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ABSTRACT

The stability of perovskite materials is profoundly influenced by the presence of moisture in the surrounding environment. While it is well-
established that water triggers and accelerates the black-yellow phase transition, leading to the degradation of the photovoltaic properties
of perovskites, the underlying microscopic mechanism remains elusive. In this study, we employ classical molecular dynamics simula-
tions to examine the role of water molecules in the yellow-black phase transition in a typical inorganic metal halide perovskite, CsPbIs.
We have demonstrated, through interfacial energy calculations and classical nucleation theory, that the phase transition necessitates a
crystal-amorphous—crystal two-step pathway rather than the conventional crystal-crystal mechanism. Simulations for CsPbl; nanowires
show that water molecules in the air can enter the amorphous interface between the black and yellow regions. The phase transition rate
markedly increases with the influx of interfacial water molecules, which enhance ion diffusivity by reducing the diffusion barrier, thereby
expediting the yellow-black phase transition in CsPbls;. We propose a general mechanism through which solvent molecules can greatly
facilitate phase transitions that otherwise have prohibitively high transition energies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0220702

I. INTRODUCTION a multi-step process involving four transition states and three

metastable states.'* Classical molecular dynamics (MD) simulations
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Perovskite materials are highly regarded for their optoelec-
tronic properties, yet their low thermodynamic stability has posed a
significant challenge in their advancement and implementation.'
Inorganic metal halide perovskites (MHPs), such as CsPbls and
CsSnl;, exhibit optical activity in the high-temperature perovskite
black « phase, but under ambient conditions, their thermodynam-
ically stable state is the optically inactive non-perovskite yellow &
phase.”” The structural disparity between the black and yellow
phases of inorganic MHPs is considerable, and the black-yellow
(B < Y) phase transition involves overcoming substantial energy
barriers (1-2 eV), rendering the transition path complex.”'" Den-
sity functional theory (DFT) calculation studies have predicted that
CsPbl; transitioning from the black phase to the yellow phase
via a direct one-step pathway requires overcoming a barrier of
68 meV/atom,'” which can be reduced to 31 meV/atom through

have predicted a different transition mechanism that the yellow
phase of CsPbls transforms into a liquid-like disordered structure
at high temperatures before recrystallizing into the black phase.'
Experimental validation of the atomic-level transition mechanism is
currently infeasible, leaving the underlying mechanism unclear.
Water plays a crucial role in the B <> Y phase transition in
MHPs."”*' Under dry conditions, rapid cooling can maintain the
material in the metastable black 3 and y phases without transition-
ing to the yellow phase.”'®”” Experimental evidence suggests that
without water molecules, defect introduction via laser irradiation is
insufficient to induce the B — Y phase transition.' However, under
humid conditions, water molecules in the air trigger the nucleation
process of the B <> Y transition, and the transition is highly sen-
sitive to environmental humidity.” '’ As humidity increases from
53% to 73%, the nucleation barrier of yellow-CsPbls decreases from
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1.34 to 0.57 eV.” Additionally, the rate of the B — Y phase tran-
sition in CsPbl; nanowires exhibits an instantaneous response to
environmental humidity, enabling real-time control of the transition
rate by regulating environmental humidity.”’ A differential scanning
calorimetry experiment has confirmed that the enthalpy change of
the B — Y phase transition in CsPbl; is independent of water con-
tent, suggesting that water molecules catalyze the phase transition
process rather than forming H>O adducts.”’

Molecular simulations have been widely used to study the role
of water molecules in the B <> Y phase transition of MHPs.”
DFT calculations show that the addition of a water molecule
to a 20-atom CsPblz system reduces the energy barrier of the
B <> Y phase transition by 10 meV/atom through the one-step path-
way.”” However, the direct penetration of water molecules from
the crystal surface into the crystal interior requires overcoming a
larger energy barrier of 0.46 eV, making it less likely.”” On the
other hand, the energy barrier for water molecules to enter the
perovskite material from grain boundaries is much smaller.”’ MD
simulations of the water/MAPbI3 and water/CsPbls two-phase sys-
tems suggest that surface I ions can dissolve into the water layer,
resulting in the creation of iodine vacancies.”*”’ Consequently, it
has been suggested that these vacancies could decrease the energy
barrier for the B <> Y phase transition.””””” Yet, prior computa-
tional studies have been constrained by the spatial and temporal
scale of the examined systems, indirectly inferring the mechanism of
the water-assisted B <> Y phase transition from simulation outcomes
of small-scale systems. Consequently, simulations for large systems
with long dynamics are necessary to replicate these phase transi-
tions and elucidate the microscopic mechanism of the water-assisted
B < Y phase transition.

This study employs empirical force fields and MD simulations
to elucidate how water molecules assist the B <> Y phase transitions
in inorganic MHPs at the atomistic level. By employing an efficient
rigid ion model capable of accurately capturing the physics of the
MHP-water system, we are able to model the microsecond-scale
dynamics of 16 nm-long CsPbl; nanowires in a humid environ-
ment. We select the typical inorganic MHP CsPblz as the model
system, but the conclusions drawn are equally applicable to similar
perovskite systems. Through analysis of the nucleation barriers, we
conclude that the B <> Y phase transition in perovskite materials
involves a two-step crystal-amorphous—crystal (C-A-C) mecha-
nism. Furthermore, through analysis of the phase transition barriers,
interface ion diffusion barriers, and simulation trajectories in sys-
tems with different water contents, we find that water molecules
enhance the diffusion rate of interface ions by binding with interface
cations and releasing anions, thereby lowering the phase transition
barrier and accelerating the transition process.

Il. RESULTS
A. Two-step C-A-C transition mechanism

We first discuss the mechanism of the B <> Y phase transi-
tion occurring in MHPs. Previous studies based on DFT calculations
have proposed both one-step and multi-step transition pathways for
the B — Y phase transition in CsPbls. 7% However, the solid-solid
phase transition mechanism cannot rely solely on calculating the
minimum energy barrier per atom for homogenous transitions;
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the nucleation process during the transition must also be consid-
ered. Additionally, these studies were based on the assumption that
the transition states and metastable phases along the pathway are
crystals [i.e., the crystal-crystal (C-C) transition mechanism]. We
argue that the B <> Y phase transition in CsPbl; or other i 1norgan1c
perovskite materials follows a two-step C-A-C mechanism.' "
During the B <> Y phase transition, the nucleation and propagation
stages can be effectively distinguished,” and both can be understood
using classical nucleation theory (CNT).” If the transition occurs
via the direct C-C transition pathway, the nucleation barrier would
be significantly higher than the corresponding values for a feasible
phase transition. Assuming the formation of a spherical nucleus with
a diameter of R in the transitioning crystal, according to CNT, the
energy cost AG for generating this nucleus is given by”’

AG = énR?’(%fﬁ), (1)
3 v R

where v represents the molar volume of the nucleus, Ay repre-
sents the molar free energy difference between the black and yellow
phases, and ¢ represents the interfacial energy of the interface
between the nucleus and transitioning crystal. We use the energy
difference of 26 meV/atom between the black and yellow phases
of CsPblz at 0 K, determined by DFT-RPA calculations, as Ap."
This energy difference represents the maximum driving force for
the B — Y phase transition in CsPbls, as an increase in temper-
ature decreases the free energy difference between the black and
yellow phases. Concerning the driving force behind the reverse
Y — B phase transition, free energy calculations using both classi-
cal force field”® and MLFF"' confirm that the free energy difference
between the two phases—where the Gibbs free energy of the black
phase is lower than that of the yellow phase—can approach the mag-
nitude of the energy difference between the phases at 0 K as the
temperature increases. Consequently, the nucleation barrier curve
for the § — a phase transition is expected to resemble that of the
y — & phase transition.

The free energy difference between the bulk black and yellow
phases provides the driving force for nucleation, while the interfacial
energy impedes the formation of nuclei. We verify that the classical
force field can accurately describe the interfacial energy between dif-
ferent structures (supplementary material, Table I). For the one-step
C-C transition mechanism, ¢ corresponds to the interfacial energy
of the black/yellow (B/Y) interface [Fig. 1(a), red box], calculated
to be 1.4 eV/nm? (supplementary material, computational meth-
ods, force field validation, Table I, and Fig. S1). The red solid line
in Fig. 1(b) shows the variation of AG with R, predicting that if the
B < Y phase transition occurs via the one-step C-C transition, the
critical radius of the nucleus is 5 nm, and the nucleation barrier
reaches 150 eV! For the multi-step C-C phase transition mecha-
nism,"* ¢ can be reduced to 0.8 eV/nm? [Fig. 1(a), yellow box],*” but
the corresponding nucleation barrier still reaches 25 eV [yellow line
in Fig. 1(b)]. Such high nucleation barriers are far above the max-
imum barrier allowed by thermally activated nucleation processes
(~80 kgT),*> making the possibility of phase transition via the C-C
mechanism extremely low.

On the other hand, an amorphous structure in a transi-
tion/metastable state can effectively reduce the interfacial energy,
thereby lowering the nucleation barrier. The calculated interfacial
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FIG. 1. B < Y transitions in CsPbl; follow the two-step C-A—-C mechanism. (a)
Different crystal/crystal (B/Y and B/MS) and crystal/amorphous (Y/A and Y/A + w)
interfaces for interfacial energy calculations. Green, gray, purple, red, and white
spheres are Cs, Pb, I, O, and H, respectively. (b) The energy cost for nucleation
AG with different ¢ as a function of nucleus radius R calculated according to the
classical nucleation theory. The ¢ values of 1.4, 0.8, 0.5, and 0.3 eV/nm? corre-
spond to the interfacial energies of the B/Y, BIMS, Y/A, and Y/A + w interfaces,
respectively.

energy of the yellow/amorphous (Y/A) interface [Fig. 1(a), green
box] is ~0.5 eV/nm? (supplementary material, computational meth-
ods, force field validation, Table I and Fig. S1), corresponding to
a nucleation barrier of about 6 eV [green line in Fig. 1(b)]. This
value is close to the maximum barrier allowed for nucleation at the
B < Y phase transition point (4 eV ~ 80 kgT, T = 580 K). By
introducing water molecules into the amorphous region [Fig. 1(a),
blue box], ¢ is further reduced to 0.3 eV/nm® (supplementary
material, computational methods, force field validation, Table I and
Fig. S1), corresponding to a nucleation barrier of 1.4 eV [blue line
in Fig. 1(b)]. This nucleation barrier is lower than the maximum
barrier allowed for the nucleation processes at room temperature
(2 eV ~80kgT, T = 300 K). Our calculations demonstrate that the
B < Y phase transition in CsPbl3 cannot occur via C-C but can
occur via the two-step C-A-C pathway.

ARTICLE pubs.aip.org/aipl/jcp

In CNT, only the influence of transition/metastable states on
interfacial energy is considered, neglecting the energy barrier gener-
ated by the transition states themselves. Estimated critical nucleus
radii for the B < Y phase transition via one-step and multi-step
C-C pathways are 5.1 and 2.8 nm, housing ~11 000 and 1800 ions
within the nucleus. DFT calculations yield energy barriers of 68
and 31 meV per atom for one-step'”> and multi-step'’ transitions,
resulting in total barriers of about 800 and 60 eV, respectively.
These high transition barriers reaffirm the infeasibility of the B <> Y
phase transition via the C-C pathway. Critical radii for amorphous
nuclei with and without water are 1.1 and 1.7 nm, respectively,
hosting 100 and ~400 ions. The energy difference between the amor-
phous and yellow phase CsPbl; is estimated at about 55 meV per
atom using MD simulations, resulting in a transition barrier of
23 eV for crossing with anhydrated amorphous CsPbl; as the tran-
sition state. This high energy barrier also prevents the occurrence
of the B — Y transition via the C-A-C pathway, consistent with
experimental observations that CsPbl; undergoes the o — 3 -y
upon cooling under dry conditions.”'® However, this does not rule
out the possibility that the Y — B phase transition occurs via the
C-A-C pathway under high-temperature conditions. Increasing the
temperature enhances the driving force of the Y — B transition,
leading to reduced critical nucleus size and lower nucleation and
transition barriers (as in kg T). Direct calculation of the energy dif-
ference for hydrated amorphous CsPbls with respect to the yellow
phase is unfeasible. However, it is evident that water can prompt
the dissolution and degradation of CsPbl3,"” rendering the transi-
tion from the yellow phase to the amorphous structure likely to be
spontaneous.

B. Water molecules assisting the phase transition
by entering the B/Y interface

Experimental observations of the B <> Y phase transitions in
CsPbl; typically employ nanowires as material models.””"""" We
constructed three different CsPbl; nanowire models to understand
the water-MHP interactions: the black phase [Fig. 2(a)], the yellow
phase [Fig. 2(b)], and a half-black and half-yellow (B-Y) structure
[Fig. 2(c)]. For the B-Y nanowire, the (100) face of the black phase
contacts the (100) face of the yellow phase, as this B/Y interface
has been confirmed experimentally.’® 1500 water molecules were
randomly placed near the nanowire surface in these three systems.
MD simulations were performed at 300 K [Figs. 2(a)-2(c) left pan-
els] and 600 K [Figs. 2(a)-2(c) right panels] and 1 atm for 1 ps.
The simulation results show that water molecules do not penetrate
the nanowires with pure yellow or black phases [Figs. 2(a) and
2(b)]. They form a thin water layer on the surfaces at low tem-
peratures or mostly water vapor at high temperatures, with only a
few water molecules adsorbed on the nanowire surface. This obser-
vation agrees with in situ ambient pressure x-ray photoemission
spectroscopy experiments on CsPbl3.”’ Since air molecules were
not considered in our nanowire system, the water content cannot
be directly correlated with the relative humidity in experimental
conditions. However, the water content used in our simulations
is appropriate. An insufficient amount of water molecules can-
not effectively accelerate the phase transition, whereas an excessive
amount can lead to the dissolution of CsI, prompting the transfor-
mation from CsPblz to CsPb,I5 and eventually to Pbl,.”* The water
content in our simulated system is sufficient to effectively accelerate
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FIG. 2. Water-assisted B — Y phase transition in CsPbl; nanowires. (a)-(c) MD simulations for CsPblz nanowires in (a) pure black and (b) yellow phases, and with (c)
a half-black half-yellow (B-Y) structure with 1500 water molecules at 300 and 600 K. (d) Initial and final configurations of 1 us MD simulations for a B-Y nanowire with zero,
500, 1000, and 1500 water molecules at 600 K. Only cations (Cs and Pb) in CsPbl; are shown for clarity. Yellow and gray indicate the yellow and black phases, respectively.

The water molecules penetrating the nanowires are displayed with a larger size.

the B — Y phase transition of CsPbls without significantly degrad-
ing or damaging the nanowires. However, for the B-Y nanowire,
some water molecules can penetrate the nanowire at the B/Y inter-
face [Fig. 2(c)], implying that during the B <> Y phase transitions,
once the nuclei with the competing structure form, water molecules
do not merely adsorb on the nanowire surface; they can interact with
CsPbl; by entering the B/Y interfaces. Water molecules are capable
of migrating at the interfaces and into the vacuum (supplementary
material, Fig. S$4).

We now focus on the propagation process in the Y < B
phase transitions. Research has utilized metadynamics simulations
to reproduce the B-Y phase transition processes in CsPbl; and
FAPbI;."*® However, these studies are based on small-scale systems
and specific collective variables (CVs). Consequently, the phase tran-
sition mechanisms elucidated may not account for the possibility
of nucleation and could be biased by the choice of CVs. Unbi-
ased microsecond-scale MD simulations can only reproduce the
Y — B phase transition at high temperatures'""""* and not the
slower B — Y phase transition at low temperatures (supplementary
material, Fig. S2). However, the growth of the yellow phase from
hydrated amorphous CsPbls is confirmed by MD simulations
(supplementary material, Fig. S2). Since both B <> Y phase tran-
sitions should follow the two-step C-A-C mechanism and water
affects the transitions at the amorphous B/Y interface, the water-
assisted mechanism in the Y — B phase transition process should
be consistent with the low-temperature reverse B — Y transition.
We constructed the B-Y nanowire systems with different numbers
of water molecules (0, 500, 1000, and 1500) and performed MD
simulations at 600 K for 1 us [Fig. 2(d)]. Our simulations show
that the number of penetrating water molecules increases with the
total number of water molecules (supplementary material, Fig. S3).
Figure 2(d) shows that Y — B phase transitions are taking place in

the simulations, with a significant contraction of the yellow phase
region and a notable expansion of the black phase region. Here, we
define the transition rate v as

v= £ d(T’lB/ntot)

2 e @

where np represents the number of cations in the black phase,
Mot is the total number of cations, L is the x-dimension of
the simulation box, and t is the time. The rate of the Y — B
phase transition increases significantly with the number of water
molecules (supplementary material, Fig. §3). The 1500-water sys-
tem shows the fastest Y — B phase transition with a transition rate
v = 0.144 m/s, approximately three times faster than the zero-water
system (supplementary material, Fig. $3). Note that water molecules
mainly accumulated in the B/Y interface area during the phase tran-
sition at 600 K [Fig. 2(d)], indicating that interfacial water plays a
key role in accelerating the phase transition.

C. Kinetics of the water-assisted phase transition

In experiments, CsPbl; nanowires typically have diameters
greater than 100 nm and exhibit properties more akin to bulk
materials. Therefore, we also constructed a B-Y bulk material
model with three-dimensional periodic boundary conditions'””’
(supplementary material, computational methods and Fig. S4). The
main advantages of using the bulk material model in simulations are
the elimination of the surface effects on phase transitions and the
convenience of sampling. In the bulk models, 0, 50, 100, and 150
water molecules were placed at the B/Y interfaces for each system
(0, 25, 50, and 75 water molecules per interface), and MD simula-
tions were performed for each system at 700 K for 1.5 ys. Similar
to the nanowire simulations, the Y — B transition rate in the B-Y
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bulk systems also shows sensitive dependence on the water content.
For example, while the zero-water system shows minimal change,
the 150-water system shows nearly a complete Y — B phase tran-
sition in 320 ns (supplementary material, Fig. S4). During the phase
transition, we observed that water molecules primarily accumulate at
the interface, where they can move along the interface and undergo
overall translation as the interface propagates. However, these water
molecules rarely penetrate the crystalline region (supplementary
material, Fig. $6). Figure 3(a) shows the time evolution of the frac-
tion of the black phase with different water contents at 700 K.
Here, the water content is given in water areal density, p = nw /25,
where nw is the number of water molecules and S is the area of the
y-z plane of the simulation box. Figure 3(b) shows v as a function
of p at different temperatures. For a particular simulated tempera-
ture, the transition rate increased nonlinearly with the number of
water molecules [Figs. 3(a) and 3(b) and supplementary material,
Fig. S5]. For instance, the transition rate in the zero-water system
is 0.48 x 10~ m/s at 700 K, while that in the 150-water system is
5.6 x 107 m/s at 700 K, an order of magnitude higher. We have
also constructed distinct B/Y interfaces [the y-(010) surface contacts
with the §-(010) surface], and MD simulations yielded similar results
as those observed at the B/Y interface (supplementary material,
Fig. S5).

Assuming that the energy barrier of the Y — B phase transi-
tion (AEian ) does not significantly change with temperature, we can
calculate AEtan using the transition rates at various temperatures

ARTICLE pubs.aip.org/aipl/jcp

near 710 K (700, 710, and 720 K; see supplementary material,
Fig. S5) with the Arrhenius equation

v = A exp(~AEyan/ksT), (3)

where A is the pre-exponential factor. Figure 3(c) shows the linear fit
between In(v) and 1/T for systems with different water contents (p).
Water molecules act as catalysts, and increasing their concentration
enhances the interfacial ion diffusion coefficient, promotes effective
collisions, and subsequently elevates the pre-exponential factor A in
the Arrhenius equation.” Figure 3(d) shows AEyan as a function of
p at 710 K. The results indicate that AE., decreases as p increases.
Compared to the zero-water system in which AEap is 1.63 eV, AEyan
decreases to 1.34 eV when p reaches 2.17 nm™>. In general, our cal-
culated energy barriers of transitions in CsPblz are consistent with
experimental observations that the water molecules accelerate the
B < Y transitions in perovskite materials by decreasing the transi-
tion barriers. However, it is challenging to accurately measure the
relationship between the transition barrier and the water content
in high-temperature experiments.”'* Unlike our simulations, exper-
iments control the environmental humidity rather than the exact
number of water molecules at the CsPbIz B/Y interface, which varies
significantly with temperature.””’

The mechanism of the water-assisted Y — B phase transition
in CsPbl; strongly relates to the diffusional nature of this transition.

a 09 - C -4— ‘ . ; .
0 08r ——0nm?2 1 2.17 nm?
§ ——0.72 nm*2 g 5+ g
30.7 t 1.45 nm2 1 1.45 nm*
] ——2.17 nm? —
o 0 6 r A 4 3 -6 L 4
Y -2
5 £ 0.72 nm
§05¢ 1
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L 04+ - nm
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0 300 600 900 139 140 141 142 143
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FIG. 3. Effects of the interfacial water on the Y — B transition. (a) Time evolution of the fraction of black phase with different numbers of water molecules (shown in areal
density p) during the Y — B phase transitions at 700 K. (b) Y — B transition rates as a function of p at different temperatures. (c) Arrhenius plot of MD simulation data for
systems with different interfacial water densities. The shaded regions show the 85% confidence interval of the fits. (d) Transition barrier AE, as a function of p. (e) Diffusion
coefficients of the interfacial ions D as a function of p. () Diffusion barrier of interfacial ions AE ¢ and the difference between transition and diffusion barrier (AExan — AEgi)

as a function of p.
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In these typical non-martensitic phase transitions, the ability of ions
to diffuse at the interface directly determines the rate of phase prop-
agation. Figure 3(e) shows the diffusion coefficients (D) of ions
at the B/Y interface at 710 K as a function of p (supplementary
material, computational methods and Fig. S6). The diffusion coef-
ficient for each ion and the total diffusion coefficient both increase
with p. In the absence of water, the diffusion coefficient for the
anions (Dy = 1.94 x 1071% m?/s) is larger than those for the cations
(Dcs = 0.08 x 1071% m?/s; Dpp = 0.24 x 1071 m?/s). This result
agrees with DFT calculations reporting that I ions diffuse more read-
ily than cations.”””” To calculate the energy barriers of ion diffusion
AEgisr, we again applied the Arrhenius equation

D= A, eXp(—AEdiff/kBT), (4)

where A’ is the diffusion rate extrapolated to infinite temper-
ature. The linear fit between In(D) and 1/T for systems with
different amounts of water is shown in supplementary material,
Fig. S7. Figure 3(f) shows the diffusion barrier AEg and the dif-
ference between the transition and diffusion barriers AEian — AEgis
as a function of p. AEgs shows similar trends as AEin, which
decreases as p increases. This difference in energy barriers may be
closely related to the solidification mechanism of non-metallic sys-
tems. Unlike metallic systems, non-metallic systems tend to form
flat solid/liquid interfaces during solidification, effectively reducing
the number of dangling bonds.* Consequently, the solidification
growth mode of non-metallic systems is primarily characterized by
step growth or spiral growth, accompanied by the formation of
disc-shaped nuclei at the interface.*” We speculate that the energy
barrier associated with this nucleation process primarily contributes
to AEwan — AEgisr, and this process is not influenced by the water
content. Therefore, our simulations prove that the reduction of the
transition barrier by water molecules corresponds to the lowering of
the ion diffusion barrier at the B/Y interface.

D. Water-ion structure at the B/Y interface

A closer inspection of the ion and water motion at the B/Y
interfaces reveals that the water molecules are able to bind with
Cs and Pb ions, thus releasing I ions that are originally bound to
the cations [Fig. 4(a) and supplementary material, Movie S1]. In
the pure black and yellow phases, Cs is coordinated with 12 and
9 1, respectively, and Pb is coordinated with 6 I. We sampled the
coordination numbers of ions at the B/Y interface (supplementary
material, computational methods). In the zero-water system, the
average coordination number of Pb (i.e., the number of I surround-
ing Pb) at the interface is 6.1, and that of Cs is 10.2. As shown
in Fig. 4(b), the coordination numbers of both Cs and Pb slightly
decrease as the water content increases. We calculated the proba-
bilities of different binding situations (I,—xWy, where # is the total
number of I and water molecules bound to a cation, x is the number
of water molecules bound to the cation) for cations at the inter-
face. Figures 4(c) and 4(d) compare the probability distribution of
cation binding situations in the zero- and 150-water systems. Both
systems show similar probability distributions of the total coordina-
tion numbers (n) of Pb [Fig. 4(c)] and Cs [Fig. 4(d)]. However, the
numbers of I ions surrounding cations in the 150-water system [pink
bars in Fig. 4(c)] are smaller than those in the zero-water system
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[gray bars in Figs. 4(c) and 4(d)], and the differences are compen-
sated by 1- and 2-water bindings [blue and green bars in Figs. 4(c)
and 4(d)]. The statistical analysis of the binding situations is consis-
tent with the observation that water molecules occupy the positions
of I and bind to the cations. The release of I in the interface region
facilitates the motion of the ions, thus enhancing the ion diffusion.
This mechanism also suggests that other small polar molecules (e.g.,
DMSO) or anions (e.g., OH™) may also accelerate the diffusional
phase transitions in perovskite materials.”* >

I1l. DISCUSSION

We now have gained a comprehensive understanding of the
Y — B and the reverse B — Y phase transitions in CsPblz (Fig. 5).
The nucleation and propagation processes of the B <> Y phase transi-
tion both follow the C-A-C two-step mechanism.'*’”*¥ During the
thermally induced Y — B phase transition, the yellow phase destabi-
lizes at a high temperature, forming an amorphous nucleus, which
then recrystallizes into the black a-CsPbl; [Fig. 5(a), upper panels].
The propagation process of this transition [Fig. 5(a), lower panels] is
similar to the nucleation process, whereby the yellow phase melts
and transforms into the amorphous interface, which then recrys-
tallizes in the black phase, leading to the growth of black-CsPbl;.
Conversely, the reverse B — Y transition follows similar mechanisms
but necessitates the aid of water molecules to diminish the nucle-
ation barrier and facilitate the diffusion of interfacial ions [Fig. 5(b)].
The C-A-C transition mechanism has been well-established in
metallurgy.” It has also been observed in the nucleation process
of protein crystallization,” as well as in solid-solid phase tran-
sitions in colloidal crystals” and PbTiO3.”” This mechanism has
been theoretically verified from both kinetic and thermodynamic
perspectives.””®' However, prior to this work, there has been no
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FIG. 5. Microscopic mechanisms of the thermal-induced Y — B transition and moisture-induced B — Y transition in CsPbls. (a) and (b) Schematic illustrations of the nucleation
(upper) and propagation (lower) in (a) Y — B and (b) B — Y transitions. Yellow, gray, green, and salmon regions indicate the yellow phase, black phase, and amorphous
CsPbl3 with and without water, respectively. Green, gray, purple, red, and white spheres are Cs, Pb, I, O, and H, respectively.

specific validation or comparison of the applicability of the C-A-C
and C-C mechanisms in MHP systems.

The mechanism we proposed aligns with the observed char-
acteristics of the B « Y phase transition in CsPbl3 and other
perovskite systems, showcasing distinct non-martensitic phase tran-
sition behaviors.'"”"** Specifically, the transition does not occur
simultaneously across all regions within a short timeframe. Instead,
it exhibits clearly distinguishable nucleation and propagation pro-
cesses,” with the latter proceeding along the perpendicular direction
of the B/Y interface.”” It is worth noting the close relationship
between the C-A-C two-step mechanism and the water-assisted
mechanism. First, in the C-A-C mechanism, water interacts with
CsPbls by locating at the amorphous nuclei and interfaces. Both
DFT calculations and MD simulations have shown that water
molecules’ intercalation energies in CsPbls crystals are relatively
higher than those in amorphous CsPbls (supplementary material
and Fig. S11), indicating that water facilitates the phase transi-
tions by entering the amorphous areas. The conclusion that water
molecules can easily access the amorphous interface is consistent
with the experimental observation that phase transition rates show
immediate responses to air humidity.””’ Second, the mechanism by
which water molecules accelerate phase transitions by enhancing
interfacial ion diffusion aligns with the diffusion-dominant nature of
the C-A-C mechanism.””*”®" In a phase transition via the C-A-C
pathway, the primary factor influencing the phase transition rate
(nucleation barrier) is the ion diffusion at the amorphous regions.
As a highly polar solvent, water molecules inevitably increase the dif-
fusion rate of interfacial ions, thereby reducing the phase transition
barrier.

Our findings on the microscopic mechanisms of water-assisted
B — Y phase transitions in CsPbl; may also be relevant to other

perovskite materials such as CsPbBryI3_y,'* CsSnls,”” and FAPbI3.*
In the case of the MAPDI; system, there is no stable low-temperature
non-perovskite structure; however, it degrades into Pbl, and other
by-products under humid conditions.®> Cryo-electron microscopy
(cryo-EM) experiments have confirmed that this degradation pro-
cess also follows the C-A-C mechanism, where an amorphous
MAPDI; hydrate layer initially forms on the surface of MAPbI3
before decomposing into Pbl, and gaseous products.®’ Additionally,
Hidalgo et al.%* have noted that atmospheric oxygen synergistically
accelerates the B — Y phase transition in FAPbI3, a process that
may be accompanied by the formation of Pb(IO3),. The complex
mechanism underlying the cooperative action of O, and H,O in this
context requires further in-depth investigation.

The mechanism revealed in this work has the potential to be
generalized to different solvents and different solid systems. To
achieve solvent/molecule-assisted solid-solid phase transitions, the
following conditions should be met: First, the solid-solid phase
transition is cumbersome due to a high energy barrier or a com-
plex transition pathway and, therefore, it needs to be accom-
plished through a two-step C-A-C mechanism. Second, the assist-
ing solvent or molecule should have an appropriate size, mak-
ing it easier to enter the disordered interface but not to disrupt
the crystal structure. Third, the assisting molecules should have a
high polarity, ensuring strong interactions with ions in the dis-
ordered region, thereby enhancing the diffusion of the interfacial
ions.

SUPPLEMENTARY MATERIAL

See the supplementary material for computational methods,
force field validation, and more information on the interfacial energy
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calculations, force field parameters, additional MD snapshots and
trajectories of the CsPbI3 nanowires and B/Y bulk system, additional
data of the phase transition rate and interfacial ion diffusion, and
AIMD simulations.
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