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The thermal stability of MAPbls poses a challenge for the industry. To overcome this limitation, a
thorough investigation of MAPbIs is necessary. In this work, thermal gravimetric analysis (TGA) and
Fourier transform infrared (FTIR) spectroscopy were conducted to identify the thermal decomposition
products of MAPDbls, which were found to be CHszl, NHsz, and Pbl,. In situ X-ray diffraction (XRD)
measurements were then performed in the temperature range from 300 to 700 K, which revealed the
significant decomposition of the (110), (220), and (310) surfaces of MAPbIs between 550 and 600 K.
Density functional theory (DFT) calculations demonstrated that the (220) surface exhibited the highest
stability. Additionally, the transition states of thermal decomposition showed that the energy barrier for
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the decomposition of the (110) surface was 2.07 eV. Our combined experimental and theoretical results
provide a better understanding of the thermal decomposition mechanism of MAPbIs, providing valuable
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1. Introduction

After CH;NH;PbI; (MAPDI;) was first used in photovoltaic solar
cells obtaining a 3.8% efficiency,"> MAPbI; was considered as a
potential material due to its wide electron and hole diffusion
length, adjustable optical bandgap, high carrier mobility, high
light absorption coefficient, and low production cost.>® In
contrast to the slow development of silicon cells, the efficiency
of perovskite solar cells has reached 25.7% in the last
decade,” " which is comparable to that of single-crystal silicon
materials.'” Although the rapid development of MAPbI; in the
last decade is desirable for photovoltaics, a stable operation for
25 years hinders its practical applications.”***

The stability of perovskite solar cells (PSCs) is a big chal-
lenge at present. During the stable operation of MAPbI; PSCs,
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theoretical support for the design of long-term stable devices.

water and oxygen react with MAPbI;, ultimately decreasing the
lifespan of PSCs with reaction rates accelerating further in their
combined presence.'®'” The usage of MAPbI; in good packa-
ging materials can offer some respite in this regard. The
temperature range for PSCs during operation is 60-85 °C.'® If
the operating temperature surpasses this range, a significant
amount of heat may be generated, leading to the decomposi-
tion of PSCs.">?° Furthermore, high temperature leads to the
decomposition of some packaging materials, which lowers
the ultimate efficacy of MAPbI;.>" It is imperative that we grasp
the ins and outs of the decomposition mechanism of MAPbI;.

Recently, several studies have offered insights into the
decomposition mechanism of MAPbI;. Conings et al.>* con-
ducted a comprehensive investigation of MAPbI; under various
conditions, discovering that heating MAPbI; to 358 K causes
the PSCs to rupture with Pbl, as a solid-state decomposition
product. However, there is limited information about the
gaseous decomposition product, which is critical for optimal
synthetic conditions and annealing of the MAPbI; film.>*** To
fill in this critical gap, Dualeh et al.>® mixed perovskite pre-
cursor solutions with varying proportions and subjected the
resulting perovskite to heat treatment, producing HI and
CH;NH,. This result is then supported by Philippe and
Nenon.”**” However, there have been inconsistent findings in
the literature regarding the decomposition products. Williams
et al.?® utilized Fourier infrared (FTIR) spectroscopy to scruti-
nize the thermal decomposition process, revealing the charac-
teristic peaks of NH; and CH;I at 265 °C but no characteristic
peaks of CH3CH, and HI, which are aligned with previous

Phys. Chem. Chem. Phys.


https://orcid.org/0000-0002-0232-1129
https://orcid.org/0000-0002-9962-714X
https://orcid.org/0000-0002-7577-1366
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp01318b&domain=pdf&date_stamp=2024-06-18
https://doi.org/10.1039/d4cp01318b
https://doi.org/10.1039/d4cp01318b
https://rsc.li/pccp
https://doi.org/10.1039/d4cp01318b
https://pubs.rsc.org/en/journals/journal/CP

Published on 05 June 2024. Downloaded by Tohoku Daigaku on 6/20/2024 11:28:19 AM.

Paper

conclusions.?*29:3°

Nonetheless, the conflicting research find-
ings highlight the research limitations on the thermal decom-
position reaction and products in perovskite, which fail to
explore the stability of different crystal planes of MAPbI;. There
are still mysteries about the decomposition mechanism of
MAPDI,.

Motivated by the recent developments, this study analyzes the
decomposition mechanism of MAPbI; through a combination of
experiments and density functional theory (DFT) calculations.
First, thermal gravimetric analysis (TGA) - FTIR reveals that
MAPDI; decomposes into CHil, NHj3, and Pbl,, with two stages
of decomposition distinguished: gas overflow (513-693 K) and
solid sublimation (693-873 K). To assess the stability of various
crystal surfaces of MAPbI;, we conducted in situ X-ray diffraction
(XRD), displaying conspicuous decomposition of (110), (220), and
(310) surfaces between 550 and 600 K. To probe the stability of
these three surfaces, we performed ab initio molecular dynamics
(AIMD) simulations, mean square displacement (MSD), and XRD
culminating for the most stable (220) surface. Moreover, the
reaction energy barriers for the decomposition processes of
(110) and (310) surfaces were calculated to be 2.07 and 2.88 eV,
respectively. This work provides unique insights into the thermal
decomposition mechanism of MAPbIL;, facilitating the develop-
ment of stable and efficient PSCs.

2. Methods

2.1 Experimental method

Materials. The purity of the MAPDbI; in this work (chemical
abstracts service number: 69507-98-8) was 99%. These MAPbI;
materials were obtained from McLean reagent company
(China), and sealed in a dark brown reagent bottle in a nitrogen
environment. All chemicals were used as-received without
further purification unless otherwise stated.

Instrumental analysis. The S-4700 scanning electron micro-
scope (SEM) produced by the HITACHI Company of Japan was
used for this experimental observation. TGA measurements
were carried out using a German-made thermal gravimetric
analyzer, model NETZSCH TG 449-F5. The FTIR spectra of the
evolved gases were simultaneously recorded with an FTIR
spectrometer model STA449F5-INVENIO-R. The DSC experi-
ments were performed on a synchrotron thermal analyzer
STA449-F5 from NETZSCH, Germany. The thermal analysis
was performed by heating the sample powder in an Al,O;
crucible from room temperature (27 °C) to 800 °C at a
constant rate of 5, 10, and 20 °C min ", respectively. A flow
rate of 50 ml min~" of N, was used as a delivery gas to create
an inert atmosphere. In situ XRD patterns of MAPbI; powders
were produced using a Panalytical model manufactured by
Panacol in the Netherlands, with Cu Ko irradiation of 1.54 A
at 40 kv and 40 mA, and the scanning range in the experiment
was 5° to 90° with the scanning rate of 5° min~". The stepscan
mode was used during the XRD analysis with a step size of
0.02°.
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2.2 Computational methods

In this work, all DFT calculations were performed using the
Vienna ab initio simulation package (VASP 5.4.4).>'?> The
Perdew-Burke-Ernzerhof (PBE) functional with the generalized
gradient approximation (GGA) and the projector-augmented
wave (PAW) basis were used in the calculations.*® We built
the model with a vacuum layer of 20 A in the z-direction and
employed dipole corrections to eliminate the influence of the
dipole distance. The energy cutoff of the plane wave basis was
set equal to 520 eV and the value of the number of data points
(NEDOS) was set to 1000. The force on each atom was set to be
below 0.02 eV A™* and the energy on each atom was set to be
below 107> eV, as two necessary thresholds to stop structure
optimization. To optimize the structures more accurately, the
van der Waals interactions were considered in the calculations
using the DFT-D3 method.?*

During AIMD simulations, we set the convergence standard
of energy to 10™* considering time and accuracy. AIMD was
performed at 300 and 800 K to confirm the thermal stability of
MAPDI; (110), (220), and (310). To ensure the precision of the
thermal stability analysis, mean square displacement (MSD)
was employed for validation. To obtain an accurate transition
state, both climbing-image nudged elastic band (CI-NEB)*>3°
and improved dimer method (IDM)*” were employed. More
specifically, the CI-NEB method was applied to roughly locate
the structure in the transition state with a force convergence of
0.3 eV A™", and the energy on each atom was set to be below
107" eV with a k-point of 1 x 1 x 1. Then, the IDM method was
applied to accurately locate the structure in the transition state
with a force convergence criterion of 0.05 eV A™*. The equation
of reaction energy barrier (Gp) is shown in the ESIt (eqn (S1)
and (52))

3 Results and discussion
3.1 Experiments

The as-prepared MAPbI; powders demonstrate good crystal-
linities, as shown in Fig. 1a and b. The SEM morphology reveals
that the methyl ammonium lead perovskite employed in this
experiment was primarily composed of small particles, some of
which adhered to form a larger rod-shaped structure that was
advantageous for the follow-up thermal decomposition studies.
Fig. 1c and d shows the results of heating MAPbI; from room
temperature to 800 °C using the heating rates of 5, 10, and
20 °C min~'. The generated gases were analyzed using TGA
trace and FTIR spectra. The thermal decomposition of MAPbI;
appeared to have two distinct stages as shown in Fig. 1c. The
first stage occurred between 240 and 420 °C, with a 26% mass
loss, which was consistent with earlier research.?® The second
stage occurred at between 420 and 600 °C, with a nearly 100%
mass loss. The residual mass value of the first stage was equal
to the relative molecular weight ratio of PbI, in MAPDbI; (74.4%).
We concluded that the first stage involved gas production while
the second involved PblI, sublimation. The rate of TGA trials
was demonstrated using its first derivative, and each curve

This journal is © the Owner Societies 2024
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Fig.1 (a) and (b) SEM of MAPbIs; (c) TGA and the first derivative of TGA curves; (d) TGA-DSC curve.

contained two peaks. Increasing the heating rate raised the
reaction rate, indicating that the reaction rate of the second
stage was considerably higher than the first stage. We observed
a delayed reaction during the thermal decomposition reaction
due to the quick rise in the system temperature, which caused
the reaction to occur at higher temperatures at faster heating
rates. Furthermore, unlike the exothermic reaction of the
thermal decomposition of ammonium perchlorate-based mole-
cular perovskite,*® the thermal decomposition of MAPbI; was
heat-absorbing as shown in Fig. 1d, and the crystals showed no
phase change during the early stage of thermal decomposition.
However, a heat absorption peak emerged at approximately
564 °C, likely attributed to the melting of the PbI, solid.

To understand the gaseous products generated during the
thermal decomposition stage, we simultaneously recorded the
FTIR spectra of the escaping gas during TGA, as shown in
Fig. 2. As the temperature rises, Fig. 2a—c shows the diffraction
peaks of the thermal decomposition products. In this study, we
focused on the spectral information at wavelengths of 966,
1266, and 3016 cm™*, which correspond to the characteristic
peaks of the NH;, CH3l, and CH, groups. The fluctuations of
the diffraction peaks were observed at the main reac-
tion temperature, ranging from 270 to 480 °C, as shown in
Fig. 2d-f. Our research showed that NH; and CH3;I were
prominently visible at three heating rates and were likely
among the products of the first stage. However, no evidence
of a diffraction peak was found under 2229 (HI characteristic
peak) and 2960 cm~ ' (CH3;NH;I characteristic peak). It reveals

This journal is © the Owner Societies 2024

that the thermal decomposition gases of MAPbI; are NH; and
CH;l, instead of HI and CH;NH;I. This is in agreement with the
findings of Williams et al®® Furthermore, findings from
Juarez-Perez and Ciccioli et al. suggest that the nature of
gaseous byproducts may vary depending on the experimental
conditions employed.***® At a heating rate of 20 °C min~", the
TGA curves demonstrated a distinct reaction mechanism occur-
ring between 380 and 450 °C, which did not occur at the other
two heating rates. This behavior is believed to be related to the
creation of CH, in this area, based on the observation of FTIR
spectra. Note that the peak temperature of CH, in the FTIR
spectrum was considerably higher than those of NH; and CH3l,
indicating that CH, formed later than NH; and CH;l. A hyster-
esis in the reaction was observed with increasing heating rates,
which was consistent with the TGA tests. Furthermore, the
diffraction peaks corresponding to the three products shifted
towards higher temperatures with increase in the heating rate.

To explore the thermal decomposition process of perovskite,
we conducted the in situ XRD of MAPDI; at different tempera-
tures (300 to 700 K, Fig. 3). For higher accuracy, the measure-
ments were performed in a nitrogen-only environment. At 300
K, the typical tetragonal MAPbI; perovskite diffraction peaks at
13.98° (110), 28.35° (220), and 31.74° (310) were present. These
peaks are the characteristics of the tetragonal MAPbI; perovs-
kite, indicating that the crystal purity of the experiments was
reliable. Throughout the temperature range from 300 to 550 K,
the diffraction peaks remained unaffected.*’ However, at 600 K,
the intensity of the diffraction peaks corresponding to the three
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Fig. 2 (a) and (b) show the TG-FTIR spectra and product peaks at 5 °C min~?; (b) and (e) show the TG-FTIR spectra and product peaks at 10 °C min™%;

(c) and (f) show the TG-FTIR spectra and product peaks at 20 °C min~™.

classical characteristic crystal planes abruptly decreased. New
peaks emerged at approximately 12.5° 25.5°, and 39°, resem-
bling the powder diffraction pattern of Pbl, (PDF#07-0235).*>
This indicated that MAPbI; starts to decompose at tempera-
tures from 550 to 600 K, which was consistent with the results
of the TG experiments above. The solid-phase product pro-
duced was PblI,.

3.2 DFT calculations

The aforementioned investigations have revealed key thermal
decomposition byproducts of MAPbI;, namely NH;, CH;I, and
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Pbl,, as the temperature increases. The degradation of MAPbI;
specifically occurs on the (110), (220), and (310) surfaces, as
indicated by our research. To assess its stability, we developed
models based on these surfaces and performed AIMD simula-
tions. To ensure accurate results, we maintained a thickness of
20 A in the z-direction and employed a multilayer model to
preserve the ontological qualities of MAPbI;. Fig. Sla—c shows
the front views of crystal surfaces, which were allowed to fully
relax rather than having their atoms fixed. This ensured the
high accuracy of our simulations. Each simulation supercell
contained around 100 atoms.

This journal is © the Owner Societies 2024
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Fig. 3 The in situ XRD results of MAPDIs.

To confirm the stabilities of the three surfaces, AIMD
simulations were conducted from 300 to 800 K with the
canonical ensemble (NVT) with a time step of 1.0 fs, together
with the Nose thermostat (Fig. S2, ESIt).** The total simulation
time was 6 ps. The range of energy fluctuations steadily widens
with rising temperature, suggesting that MAPDbI; becomes
increasingly destabilized. The energy of the system is not
constant but fluctuates over time.

To explore the stability, MSD was calculated as shown in
Fig. 4a.**** Since MAPbI; is a framework composed of lead and
iodine,*®*” herein, we investigated the diffusion of lead. As
depicted in Fig. 4a, the MSD values for the three surfaces are
remarkable, suggesting their stability at 300 K. However, as
temperature escalates to 600 K, MSD values experience a
significant rise on the (110) and (310) surfaces, while the
MSD values on the (220) surface exhibit relatively minimal
change. This indicates that the stability of the (110) and (310)
surfaces is not as robust as (220) when subjected to heating
processes. Furthermore, our study also involved the calculation
of XRD for the initial and final states of the three surfaces, as
shown in Fig. 4b. The results show that our calculated XRD is
consistent with the experimental in situ XRD. Fig. S3-S5 (ESIf)
show that the diffraction peaks of the (110), (220), and (310)
surfaces have decreased to varying degrees at 600 K, signifying
the decomposition of the crystal surfaces, as suggested by our
experimental observations. Interestingly, the diffraction peaks
on the (220) surface illustrate the least reduction compared to
the other two surfaces, as shown in Table 1, further validating
that the surface of (220) is the most stable among the three
surfaces, which is consistent with our aforementioned MSD
findings.

Based on our analyses above, we have found that the (110)
and (310) surfaces experience significant stability changes
during heating. Therefore, this study will further delve into
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Fig. 4 (a) MSD of MAPbIz at 300 K; (b) comparison between the experi-
mental and DFT-calculated XRD results.

Table 1 Percentage of diffraction decomposition on different surfaces

110 surface 220 surface 310 surface

110 diffraction peak (a.u.)  50.73 53.23 37.97
220 diffraction peak (a.u.) 0 31.37 26.42
310 diffraction peak (a.u.) 44.31 34.97 34.23

the decomposition of these two surfaces. Our experiments
reveal that the thermal decomposition of MAPDI; generates
CH;l, NH;, and Pbl,. To gain a deeper understanding of the
thermal decomposition process, we employed transition state
calculations on both surfaces. The transition state of the (110)
surface is illustrated in Fig. 5, demonstrating that the cleavage
of CH; and NH; occurs at 600 K. This is promptly followed by
the combination of CH; and iodine ions, resulting in the
formation of CH;I. The reaction energy barrier for this process
of the (110) surface is 2.07 eV, while that for the (310) surface is
2.88 eV (Fig. 5). Reaction energy barriers for these two surfaces
are >2 eV, implying that these two surfaces do not sponta-
neously form at room temperature. Furthermore, the reaction
energy barrier of the (310) surface is 0.71 eV, which is greater
than that of (110). This suggests that (310) is more stable than
(110), reinforcing the conclusion obtained from our MSD
analyses.
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4. Conclusion

To summarize, we have utilized TGA-FTIR technology to illu-
minate the thermal decomposition process of MAPbI;. Through
experimentation, we determined that CHzI, NH;3, and Pbl, are
the thermal decomposition products of MAPbI;, with MA ions
decomposing at 513 K and solid decomposition occurring at a
minimum of 693 K. Prolonged exposure to heat can result in
delayed reactions and sufficient time is required for MAPbI,
decomposition. Importantly, our in situ XRD analysis revealed
that the (110), (220), and (310) surfaces of MAPDbI; will experi-
ence significant decomposition at the temperature between 550
and 600 K, generating PbI,. The subsequent MSD calculations
discovered that the (220) surface is the most stable among the
three surfaces. In addition, our XRD analysis showed a
reduction in diffraction peaks for all three crystal surfaces;
however, the (220) surface with the least reduction highlighted
the superior stability of the (220) surface. Furthermore, we
simulated the thermal decomposition of (110) and (310), resulting
in the reaction energy barriers of 2.07 and 2.88 eV, respectively.
This suggests that neither of these surfaces can decompose
spontaneously at room temperature, and the (310) surface is more
stable than the (110) surface. These findings provide new insights
into the thermal stability and degradation mechanism of MAPbI;
and offer theoretical support for enhancing the perovskite-based
stability of devices.
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