distances for short-range L] and Coulombic interactions are set
as 1 nm. The partial charges of all alkylammonium ligands were
determined from DFT calculations using the B3LYP/6-31G* basis set
(see Figure S1 in Supporting Information). The particle—particle
particle—mesh (PPPM) method®® was adopted here to treat long-
range Coulombic interaction via the reciprocal space because the
PPPM method is 51gn1ﬁcantly faster than the regular Ewald
summation method.>” Periodic boundary conditions along all
directions were used in all MD simulations.

2.2. MD Simulations of MAPbI;/Water/Ligand Systems. All
MD simulations of MAPDbI; crystals with or without ligand-passivated
layers in liquid water were carried out using the LAMMPS open-
source package.”* MAPbI; models were built with a dimension of
~3.8 X 3.8 X 7.0 nm® (about 5000 atoms) based on the pseudo-cubic
phase of MAPbI, (with a lattice constant of 6.3 A) and two types of
charge-neutral surfaces, [Pbl,]° and [MAI]°. To study the ligand-
passivation effects, only [MAI]%-terminated MAPbI; models were
considered. MA* cations on the [MAI]° free surfaces were replaced by
C4*, C8", and BS" organic ligands to construct ligand-capped MAPbI;
surfaces, referred to as [(C4)I]° [(C5)I]% and [(BS)I]° respectively.
Different surface coverages (¢ = 25, 50, 7S, and 100%) of the C4",
C8*, and BS* ligands were considered. The MAPbI; models with and
without ligands were then put in contact with the liquid water box
(with a dimension of ~3.8 X 3.8 X 6.2 nm® and about 9000 atoms) to
cover the top and bottom surfaces. After energy minimization, all
MAPDI;/water models were first equilibrated for 2 ns under the NPT
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Figure 1. Side views (towards xz plane) of the dissociation process of MAPbI, crystals terminated with (a) the [MAI]° surface at 650 K and (b) the
[PbL,]° surface at 800 K. Both free surfaces of MAPbI; crystals are in direct contact with the liquid water. Owing to different dissociation rates, the
atomic configurations of dissociated models are visualized in different ranges of simulation times, including (a) 0—2.0 ns for the [MAI]° surface and
(b) 0—40 ns for the [PbI,]° surface. Red denotes O, dark gold denotes Pb, and Pbl*~ octahedra are visualized by triangles that connect all triplets

of I atoms within a 3.6 A radius around Pb.

ensemble using the Nosé—Hoover thermostat and the Parrinello—
Rahman barostat®>~>” at a constant pressure of 1 bar and T = 300 K.
A time step of 1.0 fs was selected in all MD simulations. All
equilibrated MAPbI;/water models were then equilibrated up to 48 ns
under the NVT ensemble at temperatures ranging from T = 460 to
800 K in order to accelerate the ion dissolution process. The
dissolution rates of different ionic species (i.e, MAY, I", Pb*, C4*,
C8*, and BS*) were calculated by tracking the number of dissolved
ions in liquid water based on a first-order reaction (dissolution)
kinetics model. The corresponding dissolution energy barriers E; were
determined from the temperature-dependent dissolution rates using
the Arrhenius law based on the transition-state theory.

2.3. Contact Angle Calculations of MAPbI;/Water/Ligand
Systems. To understand the underlying relationship between
moisture stability and surface wettability of MAPbI; crystals, we
calculated the contact angles (0) of water droplets on both bare and
ligand-capped surfaces of MAPbI; at the room temperature. MAPDI;
thin film models with free surfaces were constructed with a dimension
of 49.053 X 3.73 X 3.73 nm® (~96,000 atoms). They were fully
equilibrated under the NPT ensemble for 0.1 ns at a pressure of 1 bar
and T = 300 K. A liquid water box with 5500 water molecules and a
dimension of 12.00 X 3.73 X 3.73 nm® was then placed ~0.4 nm
above MAPbI; surfaces to establish the initial contact angle models
(see Figure S4 in Supporting Information). The LJ parameters of
water molecules used in this study have been listed in Table S4 in
Supporting Information. The initial models were equilibrated for 48
ns under the NVT ensemble using the Nosé—Hoover thermostat.”*”
Water contact angles on MAPbI; substrates were finally extracted
from the shape profiles of the equilibrium water droplets.

3. RESULTS AND DISCUSSION

3.1. Dissolution Behavior of As-Synthesized MAPDbI;
Surfaces in Water. In order to probe the water stability of as-
synthesized pristine MAPDI; crystals without surface passiva-
tion (as a reference case for the passivated surfaces), we
studied the dissolution behavior of MAPbI; thin films with
charge-neutral surfaces including [PbL,]° and [MAI]’ (see
Figure 1). A dissociation cutoff distance (R,,) of ions
considering both lattice arrangement (structural) and
vibrations (thermal) was utilized to identify dissolved ions
(ie, Pb**, 17, and MA"). The vibration contribution to R,,, of
each type of ions was determined at different temperatures
before any ion dissociation. When the displacement of an ion is
larger than Ry, it is recognized as dissociated ion in water, as

illustrated in Figure 1. The dissolution profiles of different ions
were then obtained by tracking the total number of dissolved
surface ions (N,,) as a function of the simulation time. In
Figure 2a,b, surface dissolution is rapid at the initial stage and
then gradually slows down before reaching complete
dissolution (a plateau), which is highly consistent with the
first-order reaction kinetics model. Among different ionic
species, the dissolution process of the [MAI]° surface (Figure
la) is much faster than that of the [Pbl,]° surface (Figure 1b)

150 80
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( @1 o} o) |
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Figure 2. (a,b) Simulated ion dissolution profiles (the total number of
dissociated ions Nj,, with respect to the simulation time) and the
fitting curves based on the first-order reaction kinetics model of
different ionic species (i.e, Pb**, I", and MA*) in (a) the [PbL,]° and
(b) the [MAI]° free surfaces (including both the top and bottom
surfaces in Figure 1) at 800 K. (c,d) Arrhenius plots for the ionic
dissociation rates of MAPbI, crystals (k) with respect to the simulated
temperature T, namely, In(k) vs 1/T. The dissociation rates k of
various ionic species in (a) [MAI]° and (b) [PbL,]° free surfaces are
evaluated separately. The dissociation energy barriers E4 of different
ionic species can be predicted based on the slopes of the linear fitting
curves.
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Figure 3. (a) Top views (towards xy plane) for the [MAI]° surface at different surface coverages of C8* ligands (¢ = 25—100%). (b) Side views of
the dissociation process of the fully passivated [MAI]° surface by C4* ligands (or, namely, the [(C4)I]® surface) at 650 K, showing highly reduced
dissociation rates, as compared to the bare [MAI]° surface. (c—e) Total dissolution rates (k) of various ionic species from passivation surfaces with
respect to ¢ at 300 K, including (c) MA" ions, (d) C4*/C8*/BS* ligands, and (e) I” ions.

at the same temperature, consistent with the observed surface
dissolution profiles in Figure 2a,b.

We then applied a reaction model to explore the different
ionic dissolution processes. For a first-order reaction, kM, =
—dM,,/dt, with a solution of M,,, = M2 e, where M’ is
the initial number of ions on the [PbL,]° or [MAI]° free
surfaces here, M,,, is the remaining number of ions staying on
the free surfaces, k is the dissolution rate, and t is the
simulation time. Therefore, the total number of dissolved ions
(Nion) can be predicted by the expression

N

ion = M'O - Mion = Mi?)n(l - e_kt)

on

(1)

The dissolution rates k of different types of ions at different
temperatures thus can be predicted by fitting their correspond-
ing dissolution profiles to such a first-order reaction model (see
Figure 2a,b). The Arrhenius law, k = C exp(—Ey/kgT), where
T is the absolute temperature, C is the pre-exponential factor,
and kg is the Boltzmann’s constant, was then used to fit the
dissolution rates k at different temperatures (In(k) vs 1/T in
Figure 2¢,d) in order to extrapolate k values for different ionic
species at the room temperature. The dissolution rates at 300
K were estimated to be 0.098 and 1.08 ns™", respectively, for I
and MA" ions in the [MAI]° surface and 0.4S and 3.29 X 107*
ns™!, respectively, for I” and Pb** ions in the [PbI,]° surface.

Based on the linear fitting of In(k) with respect to 1/T, we
also predicted the dissociation energy barriers E4 of 0.18 and
0.10 eV, respectively, for I” and MA" ions in the [MAI]°
surface and 0.09 and 0.28 €V, respectively, for I” and Pb** ions
in the [Pbl,]° surface. We found that I~ ions in the [PbI,]°
surface have the highest dissolution rate at 300 K, followed by
MA" ions in the [MAI]° surface, I” ions in the [MAI]° surface,
and finally Pb** ions in the [PbL,]° surface. This trend of our
results is consistent with the formation energies of vacancy
defects in a MAPDI; crystal, which has been reported in
previous study that partial Schottky defects V'(MAI) (0.08 eV)
exhibit much lower defect formation energy than V'(Pbl,)

23587

(0.22 €V).*® Overall, the [Pbl,]° surface is more stable than
the [MAI]° surface in contact with the liquid water, and
therefore, the [MAI]° surface is the weak link in the overall
stability of the MAPDI; crystal. Hydrogen bonds have played
very different roles in the stability of hybrid perovskites. The
poor surface moisture stability of the [MAI] surface can be
attributed to the strong hydrogen bonding between MA" and
water molecules and”” the increased attractive interactions that
drive MA* to bind with water molecules. In contrast, similar
strong hydrogen bonds have also been utilized to improve the
interfacial stability and PV performance of MAPbI;. For
example, the strong hydrogen bonds between [MAI]® surfaces
and some carrier transport layers (i.e, TiO," and BaSn0,%")
result in ordered orientation of surface MA* and promote the
electron transfer across the interface.

Using the predicted dissolution rates, we estimated a rate of
5.5 pm/s for the degradation loss of MAPbI; at 300 K along
the thickness direction, consistent with experimental observa-
tions that room temperature samples of thickness 1-100 ym
degrade in a few seconds.”” Specifically, we obtained an
averaged dissolution rate of ~9.1 X 107° ns™" per MAPbI, unit
cell (composed of S ions in total) at 300 K, assuming a serial
reaction kinetics model over all the ionic species (the MD-
simulated [MAI]° and [Pbl,]° monolayers here are composed
of 36 MAY, 36 Pb**, and 108 I” in total). For serial reaction
kinetics, the total dissolution times, that is, the summation of
1/k over all the ionic species, considering stoichiometry, is
used to estimate the averaged dissolution rate. Finally, these
lead to an estimated degradation loss rate of 9.1 X 107° ns™" X
0.6 nm = 5.5 um/s because the lattice constant of pseudo-
cubic MAPbI; is ~0.6 nm.

3.2. Dissolution Behavior of Ligand-Passivated
MAPbDI; Surfaces in Water. Surface ligand passivation is
one of the most effective strategies to improve the water
stability of MAPbI, under operating conditions.””™**> We
explore this strategy to enhance the water stability of the more
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vulnerable [MAI]° surface to overcome this bottleneck. We
then replaced MA* ions on the [MAI]® surface by linear
alkylammonium (CH;(CH,),NH;*, n = 3 and 7, which are
denoted as C4* and C8%, respectively) and branched
alkylammonium ((CH,);CCH,NH;*, which is denoted as
BS*) ligands at different surface coverages (o = 25, 50, 75, and
100%) to explore the resulting surface dissolution behaviors in
water. In Figure 3a, initial configurations of linear alkylammo-
nium ligands at the above four surface coverages are shown. As
an example, the MD-simulated dissociation process of the fully
passivated [MAI]® surface by C4" ligands (or namely the
[(C4)1]° surface) at 650 K is illustrated in Figure 3b. The ion
dissociation rate is significantly reduced upon C4" passivation
(less than 10 C4* and I” ions dissociate from the top surface
within 2.0 ns of the simulation) as compared to the bare
[MAI]° surface (more than 50 MA* and I” ions dissociate
from the top surface within 2.0 ns of the simulation), as shown
in Figure la.

The total dissolution rates of various ionic species from
perovskite surfaces are greatly reduced upon ligand passivation
at 300 K and different ligand surface coverages. Figure 3c—e
shows that, in general, both C4* and C8" reduce (by 1-2
orders of magnitude) the dissolution rates k of MA* ions and
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the ligand themselves and enhance the stability of [(C4)I]°
and [(C8)1]° surfaces. For example, the MA" dissociation rate
is reduced from 1.1 ns™" without any ligands (¢ = 0) to only
3.51 X 107 ns™! with C4" passivated at 6 = 75%, while the
C4" dissociation rate is reduced from 0.32 ns™* at 6 = 25% to
only 4.53 X 107 ns™" at 6 = 100%. These results are in good
agreement with recent experimental work that the surface
passivation of alkyl-chain ligands can effectively improve the
water stability of the [MAI]® surface.””*> However, C8" only
reduces the k value of MA* ions up to 6 = 75% (see Figure 3c).
More strikingly, as shown in Figure 3d, the dissolution rate of
C8* even increases with o at low and intermediate surface
coverages. The different dissolution behaviors of linear chain
and branched ligands will be discussed later. Figure 3e
demonstrates that the k value of I” ions does not strongly
rely on the surface coverage.

In order to further understand the impact of ligand
passivation on surface stability, we evaluated the dissociation
energy barriers E4 of different ionic species, by fitting all the
simulated ionic dissolution profiles of the passivated surfaces
based on eq 1 and the Arrhenius law. All the calculated values
of E4 (see Figure 4) are consistent with the calculated values of
k at 300 K (see Figure 3) in an opposite trend. As shown in
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Figure 4a, the dissociation energy barriers Eq of MA" jons
generally increase with the surface coverage o of all three types
of ligands (note that there are no surface MA" ions at ¢ =
100%). Here, such ligand passivation layer acts as a
hydrophobic barrier (will be discussed later) to prevent the
[MAI]® surface from contacting with water and avoid the
subsequent surface dissociation. The only exception in the E4
of MA" ions is that for BS*, which decreases towards ¢ = 75%.
Figure 4b shows that the [(C8)I]° and [(BS)I]° surfaces
exhibit better stabilities (larger Ey) of C8*, BS*, and MA" than
that of C4" in the [(C4)I]° surface at a low surface coverage of
25%. At higher surface coverages (o > 50%), an opposite trend
is observed that C4" protects the free surface better than C8"
and BS*, especially for BS* which exhibits the lowest Eq among
all. With the increase of 6, both C4* and C8" show slow
increase in Ey, but BS™ shows obvious decrease in Eg, especially
at 0 = 75%. Such an anomalous dissolution behavior of the B5*
ligand, which shows the smallest E; among all the ionic species
at 6 = 75%, will be discussed later. As for I" ions, Figure 4c
indicates that B5* leads to better stability of I ions than C4*
and C8" do when ¢ < 50%. Because the dissociation of I” ion
usually accompanies that of the MA', C4", C8%, and BS*
cations, the abilities of the ligands to protect the MAPbI;
surface actually rely on their own stability against water, which
will be the focus in our discussion later.”>%°

3.3. Impact from the Micellization of Dissociated
Organic Ligands in Water. To further understand the
dissociation process of organic ligands, we monitored their
dynamics and found significant aggregations of some
dissociated ligands in water (see Figures SS—S7 in Supporting
Information). Such dissolution of ligands as aggregates is
consistent with previous reports that linear alkyl chains with
hydrophilic head groups (charged NH;* here) can dissolve as
micelles at the solid—liquid interface,">™® and as will be
shown later, it plays a significant role in the difference between
E4 of C4%, C8", and BS" ligands. We next performed radial
distribution function (RDF) calculation to investigate the
micellization behavior of dissociated surfactant-like organic
ligands in water. Figure Sa presents two obvious RDF peaks of
intermolecular C—C pairs for organic ligands. Especially, the
dominant RDF peaks beyond 0.45 nm reflects the long-range
intermolecular ordering among C atoms in organic ligands,
demonstrating the micellization of C4*, C8", and BS" organic
ligands during the dissolution process. The locations of the
valley after the first dominant RDF peaks of linear ligands (C4*
and C8') are at a radial distance of ~0.42 nm, which is
consistent with those reported when studying the micellization
of sodium alkyl sulfates.®®”

In order to unveil the micellization of organic ligands
considered here, we calculated the size distribution of micelles
composed of different numbers of dissolved ligand molecules,
Nigmna (see Figure Sb—d). Ligands dissociated from free
surfaces at 6 = 100% were taken into account at various
simulated temperatures during the last 2 ns of the dissolution
simulations. The identification of micelles is determined
according to the criterion used by Sammalkorpi et al.®*
that any surfactant molecule (linear ligand here) with alkane
groups within R_,, = 0.42 nm belongs to the same micelle. It is
important to note that although the primary peak in the RDF
of BS* is located at around 0.6 nm (Figure Sa), this peak
actually reflects the strong long-range ordering of the bulky tail
groups within a BS" micelle. In general, to identify micelle
formation, one has to monitor the initial contacts between
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ligands (for BS", it is reflected by the first peak in the RDF at
~0.4 nm) rather than the long-range ordering. This is
consistent with earlier MD simulation results on other
surfactants’®®” and the linear C4* and C8* considered here.
Therefore, we set R, = 0.42 nm to identify micelles for all the
ligands considered here to be consistent with each other.
Among different types of ligands, C4" and BS" ligands prefer to
dissolve as monomers (Njg,q = 1) or as smaller micelles
(Nijgana < 3), and the largest micelle sizes are up to Njg,pq = 18
for C4* (Figure Sb) and Nigana = 14 for BS* (Figure 5d).
However, C8" ligands prefer to dissolve as micelles with larger
sizes up to Njgnq = 56. This is in good agreement with the
higher intensity of the first dominant RDF peaks for C8*
(Figure Sa), confirming that the longer C8" ligands prefer to
dissolve as larger micelles than the shorter C4" and BS*
ligands.

Owing to the significant impact of micellization on the
overall dissociation process of organic ligands, we next
proposed a competing dissolution mechanism for organic
ligands. As illustrated in Figure 6, organic ligands can be

E,

y micellization

/710\/1\()177(.}
e

L
L

;{1&1{
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XY

reaction coordinate 1 ligand I reaction coordinate

Figure 6. Illustration of the two parallel dissociation pathways and
corresponding dissociation energy barrier landscape for the
alkylammonium ligands considered here, showing the competition
between the fully-dispersed (as monomers) dissolution and the
aggregation-assisted dissolution processes. The actual values of
E4 monomer a0d Eg micene are shown in Figure 8a.

dissociated from the passivated free surfaces as monomers and
stay fully dispersed in water. Meanwhile, organic ligands
possess hydrophobic tails, and they can dissolve as aggregates
on the passivated surfaces and directly dissociate into water as
micelles. These two parallel competing processes exhibit
different activation energy barriers toward the dissociation of
ligands as monomers (Eg ponomer) O micelles (Eq picere) from
the free surface. We next applied a parallel first-order reaction
model to study such competing two-step dissolution process,

icell .
A B and A —= C, where A represents organic

ligands on the surface, B represents dissolved ligands as
monomers, and C represents dissolved ligands as micelles;
Knonomer Tepresents the dissolution rate of fully-dispersed
ligands as monomers, and k.. represents the dissolution
rate of ligands as micelles. Based on the first order reaction
kinetics, we can derive that

monomer

d'MB/dt = kmonomerMAl dMC/dt = kmicellMA (2)
dM, d(My + M)
= — = —(k + k. M,
dt dt ( monomer mlcelle) A (3)
M, = Mﬁ e~ kmonomer +Kmicate)t — Mg K (4)
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where M, is the total number of ligands on the free surface, My
and M are the numbers of dissolved ligands as monomers and
micelles, respectively, k is the total dissolution rate for a parallel
reaction, and M, is the initial total number of ligands on the
free surface.

According to eq 4, the total dissolution rate k = kygpomer +
kpiceile and k has been already calculation from eq 1. From eq 2,
we can derive that dMy/dM¢ = kponomer/ Kmicelle @and decouple
or separately determine kpopomer and ke from k by tracking
the equilibrium My and M at the end of the MD dissolution
simulation. For instance, at ¢ = 100%, Figure 7a,b shows that
the dissolution of C4" monomers is always faster than that of
C4" micelles with the increase of temperature, but the
dissolution of C8" as monomers becomes faster only above
500 K. Such difference indicates the effect of the chain length
on the competing processes between monomer dissociation
and micellization of organic ligands. Based on the Arrhenius
law, where In(kponomer) = IN(Cronomer) — Ed monomer/ kT and
In(kpicetle) = In(Cpicetie) — Eq micette” ks Ty we can further predict
individual energy barriers ag;inst the dissolution of ligands as
monomers (Eq monomer) and micelles (Ey i) (see Figure 7c
for the Arrhenius plot for C4"). -
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Ligand micellization can play a negative role in the surface
stability of ligand passivation layers, reflected from the lower
energy barriers for ligands to dissolve as micelles (Ey picere)
than as monomers (E4 ponomer) fOr such an aggreéation-
assisted ligand dissolution process (see Figure 6). Figure 8a,b
shows that the energy barriers (dissolution rates at 300 K
extrapolated based on the Arrhenius law) for the dissolution of
ligands as monomers and micelles increase (decrease) with the
surface coverage of ligands o, except for C8" micelles at 6 =
100% where the dissolution of C8" as micelles is faster than
that of C8" as monomers. For all ligands, the predicted total
dissolution rates k at 300 K based on the parallel two-step
reaction kinetics model (see Figure 8c) are close to those
predicted directly from the ionic dissolution profiles (see
Figure 3d), also validating the accuracy of such parallel two-
step reaction kinetics model. At lower surface coverages (o =
25%), C4* ligands dissolve faster than C8" ligands owing to the
much higher dissolution rate of C4" as monomers in water.
With the increase of o, both C4" and C8" ligands present
similar dissolution behavior. However, at the full surface
coverage (6 = 100%), the faster dissolution of C8" ligands can
be attributed to the higher dissolution rate of C8" as micelles.
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Furthermore, we also investigated the dissolution behavior
of branched ligand BS™ in water. Different from linear ligands,
as shown in Figure 8d, the energy barriers against the
dissolution of BS* as monomers or micelles are nearly
independent of the surface coverage, and Ey onomer 1S always
larger than Ey e Figure 8e shows that the dissolution of
BS* as micelles become faster than that of BS™ as monomers
above half surface coverage (6 = 50%), and k... reaches the
maximum at ¢ = 75%. This is consistent with the E; values of
different ionic species in the [(BS)I]? surface which all have
the largest Ey at 0 = 75%. The total dissociation rate k of BS*
ligands in Figure 8c reveals that BS* is much less stable than
C4" and C8" at larger surface coverages, owing to its larger
dissolution rate as micelles than the two. This also indicates
that surface passivation using BS* ligands presents the poorest
water stability among the three ligands at larger surface
coverages.

3.4. Complex Correlation with Wettability of Surface-
Passivated MAPbI; Crystals. Finally, we explored the
underlying correlation between the surface wettability and
stability of passivated MAPDI; surfaces with ligand layers. Our
contact angle calculations in Figure 9a,b show that the [MAI]°

Figure 9. Equilibrium MD simulation snapshots of water droplets on
the top of MAPbI; crystals with different free surfaces, including (a)
[MAI]® and (b) [PbL,]° and ligand-passivated surfaces (c) [(C4)I]°,
(d) [(C8)I]° and (e) [(B3)I]° at full surface coverages (¢ = 100%) of
C4*, C8*, and BS" ligands. The values of contact angles for different
free surfaces are presented in green.

surface has an approximate contact angle of O, = 40 = 5° (the
deviation is due to water dynamics), which is close to
experimental measurements,”® while [PbL,]° is highly hydro-
philic with a contact angle close to 0°, showing complete
wetting. The difference between their wettabilities is in
contrast to their corresponding surface stabilities that [Pbl,]°
is more stable than [MAI]’. Although MA" ions have
hydrophobic CH; groups, and therefore, lead to lower
wettability of the [MAI]° surface than [Pbl,]°, water molecules
directly weaken the MA'—I" interaction, resulting in faster
degradation of the [MAI]° surface than [PbL,]°. This suggests
that the surface wettability (determined by surface ion—water
interactions) is not the sole measure of water stability as
proposed in earlier studies’”>® because the later also highly
depends on inter-ionic interactions within the solid surface.
Furthermore, the wettability of a solid—liquid system depends
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on both the solid—liquid and the solid—gas (in this case, the
interaction between the perovskite surface and a single water
molecule) interfacial energies .**

When [MAI]° is passivated by different ligands at a full
surface coverage of 100%, the predicted contact angles follow
the trend: Ocg > Oc, > Ops (see Figure 9c—e), which is in good
agreement with previous studies that the contact angle
increases with the chain length (for BS* the primary chain
length is C3).°””° Among these ligands, BS* is slightly longer
than MAY, and thus has a contact angle of O = 48 + 5° that is
close to that of MA" (O, = 40 + 5°). In these cases,
passivation layers behave as water resisting barriers, which are
demonstrated by the very gradual decrease of water densities
across these passivation layers (see Figure S8 in Supporting
Information). As a result, they further limit the interaction
between water molecules and hydrophilic groups (NH;") of
ligands, thus improving the surface stability. The hydro-
phobicity of the passivation layer nearly correlates to their
surface stability: the more hydrophobic the alkyl groups in the
ligands are, the more resistant they are to surface dissolution.
For example, except for branched BS* which can still cover
large areas even at lower surface coverages, larger surface
coverages of linear ligands result in stronger hydrophobicity
(larger contact angles, see Figures 9 and S9 in Supporting
Information for contact angles on passivated surfaces at o =
50%), and consequently, higher surface stability (lower
dissociation rates, see Figure 8). In addition, C4* and C8"
contribute to more stable free surfaces than B5" and MA" do.
However, it is important to note that the aggregation-assisted
ligand dissolution process, especially for those with long alkyl
chains, can accelerate the surface degradation by their faster
dissolution as large-size micelles, in addition to the wettability
factor above. Such micellization effect should be considered for
the optimal design of ligand passivation layers for MAPbI;.

4. CONCLUSIONS

In summary, we have conducted MD simulation using a
refined molecular potential to study the water stability and
dissociation pathways of MAPDI; crystals without and with
surface ligand passivation layers. Both linear and branched
organic ligands with different surface coverages were taken into
account for surface passivation. Based on a reaction kinetics
model, our computational results show that [MAI]® dissolves
faster than [PbI,]° because of the fast solvation of the organic
cation MA* by water. Although [PbI,]° is more stable than
[MAI]® in water, the former exhibits much greater wettability
(smaller contact angles) than the later surface, suggesting that
the surface wettability (determined by ion—water interactions)
is not the sole measure of water stability as conventionally
assumed because the later also depends on inter-ionic
interactions within the solid surface. On the other hand, our
contact angle calculations of the ligand passivated surfaces do
show a positive correlation between surface wettability
(inversely correlated with ligand hydrophobicity) and water
stability. This suggests that for surfaces passivated by similar
chemicals (e.g., alkylammonium ligands considered here), the
conventional positive correlation between surface wettability
and water stability still holds.

We also demonstrate that passivated linear alkylammonium
ligands can effectively stabilize the more vulnerable (as
compared to [PbL,]°) [MAI]® surface, where the dissociation
rates of both MA* and ligands are significantly reduced with
increasing the ligand surface coverage. In contrast, the
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branched ligand surprisingly leads to a higher dissociation rate
with increasing the surface coverage, while longer-chain ligands
also dissociate faster at the full surface coverage. Using a
parallel two-step reaction kinetics model, such anomalous
behaviors can be attributed to the aggregation-assisted
dissolution of surfactant-like ligands as micelles during the
degradation process. Because of the lower energy barriers
associated with the ligand aggregation on the surface, ligands
prefer to dissociate directly from the surface as micelles into
water, rather than dissolving as fully-dispersed monomers as
commonly assumed, thus leading to the much higher overall
dissociation rates. While the longer-chain linear ligands prefer
to micellize at the full surface coverage, the micellization of the
branched ligand on the surface can occur at lower surface
coverages because of their bulky hydrophobic alkyl groups.
Therefore, both longer-chain and branched ligands suffer from
the negative micellization-assisted dissociation effect. As a
result, we found that a shorter linear chain length of the
capping ligand C4" could lead to the lowest surface dissolution
rate. When considering a wider range of chain lengths or
branching types beyond the scope of this work, we do expect a
complex nonlinear trend between the chain structure and the
surface dissolution rate. This results from the competition
between (i) water repelling enabled by longer or bulkier
hydrophobic ligand tails and (ii) aggregation-assisted self-
dissolution of longer or bulkier amphiphilic ligands. This work
provides insightful fundamental guidance for searching and
designing organic ligand passivation layers for water-resistant
organic—inorganic hybrid perovskites. The computational
framework developed here could be also transferrable to the
investigation of surface passivation chemistry for other weak
ionic materials in general.
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