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An in situ TEM study reveals

atomistic pathway of thermal

degradation in MAPbI3

A surface reaction initiated layer-

by-layer degradation model is

discovered

Encapsulation by BN can restrain

the surface reaction and retard the

degradation

Theoretical calculations confirm

the encapsulation slows down

degradation rate
In situ TEM study reveals the atomistic structural evolution in perovskite material

under moderate heating, for the first time revealing a surface-initiated layer-by-

layer degradation model. Along with theoretical calculations, the study offers

important insight regarding structural evolution and suggests effective strategies

to improve the stability of perovskite materials.
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Context & Scale

The organolead halide

perovskites have shown

extraordinary potential for low-

cost solution-processable

photovoltaic devices, with the

power conversion efficiency

rapidly soaring beyond 20%.

However, the perovskite devices

today are generally plagued by

their poor environmental and

thermal instability, and the

atomistic mechanism for the

thermal degradation remains

largely unexplored. Here we

report a systematic in situ

transmission electron microscopy

investigation of perovskite

structure transition at 85�C. Along
with theoretical calculations, we

discover a surface reaction

initiated layer-by-layer

degradation pathway during the

MAPbI3 perovskite thermal

degradation. Based on this

finding, we developed a strategy

using few-layer hBN

encapsulation to restrain the

surface reaction and thus

considerably improve the thermal

stability. This work reveals the

atomistic pathway of perovskite

structure evolution under heating

and suggests a potential strategy

for creating perovskite devices

with improved stability.
SUMMARY

The methylammonium lead iodide (MAPbI3) perovskite has attracted consider-

able interest for its high-efficiency, low-cost solar cells, but is currently plagued

by its poor environmental and thermal stability. To aid the development of

robust devices, we investigate here the microscopic degradation pathways of

MAPbI3 microplates. Using in situ transmission electron microscopy to follow

the thermal degradation process, we find that under moderate heating at

85�C the crystalline structure shows a gradual evolution from tetragonal

MAPbI3 to trigonal lead iodide layered crystals with a fixed crystallographic

direction. Our solid-state nudged elastic band calculations confirm that the

surface-initiated layer-by-layer degradation path exhibits the lowest energy

barrier for crystal transition. We further show experimentally and theoretically

that encapsulation of the perovskites with boron nitride flakes suppresses the

surface degradation, greatly improving its thermal stability. These studies pro-

vide mechanistic insight into the thermal stability of perovskites that suggests

new designs for improved stability.

INTRODUCTION

Organolead halide perovskite (CH3NH3PbX3, X = Cl, Br, I) materials have

shown great promise for high-efficiency, low-cost, and solution-processable solar

cells.1–15 However, their poor environmental and thermal stabilities represent a

major barrier to practical applications of perovskite solar cells. For instance, the

most popular methylammonium lead tri-iodide (MAPbI3) perovskite solar cell mate-

rial5,12,16–19 suffers from instability upon exposure to humidity20–24 or moderate

temperature increases.9,20,24,25 Although hermetically sealed packaging could deter

the humidity-induced degradation, the thermal-induced degradation remains a key

challenge for the viability of perovskite solar cells, especially under continued expo-

sure to sunlight. Recent reports show that the thermal stability of the MAPbI3 is

considerably affected by the fabrication routes used to make perovskite solar cell

devices.20,24 However, the atomistic mechanism for the structure evolution of the

perovskite hybrid structure during the heating process remains elusive. We report

here an in situ transmission electron microscopy (TEM) study26,27 of the thermal

degradation of MAPbI3 using an environmental gas cell that dynamically monitors

the thermal-induced degradation under controlled gas flow. By continuously

monitoring the crystalline structure in reciprocal space, we find a gradual evolution

from tetragonal MAPbI3 to trigonal lead iodide (PbI2) layered crystals with a fixed

crystallographic direction under moderate heating at 85�C. To understand the
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kinetics of this process, we determined the energy barriers of the MAPbI3 thermal

degradation, using the solid-state nudged elastic band (ssNEB) method28,29 with

the Perdew-Burke-Ernzerhof (PBE) flavor30 of density functional theory (DFT). The

DFT calculations confirm that surface degradation leads to a low energy barrier

pathway for crystal structure transitions, suggesting a layer-by-layer degradation

pathway starting from the crystal surface. This demonstration of the crystalline struc-

ture evolution of perovskite MAPbI3 during thermal-heating-induced degradation

provides important mechanistic insights for resolving the critical stability hurdle in

practical applications of perovskite solar cells. We further show experimentally

that encapsulation of the perovskites with boron nitride (BN) flakes greatly sup-

presses surface degradation of the perovskite, significantly improving its thermal

stability.
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RESULTS

The MAPbI3 used in our study was synthesized by intercalating highly crystallized

two-dimensional (2D) layered PbI2 microplates with methylammonium iodide

(MAI).31,32 During the experiment, perovskite stability was tested in the TEM gas

holder (Figure S1) with continuous in situ heating at 85�C, the temperature standard

in International Electrotechnical Commission 61646 photovoltaic solar testing spec-

ification for evaluating the long-term stability of solar cells.33 We continuously moni-

tored the real-space TEM image ofMAPbI3 microplates (inset i in Figure S1B) and the

corresponding electron diffraction (ED) patterns (inset ii in Figure S1B) during the

heating process. The TEM beam current density was maintained at a low dose of

1.12 3 103 A/m2 for high-resolution TEM (HRTEM) imaging (Titan TEM, FEI, oper-

ating at 200 kV) and 32 A/m2 during the ED pattern acquisition, to prevent irradiation

damage of the specimen and ensure that we observed the intrinsic behavior of the

crystalline structure transition under thermal loading. A control experiment conduct-

ed under identical condition without thermal loading shows that no obvious

structural change is observed, suggesting that the beam damage has little influence

during in situ observations (Figure S3).

Figure 1A shows a detailed crystalline phase of the pristine MAPbI3. Before thermal

degradation, the perovskite specimen is sealed in a gas cell at room temperature

(20�C). At this point it exhibits tetragonal crystal structure (a = b = 8.8 Å, c =

12.7 Å).34 By matching the measured lattice spacing in selected-area electron

diffraction (SAED) patterns (Figure 1B) with diffraction peaks observed in X-ray

diffraction (XRD) pattern (Figure S4), we can index the set of lattice planes (2-20)

and (220), and identify the [001] axis (the c axis) as the normal direction of perovskite

MAPbI3 microplate (details of the indexing process are described in Experimental

Procedures). Then, as the specimen is heated at 85�C for about 400 s in vacuum,

the lattice spacing and the angle of tetragonal lattice fringes undergo a fundamental

transformation (Figure 1C). The resulting SAED pattern in the reciprocal space

reveals a six-fold symmetric pattern (Figure 1D) with a d spacing of 4.4 Å, consistent

with trigonal crystalline structure of layered PbI2.
32,35 PbI2 is the commonly seen

by-product of the moisture-induced MAPbI3 degradation.21,23,36,37 The six-fold

trigonal structure of the final products indicates that the normal direction of this

structure is also [001].

We further carried out the in situ heating of MAPbI3 in static dry air ambient with

chamber pressure of 700 torr. We used the Airgas UN 1002 Ultra-Zero-Certified

compressed air for the experiment, the water content here being lower than

2 ppm. Continuously tracking the structure evolution of an individual MAPbI3 grain
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Figure 1. Crystalline Structures of MAPbI3 before and after the Thermal Effect

(A) HRTEM image of the pristine MAPbI3 with clearly resolved lattice fringes. The lattice spacing

is measured as 3.11 Å. Scale bar, 2 nm.

(B) The SAED pattern of pristine MAPbI3in reciprocal space. Scale bar, 2 nm�1.

(C and D) HRTEM image of the MAPbI3 after heating (C; scale bar, 2 nm), and the corresponding

ED pattern (D; scale bar, 2 nm�1).
allows us to probe the microscopic degradation pathway. As shown in Figures

2A–2C, upon baking at 85�C for about 60 s, we identify a new hexagonal/trigonal

crystalline phase that gradually expands from the pristine square lattice phase

(Figure 2B). At 100 s, about 75% of the original phase is converted to the hexago-

nal/trigonal phase material, which is most likely trigonal PbI2 (Figure 1D). By tracking

the evolution of the crystalline structures, we find the same evolution pathway for

MAPbI3 under dry air or vacuum ambient, particularly the clearly correlated

evolution of the {400} set of planes in the tetragonal pattern (Figures 1B and 1D)

and the {210} planes in the trigonal pattern (inset in Figures 2A and 2C) (discussed

in detail below). Therefore, we conclude that both in dry air and ambient vacuum,

the thermal effect is the sole dominant cause for degradation of the MAPbI3
perovskite.20,24,38 Importantly, the diffraction pattern shows transformation from

one single crystalline pattern to another, indicating a direct transition between the

two structures without significant disordering.

The crystalline structure decomposition pathway under thermal heating is likely

different from moisture-induced degradation because (1) the decomposition is

not initiated by the intrinsic hygroscopicity of alkylammonium cations22,24 but solely

from thermally induced processes, and (2) noMAPbI3 hydrates are generated during

the degradation process.22,39,40 Although one cannot absolutely exclude the slight
550 Joule 1, 548–562, November 15, 2017



Figure 2. Direct Transition from Tetragonal to Trigonal Crystalline Structure

(A–C) Degradation process of an individual MAPbI3 grain. The purple dashed lines in (A), (B), and (C) outline the shrinking perovskite grain as it degrades

to PbI2. Insets: FFT phase diagrams of the corresponding HRTEM images. Scale bar, 2 nm.

(D) Transition from MAPbI3 with a tetragonal configuration to PbI2 with a trigonal configuration. In pristine MAPbI3, the Pb-I bond along the c axis has a

length of 3.17 Å, slightly longer than those along the a and b axis (3.11 Å). As the longer Pb-I bonds break due to external stimulus, the PbI2 2D planar

structure transforms to the trigonal configuration, followed by the escape of methylammonium iodide.
effect of water on degradation in ambient dry air, we believe the role of the water has

been largely limited in our experiment since degradation behavior in dry air shows a

direct transition between two single crystalline structures (tetragonal and trigonal)

without the generation of amorphous MAPbI3 hydrate.

Our analysis of the corresponding fast Fourier transform (FFT) crystalline phase tran-

sition during the thermal degradation provides two important implications. First, the

tetragonal MAPbI3 perovskite thermal degradation is the reverse of its synthesis

process. As introduced in the previous paragraph, the highly crystallized layered

PbI2 is the starting material for synthesizing MAPbI3.
16,31,32,41 The intercalation of

MAI causes twisting of the corner sharing PbI6 octahedron in the 2D layered PbI2
structure and forming of Pb-I-Pb bonds between the PbI2 layers (Figure 2D).32

The as-synthesized MAPbI3 exhibits a three-dimensional framework with PbI6 octa-

hedron inorganic cages that encapsulates organic methylammonium cations.31

Previous research reported that in the tetragonal configuration of MAPbI3, the

Pb-I-Pb bonds along the [001] direction of MAPbI3 are slightly longer, by 0.06 Å,

than those in the (001) plane (Figure 2D),34,42 which indicates weaker bond strengths

and thus less resistance to bond breakage.43 Thus, it is expected that this bond tends

to break first under external stimulus. Figure 2D schematically shows the simulated
Joule 1, 548–562, November 15, 2017 551



MAPbI3 thermal degradation process. As the Pb-I-Pb bonds break along the [001]

direction, CH3NH3
+ and I� are released and the remaining PbI2 planes transit simul-

taneously to the PbI2 trigonal structure. We expect the released CH3NH3
+ and I� to

escape in the form of CH3NH2 and HI gas molecules owing to their favorable free

energies. Therefore, the thermal-inducedMAPbI3 degradation can be expressed as:
MAPbI3 solid/ PbI2 solid + [CH3NH3
+ + I�] / PbI2 solid + CH3NH2 gas + HIgas
(Equation 1)

Second, we note that both the SAED patterns (Figures 1B and 1D) and the FFT

patterns (insets in Figures 2A–2C) show persistent diffraction spots during the

degradation process. As shown in Figures 1B and 1D, although the crystal lattice

symmetry changes from tetragonal to trigonal, the diffraction spots (2-10) in the

trigonal structure (Figure 1D) remain at the exactly same location as the diffraction

spots (400) in the tetragonal phase (Figure 1B). Identical diffraction spots in trigonal

SAED pattern are observed along the [2-10] direction, including the series of planes

in this direction. Therefore, we conclude that the set of {400} crystalline planes along

the [400] direction in tetragonal MAPbI3 are identical to the {210} facets along the

[2-10] direction in the transited trigonal PbI2 structure. The identity of crystalline

facets indicates an equivalence of lattice spacing along <400>/<210> direction

during the crystal structure transition, providing important insight into the conver-

sion pathway.

To further probe the crystal structure transformation pathway, we characterized in

situ the evolution from tetragonal MAPbI3 to trigonal PbI2 in reciprocal space.

Figure 3A shows sequential SAED pattern snapshots during MAPbI3 degradation

in vacuum. At the beginning (20 s), the observed tetragonal MAPbI3 pattern along

the [001] axis allows indexing of the diffraction spots as: (400), (�400), (220),

(�220), and (040) (see the indexing process in Experimental Procedures). The evolu-

tion of crystalline structure starts as thermal energy is applied, and the pristine

tetragonal pattern gradually evolves into the PbI2 trigonal pattern (�20 s to

220 s). With continued heating, the tetragonal pattern eventually transforms to

the standard PbI2 trigonal pattern (at 420 s). The direct transformation of {400} facets

in the tetragonal phase to {210} facets in the trigonal phase with retained diffraction

intensity and spatial location is obvious before and after the degradation. However,

the location and intensity of other diffraction spots change, which indicates the

drifting of corresponding facets and the distortion of crystalline structure.

We quantified the MAPbI3structure evolution in the reciprocal space by plotting the

intensity dynamics of the key diffraction spots as a function of time. Figure 3B shows

that, in the tetragonal structure, the diffraction intensity peaks for the (220), (2-20),

and (004) planes decrease continuously with increasing heating time, while the

(110) and (�120) planes in the trigonal structure are growing at a similar rate (Fig-

ure 3C). Based on the peak intensity plots, the evolution of the SAED pattern from

tetragonal to trigonal phase shows a clear sequential transition process. Especially

at 220 s, we see clearly the overlapped diffraction pattern along the <400> of the

perovskite and the <2-10> of the trigonal (Figure 3A). As discussed previously (Fig-

ure 2D), the breaking of the Pb-I-Pb bond along the [001] direction initiates MAPbI3
degradation, after which the suspended PbI2 planes transit into the trigonal struc-

ture. The largely overlapping single crystal SAED patterns, as well as the intensity

peak dynamics (Figures 3B and 3C), suggest strongly a stacked crystalline

architecture of tetragonal and trigonal phase during the degradation process, and
552 Joule 1, 548–562, November 15, 2017



Figure 3. The Structural Evolution from Tetragonal Configuration to Trigonal Configuration

(A) In situ monitoring of the structure evolution of MAPbI3 in reciprocal space. After 400 s heating at 85�C, the SAED patterns of MAPbI3 transform

completely from tetragonal to trigonal symmetry. Scale bar, 2 nm�1.

(B and C) Measured diffraction spot intensities as a function of time for the tetragonal (B) and trigonal (C) phase.

(D) Schematic illustration of the layer-by-layer degradation of MAPbI3 to produce the stacked trigonal/tetragonal structure with preserved

crystallographic orientation. The surface of tetragonal MAPbI3 is transitioning one by one to PbI2 layers, exposing the underlying layer as the new

surface layer as degradation progresses.
the thickness ratio between these two phases varies with heating time. For example,

during the beginning of degradation (0–120 s) the tetragonal structure takes the

dominant proportion in the stacked structure, so the SAED pattern shows a tetrag-

onal phase. With continued heating the thickness of the PbI2 layers increases, and

eventually becomes the major proportion in the stacked structure (�420 s).

To gain further insight on the atomistic details of the MAPbI3 thermal degradation

pathway, it is critical to determine the reaction modes by considering the relevant
Joule 1, 548–562, November 15, 2017 553



energy barriers. Either bulk reactions or surface reactions could be responsible for

the observed thermal transformation from tetragonal to trigonal phase. In the bulk

reaction, the crystalline structure reacts homogeneously,44,45 with all weak Pb-I

bonds along [001] breaking simultaneously during the decomposition. However,

the surface reaction can take place in a sequential layer-by-layer style starting

from the surface.46 Intuitively, this reaction mode is more favorable for thermal

degradation than the bulk reaction for two reasons: (1) the surface state is generally

less stable than the bulk counterpart because of dangling bonds and reconstruction

(structure relaxation and charge redistribution) present on the surface, making it

energetically more favorable for thermal motions to trigger the decomposition,

and (2) the lattice transition from the tetragonal to trigonal phase associated with

surface degradation leads to less strain on the free surface, whereas within the

bulk the periodicity enforces large strain from either direction.

We carried out DFT calculations with the functional PBE using the ssNEB

technique28,29,47 to locate the minimum energy path from tetragonal MAPbI3 to

the PbI2 layered structure (see Experimental Procedures). The empirical D3 disper-

sion correction48,49 was also applied to account for the van der Waals attraction

(London dispersion) interactions important in the MAPbI3 structure but missing in

PBE.50 We found that the volume decomposition along the [001] direction enables

the lowest energy path (versus other directions in bulk reaction). As shown in

Figure S5, the decomposition barrier of [001] for bulk decomposition is 0.43 eV

per MAPbI3 unit, which is about 0.07 eV lower than that along [�110], corre-

sponds to a 15-fold faster reaction rate (estimated using transition state theory,

rate = (kT/h) exp(�DGϯ/kT)).

We also used DFT to investigate the role of the surface in the decomposition

process, with a two-layer slab model of (001) tetragonal MAPbI3 surface as a starting

structure and a trigonal PbI2 plus released MAI as a final product. Figure 4A shows

the surface degradation energy path between initial tetragonal phase and final

trigonal phase. We find that the barrier for decomposition started with the surface

is only 0.26 eV per MAPbI3 unit, corresponding to a reaction rate �1,000-fold faster

than that of the intrinsic bulk decomposition along the [001] pathway (estimated

by transition state theory). This indicates that the surface reaction is kinetically

preferred compared with bulk degradation. Degradation of the surface layer ex-

poses the next surface layer underneath to drive the decomposition sequentially

throughout the entire bulk in a layer-by-layer fashion, eventually leading to the

degradation of MAPbI3 bulk. Figure 4B shows the simulated transition process of

an individual MAPbI3 layer by selected reaction coordinates. The simulation indi-

cates that (1) the surface transition shows a contraction mode, and (2) the contraction

occurs along [100] direction.

Our predicted surface reaction path of the MAPbI3 from the DFT calculations allows

generation of a stacked tetragonal-trigonal crystalline structure. During the structure

transition, the {400} planes in tetragonal and the {210} planes in trigonal are precisely

matched (Figure 3A). The transition of MAPbI3 to PbI2 in real space indicates contrac-

tion of each suspended PbI2 along the a axis to form the trigonal structure (Fig-

ure 4C). Since each layer of MAPbI3 follows a layer-by-layer contraction reaction

and the surface transition guarantees the sequential reaction along the c axis

([001] direction), an overlapped tetragonal MAPbI3and trigonal PbI2 crystalline

structure in reciprocal space is expected during the reaction, as shown in Figure 3D.

Indeed, the surface reaction on MAPbI3 is consistent with the crystalline structure

evolution in the reciprocal space, as we have observed in situ (Figure 3A).
554 Joule 1, 548–562, November 15, 2017



Figure 4. The DFT Calculated Minimum Energy Path for MAPbI3 Thermal Degradation

(A) The reaction energy profiles are calculated by the ssNEB method. The saddle point is 0.26 eV for

surface degradation and 0.43 eV for bulk degradation along the [001] axis.

(B) Selected transition states of an individual PbI2 layer during the surface reaction. The evolution

of the structure shows contraction of the MAPbI3 layer along the a axis ([100] direction) to form a

PbI2 layer.

(C) Precise match of pristine MAPbI3 layer and the resulting PbI2 layer along {400}/{120} planes.

Based on the location of diffraction spots in reciprocal space, the overlap of diffraction patterns

during the structure evolution could be viewed as a match of MAPbI3 and PbI2 layer in {400}/{120}

facets along the a axis.
Using the surface reaction as the main pathway for the perovskite MAPbI3 thermal

degradation, we can estimate the reaction rate constant using transition state

theory:

l=
kBT

h
e
�DG
kBT ; (Equation 2)

where kB is Boltzmann’s constant, T is the heating temperature, h is Planck’s con-

stant, and DG = DH � TS is the free energy barrier of surface degradation. Here

the DFT calculations lead to DE that must be corrected for vibrational effects (zero

point energy and specific heat) to obtain DH and DS. We approximated DG with

the electronic energy DE from DFT calculations, thereby ignoring the contributions

from the zero point energy of the phonon modes, the phonon contributions to the

specific heat (needed to integrate DH from 0 K to 298 K), and the entropy. We

note that the entropy of soft phonons in MAPbI3 likely contributes to its phase
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transitions,51 which might alter the values estimated here, but should not change the

qualitative conclusions, because the free energy landscape of degradation studied

here is dominated by strong chemical bonding changes (electronic effects).

Including these contributions would further lower the barriers, which arise from

bond breaking and disorder present in the transition states. Consequently we

consider that our predicted reaction rates provide lower bounds. The surface degra-

dation rate can be estimated using

v =A$l; (Equation 3)

where A is the surface area of an individual MAPbI3 octahedron. At T = 85�C the sur-

face energy barrier DE = 0.26 eV leads to a degradation rate of 77.7 mm2/s. For an

individual MAPbI3 microplate with area of 100 mm2 and 200 nm thickness, and

considering the 6.5 Å height of MAPbI3 octahedral, we estimate that it will take

�400 s to complete the entire transformation process, which is consistent with the

time range (400–500 s) observed by our in situ studies (Figure 3A). This further con-

firms that the surface reaction plays a primary role during the thermal degradation.
DISCUSSION

Our in situ TEMobservations and the DFT simulations show that the thermal-induced

degradation starts at the surface of MAPbI3 and progresses in a layer-by-layer

fashion. This new insight suggests that it would be possible to suppress the layer-

by-layer thermal degradation of MAPbI3 bulk by restraining the structure transition

of the surface layer. To this end, we employed hexagonal boron nitride (hBN) thin

flakes as the encapsulation layer on MAPbI3 surface and fabricated a BN-perov-

skite-BN heterostructure (Figures 5A–5C and S6).52–55 We conducted in situ charac-

terization of the hBN-perovskite-hBN heterostructure in vacuum at 85�C using the

same protocols described above. We demonstrated that encapsulated hBN shows

considerably improved thermal stability. In particular, no obvious structural change

is observed after 30 min of continuous heating at 85�C (Figure 5D), in stark contrast

to the rapid emergence of the trigonal phase within 1 min and the complete trans-

formation to trigonal PbI2 within 7 min of the same thermal treatment for the

non-encapsulated tetragonal perovskites (Figure 3A).56

We next conducted DFT simulations to understand the fundamental factors respon-

sible for the improved stability by BN encapsulation. The as-calculated minimum

energy path indicates that the energy reaction barrier of the MAPbI3surface with

hBN capping is about 0.05 eV higher than the pristineMAPbI3 under thermal loading

(Figure S7), corresponding to a 7-fold slower reaction rate. The calculated deceler-

ation rate is consistent with the experiment results as illustrated in Figure 5D. Such

stabilization from hBN encapsulation is rationalized as follows. The initial MAPbI3
surface has Pb+ and I� dangling bonds, atoms that are no longer stabilized by the

PbI2 layer as in the bulk. Thus they are more susceptible to rearrange under even

moderate thermal excitation, triggering the decomposition from the surface. With

BN encapsulation of the perovskite, the B+ and N� in the hBN interact with perov-

skite surface dangling bonds with considerable orbital overlap and charge transfer,

as demonstrated by our DFT calculations (Figure S8A). Such interaction between

charges in hBN (B+ and N�) and dangling bonds (Pb+ and I�) reduces the surface

activity, retarding surface degradation and improving the overall stability of the

material. These experimental and computational studies confirm that surface reac-

tions play a critical role in thermal degradation on the MAPbI3 that is effectively

countered by encapsulation with a thin hBN layer on the free surface. We suggest

that this approach of employing 2D nanoflakes providing charge alternations,
556 Joule 1, 548–562, November 15, 2017



Figure 5. The Thermal Stability Characterization of MAPbI3 with Surface Protection by a BN Thin Layer

(A) BN-perovskite-BN heterostructure fabrication process.

(B) Schematic of the BN-perovskite-BN heterostructure.

(C) The BN-perovskite-BN heterostructure on a gas cell bottom chip.

(D) MAPbI3 with surface protection shows robust thermal stability. The thermal energy (85�C in vacuum) has not affected the crystalline structure of the

MAPbI3 in 30 min of heating. Scale bar, 2 nm�1.
such as hBN or transition metal dichalcogenides (TMDs), to prevent surface reac-

tions could be applied to many other environmental sensitive hybrid perovskites

with surface dangling bonds. In addition to improving the stability of the perovskite

structure, these 2D thin layers (e.g., graphene, hBN, TMDs) have promising potential

for tuning the electronic states of the perovskites.57,58 Thus, we expect that develop-

ment of perovskite/2D heterostructures might offer significant potential for tailoring

the photoelectrical performance and environmental stabilities of perovskite-based

devices. Together, our investigations validate the thermal degradation model to

explain these observations and suggest new strategies for promoting the stability

of perovskites that are critical for practical applications of perovskite photoelectro-

chemical materials and devices.
EXPERIMENTAL PROCEDURES

Synthesis of MAPbI3 Perovskites

MAPbI3 was synthesized by intercalating MAI into solution-grown PbI2 micro-

plates.32 Diluted PbI2 solution at 80�C with a concentration of 0.1 g/100 mL

was dropped on the bottom E-chip of a TEM gas cell to seed the chip for subsequent

growth. The seeded chip was immersed in a saturated PbI2 solution (�0.3 g/100 mL)
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with a starting temperature of 80�C for continued growth into large microplates as

the temperature was dropped slowly. The chip was taken out from the solution

when growth was complete.

The as-grown PbI2 microplates were converted to MAPbI3 by using intercalation

reaction in a home-built chemical vapor deposition (CVD) system.31,32 MAI was syn-

thesized following a reported solution method.59 MAI precursor was placed in the

center zone of a tube furnace where the temperature is set to 120�C, and the chip

with PbI2 microplates grown on it was placed in the downstream (5–6 cm from the

MAI precursor) where temperature was about 110�C. The pressure of the tube was

maintained at 125 mbar. Argon flow was employed to carry the vaporized MAI to

PbI2 microplates. PbI2 microplates were completely converted to MAPbI3 within

12 hr of intercalation treatment.

The In Situ Environmental System

We use an ATMOSPHERE 200 in situ heating and gas reaction system from

Protochips to carry out in situ characterization. As shown in Figure S1, the

combination of top and bottom E-chip forms a gas cell. E-chips integrate a thin,

durable amorphous silicon nitride window and a silicon carbide-based ceramic

thin-film heating membrane to provide a strong barrier for containing gases with

minimal electron beam scatter. The gas cell for the in situ studies was sealed

very quickly (�2 min) after removing from the CVD system, and connected to

the Atmosphere system for further pump and purge to ensure a clean environment.

The inner pressure of the gas cell was maintained at 1 torr after the pumping

process.

The temperature applied to the chip was applied by joule heating. A ceramic heating

membrane was employed to heat the sample. For the temperature stabilization

during the experiment, a resistance-versus-temperature calibration file was gener-

ated for every E-chip to calibrate the heating temperature. This file was loaded

into the Atmosphere Clarity software. The stabilization time was acquired by

monitoring the resistance of the E-chip as it was heated. It settled very quickly, in

less than 1 s. The temperature was constantly monitored by the software using a

feedback loop. The temperature accuracy of the gas cell was 5% and was tested

with known samples, such as materials with a well-known melting point. The

sample viewing area (holes in the silicon carbide membrane) has a very uniform

temperature (Figure S2), as shown by optical pyrometer temperature map provided

by Protochips.

For in situ studies, the electron beam current density was restricted to 32 A/m2

and the electron beam irradiation rate remained as low as �100 e/nm2 s, to mini-

mize the beam effect on the specimen. A control experiment was conducted

under exactly the same conditions without thermal loading to probe the electron

beam damage during in situ observations. No apparent crystalline structure

evolution of MAPbI3 was observed after 600 s of electron beam irradiation (Fig-

ure S3), suggesting that the beam has little influence on the observed sample,

which guarantees the intrinsic performance of the MAPbI3 perovskite under thermal

effect.

X-Ray Diffraction Characterization and Index of the Electron Diffraction

Pattern

XRD characterization of microplates before the conversion showed characteristic

diffraction peaks of 2-H PbI2 crystals (Figure S4), indicating the highly crystallized
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structure of the plate.60 After the conversion, all of the PbI2 peaks disappeared and

all of the peaks matching the MAPbI3 perovskite pattern appeared,61,62 confirming

the complete conversion of the microplates.

For the 2-H PbI2with a trigonal crystalline structure, the ED pattern could be indexed

by adding the vectors. As we indexed the diffraction spots (h1k1l1) and (h2k2l2) in Zero

Order Laue Zone (ZOLZ) as (100) and (010), respectively, the rest of the spots

could be determined. As shown in Figure 3C, (h3k3l3) could be indexed by adding

(h1k1l1) and (h2k2l2), which produced (110). By using the same approach, (h4k4l4)

could be determined as (1-20). The view axis was [001].

For the MAPbI3 with a tetragonal crystal system, the lattice spacings of MAPbI3 were

measured (from XRD) as d1 = d2 = 3.11 Å, d3 = 2.2 Å. Based on these lattice spacings,

the observed ED pattern was indexed as (h10k10l10) / (2-20), (h20k20l20) / (220),

and (h30k30l30) / (400). The viewing axis was confirmed as [001].

The Preparation of hBN-Perovskite-hBN Heterostructure in an E-Chip

As shown in Figure S6, few-layer hBN was first transferred onto the E-chip and used as

bottom substrate of the perovskite. In parallel, a layer of polymethylmethacrylate

(PMMA) was spun coated on a silicon substrate, followed by coating another layer

of polypropylene carbonate (PPC). The PbI2 with a thickness of 50–80 nm was exfoli-

ated onto the PMMA/PPC polymer stack. The polymer stack was then peeled off from

the silicon substrate and attached to a PDMS (polydimethylsiloxane) stamp with PbI2
side facing up. The PDMS stamp with PbI2 sitting on the PMMA/PPC stack was posi-

tioned on the bottom hBN on the E-chip. PDMS and PbI2 were then brought into con-

tact with BN. The polymer stack was released from the PDMS stamp by heating the

substrate to 120�C. After transfer, the polymer stack was dissolved in chloroform

for 10 min. The PbI2 sitting on the hBNs was then converted into perovskite using va-

por-phase reaction with MAI vapor carried by argon gas flow. Another few-layer hBN

serving as top cover was prepared on another PMMA-covered silicon substrate, which

was transferred immediately on the as-converted perovskite by the same method

described above to obtain the hBN-perovskite-hBN heterostructure on an E-chip.

First-Principle Simulations of the Thermal Degradation of the MAPbI3 bulk

Togain fundamental understandingof thermal decomposition ofMAPbI3 perovskite,

we investigated the process using DFT. The calculations were performed with the

VASP package,63–65 using the PBE flavor30 of DFT and the projector augmented

wavemethod66 to account for core-valence interactions. The empirical D3 dispersion

correction48,49 was included to account for van der Waals attraction (London disper-

sion) interactions important in the MAPbI3 structure but missing in PBE.50

We used a 2 3 2 3 2 supercell to model the tetragonal phase and accommodate

the structural transitions toward final products from decomposition, i.e., the

trigonal PbI2 layered structure plus the released MAI. The kinetic energy cutoff

for plane wave expansions was set to 400 eV, and reciprocal space was sampled

by the G-centered Monkhorst-Pack scheme with a grid of 2 3 2 3 2. We employed

the ssNEB technique28,29 with climbing image option67 to locate the lowest

energy pathways and, thus, the transition states. The final product structure was

constructed by intercalating PbI2 layered structure with MAI ion pairs and then

relaxing both lattice and atomic positions. We found an intermediate compound

that proceeds to the final decomposition by releasing weakly bound MAI as gas

molecules, which is expected to be an entropy-driven process of low energy con-

sumption and thus not the rate-determining step.
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The intrinsic bulk decomposition was first studied along two characteristic directions

[001] and [�110], which are aligned with the long and short Pb-I bonds, respectively.

As shown in Figure S3, the decomposition barrier of [001] pathway is 0.43 eV per

MAPbI3 unit, lower by 0.07 eV than that of [�110] pathway, which corresponds to

a 15-fold faster reaction rate (estimated by the Arrhenius equation). The kinetic

dominance of [001] decomposition over [�110] counterpart is plausible because

the Pb-I bonds along the [001] direction are longer by 0.06 Å than those along the

[�110] direction, indicating weaker bond strengths and, thus, less resistance to

bond breakage.

We also carried out the simulation of MAPbI3 surface degradation with hBN

encapsulation. The same setup as the pristine surface degradation was employed,

with the difference that two hBN flakes were introduced by capping on both surfaces

(Figure S7). The decomposition barrier of the MAPbI3 surface with hBN capping was

about 0.31 eV, 0.05 eV higher than the pristine MAPbI3 surface under thermal

loading (corresponding to a 7-fold slower reaction rate).

As a result, our study shows that the hBN 2D-thin-flake coverage was able to improve

the integrity of the perovskite crystalline structure. The Pb+ and I� dangling bonds

on the perovskite surface make them energetically more active under moderate

thermal excitation, triggering the decomposition from the surface. By capping the

MAPbI3 surface with BN, the B+ and N� in the hBN could interact with perovskite

surface dangling bonds with significant orbital overlap and charge transfer, as

demonstrated by our theoretical calculations (Figure S8). Such interaction between

charges in hBN (B+ and N�) and dangling bonds (Pb+ and I�) reduced the surface

instability, retarding the surface degradation and improving the overall stability of

the material.
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