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ABSTRACT: The thermal decomposition products and kinetics of two
typical organic—inorganic halide perovskites, CH;NH,Pbl; (MAPbI,)
and HC(NH,),Pbl; (FAPbI,), were investigated via simultaneous
thermogravimetric analysis coupled with Fourier transform infrared
spectroscopy. NH; and CHjl were verified as the major thermal
decomposition gases of MAPDI;. Furthermore, for the first time,
methane (CH,) was observed as a thermal degradation product of
MAPDbI; at elevated temperatures. In contrast to conventional wisdom,
(HCN); (trimerized HCN) and NH; were demonstrated as the major
gaseous decomposition products of FAPbI; at lower temperatures, while
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HCN and NH; became dominant at high temperatures (>360 °C). The
hybrid experimental/theoretical results presented in this study will further our understanding of the perovskite decomposition
mechanism and provide new insights into designing of long-term stable perovskite-based devices.

B INTRODUCTION

The organic—inorganic halide perovskite (OIHP)-based
photovoltaics have achieved unprecedented rises in power
conversion efficiency (PCE) in recent years, with the best PCE
reaching 25.2%." OIHPs have also been widely exploited in
light-emitting diodes (LEDs), lasers, photodetectors, and
radiation detectors.””> To date, lead halide perovskites
employing organic cations such as methylammonium
(CH;NH;"), formamidinium (HC(NH,),"), or their mixtures
are the most extensively investigated in perovskite-based
devices.” The two champion OIHPs, methylammonium lead
iodide CH;NH;Pbl; (MAPbI;) and formamidinium lead
iodide HC(NH,),Pbl; (FAPbL;), possess unique merits
featuring high absorption coefficients, broad solar spectrum
harvesting range, long carrier diffusion lengths, and high charge
carrier mobilities.”™” However, issues in photo, humidity, and
thermal stabilities inhibit them toward large-scale commerci-
alization. The degradation of OIHPs under light and humidity
was proven to be related to the escape of organic cations from
Pb—I cages, reactions of organic cations with oxygen, or
water.'”"" However, the intrinsic thermal decomposition
properties of MAPbI; and FAPbI; remain ambiguous. To be
more specific, Pbl, is known as the condensed phase
degradation product of MAPDI;. Yet, far less information is
available about gas phase products released upon thermal
degradation. It is of interest to optimize the synthetic and
annealing conditions of OIHP materials, in order to achieve
high-performing, reproducible, and stable perovskite-based
devices."* ™"
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Traditional thermogravimetric analysis (TGA) experiments
provided only total mass loss rates and percentages, with little
information on compositions and kinetics of the gaseous
species released during thermal decomposition. Different
interpretations were proposed in previous literature regarding
chemical compositions of gas phase thermal degradation
products of MAPbI;. Two proposed pathways for thermal
decomposition of MAPDI, are as follows

A
CH,NH,Pbl, » CH,NH, + HI + Pbl, (1a)

CH,NH,PbI, - NH, + CH,l + Pbl, (1b)

(1) Dualeh et al."® proposed that HI and CH,NH, were
released consecutively based on the weiﬁght loss percenta%e
data from TGA. Later on, Brunetti et al.'® and Nenon et al."”
proposed the same decomposition pathway by mass spectro-
metric studies on MAPbI; (eq 1a). (2) Williams et al'®
observed weak NH; features by measuring Fourier transform
infrared (FTIR) spectra during TGA. They suggested that the
decomposition of MAPDI; is similar to methylammonium
iodide (MALI), which decomposes into NH; and CH,I (eq 1b).
Juarez-Perez et al."’ observed a similar decomposition path by
employing TGA coupled with mass spectrometry (MS). Latini
et al.'"* also performed TGA—MS measurements and predicted
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Figure 1. TGA and the first derivative of TGA curves for (a) MAL (b) MAPbL,, (c) FAL and (d) FAPbI, at a heating rate of $ °C min™" in

nitrogen.

that the decomposition path of MAPbI; might depend on
actual operative conditions. McLeod and Liu. also suggested
that MAPbI; can decompose following eqs 1a and 1b under
either kinetic or thermodynamic control.”’ FAPbI; was found
to have better thermal stability than MAPbI; when the film was
stored at 150 °C, owing to its stronger interactions of FA
cations with Pbl octahedra than of MA cations.” However,
very limited data are available on the thermal decomposition
behaviors of FAPbI,. Han et al.”' measured the TGA of
FAPDI; single crystal and proposed that FAPbI; thermally
decomposed into hydrogen iodide and formamidinium.
Recently, Juarez-Perez et al.”” reported that thermal decom-
position of FAPbI; releases HCN, (HCN);, and NH; as
gaseous products via TGA coupled with MS analysis.

In this study, we evaluated thermal decomposition processes
of these two representative OIHPs, MAPbI; and FAPbI;, by
correlating TGA with FTIR spectroscopy. Compared to MS
measurements, which may cause fragmentations in sample
molecules ionized by electron bombardments, FTIR spectra
can work as nondestructive fingerprints to identify chemical
natures of the evolved gases during thermal decomposition.
The decomposition paths of both perovskite materials were
found to rely on the temperature. MAPDI; releases ammonia
(NH,) and methyl iodide (CH,I) gases at lower temperatures
(275—350 °C). Interestingly, additional gaseous product,
methane (CH,), was observed at higher temperatures (above
350 °C). FAPbI, releases s-triazine (HCN); and NH; at lower
temperatures (245—285 °C), while hydrogen cyanide (HCN)
and NH; were found dominant at elevated temperatures above
360 °C.
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B RESULTS AND DISCUSSION

The as-prepared MAPDI; and FAPbI; powders show good
crystallinities as shown by the X-ray diffraction (XRD) patterns
(Figure S1, Supporting Information). TGA trace and FTIR
spectra of evolved gases were recorded simultaneously during
heating of MAPDI; from room temperature to 800 °C, as
shown in Figure S2 (Supporting Information). The FTIR
signal mainly concentrates in the temperature range of 250—
450 °C. Pbl, is known as the condensed phase degradation
product of MAPDI; at a temperature above 450 °C. Herein, we
only focus on TGA and FTIR data up to 500 °C to evaluate
the chemical nature of evolved gaseous decomposition
products. For comparison, we also measured thermal
decomposition behavior of the organic precursors MAI and
formamidinium iodide (FAI). TGA and its first derivative
traces of MAI, MAPbI;, FAI, and FAPbI; powders are
presented in Figure 1. As shown in Figure 1a, MAI undergoes
100% weight loss in one single step. In contrast, there are two
weight loss events for MAPbI; (Figure 1b): the first weight loss
(19.2%) takes place between 250 and 380 °C; the second
weight loss around 4% occurs sequentially till 450 °C,
consistent with previously reported TGA traces of
MAPbIL,.' "9 In comparison to MAI, an apparent temper-
ature delay (around 20 °C) of the weight loss onset for
MAPDbI, is indicative of the interaction between organic cations
CH;NH," and surrounding Pb—1 cages.”* The remaining 77%
weight percentage at 450 °C is in excellent agreement with the
calculated weight percent of Pbl, in MAPbI; (74%). This
indicates that the remaining products after reaching 450 °C are
mainly Pbl, and MAPbI; released most organic gaseous
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decomposition products within the first two weight loss events
before reaching 450 °C. The two weight loss events in MAPbI;
were also reported previously; however, their origins are still
disputable. Dualeh et al."> and Liu et al.>’ assigned the first
weight loss step to the release of HI and the second weight loss
to release of CH3;NH, gas according to calculated weight
percentages. Williams et al.'® and Juarez-Perez et al.'’
attributed these weight loss events to the release of CH;l
and NH; gases by correlating TGA with FTIR or MS results.
We will discuss the origin of these two weight loss events in
detail together with FTIR spectra of the evolved gases. It
shows that the thermal decomposition of MAPDI; actually
involves three gaseous species, NH;, CH,l, and CH, (vide
infra).

As shown in Figure 1lc, FAI undergoes 100% weight loss
with two weight loss events before reaching 500 °C. In
addition to a predominant event with a maximal weight loss
rate at 315 °C, one sharp spike was observed at 252 °C in the
first derivative of the TGA curve. FAPbI; experienced 28.1%
weight loss (Figure 1d) at around 420 °C, which correlates
well with the calculated weight fraction of the organic
component (FAI) in FAPbI; (27.2%). There is also a
temperature delay for the thermal decomposition onset in
FAPbI; compared with FAI (Figure 1c,d). The relatively larger
temperature delay value (around SO °C) in FAPbI,; compared
with MAPbI; (around 20 °C) indicates that the interactions
between FA cations and inorganic Pb—I matrices are stronger
than MA cations in perovskite structures.

In order to identify the chemical nature of gaseous thermal
decomposition products, FTIR spectra of the evolved gases
were recorded simultaneously during TGA. The obtained
FTIR patterns of MAI and MAPDI; are presented in Figure 2,
together with standard IR spectra of three gases, ammonia
(NH;), methyl iodide (CH,I), and methane (CH,) from ref
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Figure 2. 2D contour plot of the in situ FTIR spectra of evolved gases
from (a) MAI and (b) MAPbI, during TGA. (c) IR reference spectra
of NH;, CH;], and CH, in the gas phase.”® The background signals
from CO, in (a,b) were removed for clarity.
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25 As shown in Figure 2a, IR characteristics of NH; and CH;I
were detected in the FTIR pattern of MAI, labeled with purple
and green stars, respectively. The evolution curves of FTIR
intensity versus temperature/time at representative wave-
numbers of NH; and CH,I (Figure S3, Supporting
Information) show that NH; and CH;l evolved concurrently
during MAI decomposition. Although quantum chemistry
study predicts that decomposition of primary alkylammonium
halides forms CH;NH, and hydrogen halide,” the obtained
data indicates the thermal decomposition of MAI releases NH,
and CHj;l, with the reaction path shown in eq 2

CH,NH,I - NH, + CH,I @)

As shown in Figure 2b, the FTIR spectral pattern of MAPbI;
at temperature <360 °C is analogous to that of MAI (Figure
2a). It is also worth noting that we did not observe any spectral
features corresponding to gaseous CH;NH, (780 and 2961
ecm™!) or HI (2229 cm™').”**” The absorption coefficient of
CH,;NH, (~400 X 107*' cm?/molecule at 780 cm™) is
comparable to that of NH; (~500 X 107" cm*/molecule at
966 cm™") and around 3 order of magnitude larger than that of
HI (~0.5 X 1072! cm?/molecule at 2229 cm™').*® Therefore,
we can conclude that the decomposition route as depicted in
eq 1b is more thermally favored than eq la. Therefore, the
major gaseous thermal decomposition products of MAPDI; are
NH; and CH,], rather than CH;NH, and HI proposed via the
TGA—-MS study.'” It is worthy to note that the thermal
decompositions studied in this work occur at relatively high
temperatures, well above perovskite photovoltaic operating
temperatures. The decomposition pathways at lower temper-
atures (<100 °C) could be different. Ciccioli and Latini.
suggested that MAPbI; decomposition to NH; and CH,I is
thermodynamically favored at high temperatures while the
release of HI and CH;NH, is dominated at low temperatures
through thermodynamic analysis based on the available
experimental data.” First-principles density functional theory
(DFT) calculations also suggests that the decomposition
pathway involving NH; and CHj,l is more favored compared
with the one involvin% CH;NH, and HI in the temperature
range of 20—600 °C."” At elevated temperatures (>360 °C),
additional FTIR features were observed in the FTIR pattern of
MAPDI; (Figure 2b) but absent in MAI as indicated with red
stars and arrows in Figure 2b. FTIR spectra of the evolved
gases recorded at different temperatures during TGA are also
plotted in Figure 3a. Intriguingly, in addition to the NH; and
CHj,I spectral characteristics, the key IR features of methane
CH, (1306 and 3016 cm™!)* were detected at higher
temperatures (labeled with red arrows). The evolution of
FTIR intensity at representative wavenumbers of NH;, CH,I
and CH, versus temperature during TGA is plotted in Figure
3b. NH; and CHj;l evolved concurrently and their evolution
curves correspond well to the mirror image of the first
derivative of the TGA trace (Figure 1b lower panel). This
suggests that NH; and CH;I were released simultaneously
from MAPDI; with the decomposition route as depicted in eq
1b. However, the onset temperature of the CH, evolution
curve is apparently delayed compared to those of NH; and
CHS,L. It indicates that, at higher temperatures (>360 °C), in
addition to NH; and CH;l, CH, was also released during
thermal degradation of MAPDI;. To our best knowledge, the
flammable CH, as a thermal decomposition product of
MAPDI; has never been reported previously. The temperature
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Figure 3. (a) Temperature-dependent FTIR spectra of evolved gases
and (b) the evolution of the representative FTIR signal of NH; (966
cm™), CH,I (1266 cm™), and CH, (3016 em™) vs temperature
(time) during TGA heating of MAPbL,.

range of CH, evolution corresponds well with the second
weight loss step in the TGA curve of MAPbI; (Figure 2b). As
mentioned above, this weight loss step was attributed to the
release of CH3;NH, gas according to the corresponding weight
loss percentage.'”*’ Herein, CH, fingerprint is clearly seen in
the FTIR pattern of MAPDI; but absent in MAI This suggests
that this decomposition behavior is related to CH, formation
and occurs only when the MA cation is incorporated into the
MAPDI; perovskite structure.

To explore the origin of methane, we performed isothermal
heating experiment of MAPDI;. The temperature was heated
from room temperature to 390 °C at a heating rate of 30 °C/
min and kept constant for around 30 min. As shown in Figure
S4 (Supporting Information), FTIR features of NH; and CH,l
decay synchronously due to the weight loss of MAPbI; thermal
decomposition. However, the FTIR feature of CH, decays
differently: the drop of FTIR intensity with time is less steep
and more fluctuated than that of NH; or CH;l. This indicates
that the formation of CH,, NH; and CH;l at high
temperatures does not follow a stoichiometric equation. At
around 1.5 min, there is a sudden rise and decay in the FTIR
trace of CH,, which is also visible in the CH;I FTIR trace but
absent in the NH; FTIR signal. This infers that the CH,
formation is related to CHj;I rather than NH;. Considering the
bond dissociation energies of I-CHj;, H—CH,I, and H-NH,
are 232, 431, and 435 kJ/mol, respectively,’® the CH,
formation is most probably due to dissociation of the relatively
weak I-CHj; bond to form methyl and iodine radicals which
then attract hydrogen radicals to form CH, and HI. However,
the absorption coefficient of HI (~0.5 X 107" cm?/molecule
at 2229 cm™) is around 3000 times smaller than that of CH,
(~1500 X 1072! cm?/molecule at 3016 cm™!).”® Therefore, we
did not observe the IR spectral signal corresponding to HIL
One possible origin of *H is from the homolytic cleavage of
methyl groups to form free hydrogen radicals.’’ Another
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possible origin of *H is from the inevitable water involved
during sample preparation or sample transferring to the TGA
chamber. If the hydrogen radical is from water, the oxygen
element will be expected to remain in the residual powder after
thermal heating. Therefore, we measured the X-ray photo-
electron spectroscopy (XPS) spectra of the yellow residual
powder remained after the MAPbI; TGA experiment
(Supporting Information, Figure SS). However, the detected
oxygen signal in the XPS spectra is almost negligible.
Therefore, we can rule out the origin of CH, due to humidity
or oxygen-induced impurities.

FTIR patterns of evolved gases during thermal decom-
position of FAI and FAPbI; are shown in Figure 4. The FTIR
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Figure 4. 2D contour plot of the in situ FTIR spectra of evolved gases
from (a) FAI and (b) FAPbI, during TGA. (c) IR reference spectra of
NH;, (HCN); (s-triazine), and HCN in the gas phase.”® The
background signals from CO, in (a,b) were removed for clarity.

pattern of FAI (Figure 4a) is quite different from that of MAI
(Figure 2a). Standard IR spectra from ammonia (NHj;), s-
triazine (HCN);, and hydrogen cyanide (HCN) are also
plotted in Figure 4c for reference. In addition to spectral
features of NH; (purple stars), pronounced IR characteristics
of s-triazine (HCN); (green stars) and HCN (red stars) were
observed in the FTIR pattern of FAIL Previous literature
suggests that amidines thermally decompose into NH; and
corresponding nitriles. The resulting nitriles are often
polymerized to yield additional secondary products.*” There-
fore, we expect NH; and HCN as the primary decomposition
products of FAIL, and polymerized (HCN), may form as a
secondary product. However, the FTIR pattern of FAI (Figure
4a) is dominated by IR features from (HCN), and NHj; in the
lower temperature range (245—285 °C). Together with the
FTIR evolution curves (Figure S6, Supporting Information),
we conclude that the decomposition of FAI releases (HCN);
and NH; at lower temperatures as described by eq 3a. As
temperature rises, additional FTIR characteristics correspond-
ing to HCN became observable (labeled with red stars in
Figure 4a). Therefore, the decomposition process of FAI at
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elevated temperatures can be depicted by eqs 3a and 3b,
releasing NH;, (HCN);, and HCN as gaseous degradation
products.

A
3CH(NH,),I = (HCN), + 3NH, + 3HI (3a)

A
CH(NH,),I — HCN + NH, + HI (3b)

Characteristic IR absorption bands of NH;, (HCN);, and
HCN were also observed in the FTIR pattern of FAPbI;
during thermal heating (Figure 4b), in a%reement with the
recent report via the TGA—MS study.”” Intriguingly, we
observed a pronounced temperature dependence on the
decomposition products. At lower temperatures (300—330
°C), (HCN), and NH; FTIR bands are pronounced with an
unnoticeable HCN spectral feature. This suggests that the
decomposition route of FAPDI; in lower temperature range can
be described by eq 4a. The FTIR spectra of evolved gases
recorded at different temperatures and FTIR intensity kinetic
curves at representative wavenumbers of three gaseous species
are presented in Figure S. In contrast to the sharp rise and drop
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Figure S. (a) Temperature-dependent FTIR spectra of evolved gases
and (b) the evolution of the representative FTIR signal of NH; (966
cm™), (HCN), (1546 cm™), and HCN (712 cm™) vs temperature
(time) during TGA heating of FAPbI,.

in a narrow temperature range 240—260 °C in FAI (Figure S6,
Supporting Information), the evolution of (HCN); occurs at
around 300 °C. It reaches a maximum at around 335 °C,
keeping a plateau till 354 °C. Then, it decreases gradually till
400 °C. The decrease of (HCN), is accompanied by the
formation of HCN. The evolution of HCN reaches a
maximum at 363 °C. At higher temperatures, FTIR spectra
of evolved gases are dominated by spectral features of HCN
and NHj. Therefore, the decomposition route of FAPbI; at an
elevated temperature can be depicted by eq 4b, releasing HCN
and NH; as major decomposition products. It is worthy to
mention that although HI is proposed as a decomposition
product of FAPbI; or FAI as shown in eqs 3a and 4a, we have
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not seen any representative IR feature corresponding to HI
(ca. 2229 cm™) in the FTIR patterns. It is probably due to the
much lower absorption coeflicient of HI compared with NHj,
(HCN);, or HCN (about 2 order of magnitude lower based on
the data from VPL molecular spectroscopic database™).

A
3CH(NH,),Pbl; - (HCN), + 3NH, + 3HI + 3Pbl,
(4a)

(4b)

To verify the origin of HCN and the relationship between
HCN and (HCN); at high temperature, the isothermal heating
experiment was implemented for FAPbI;. As shown in Figure
6, the temperature was heated from room temperature to 340

A
CH(NH,),Pbl, - HCN + NH, + HI + Pbl,
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Figure 6. (a) 2D contour plot of in situ FTIR spectra during
isothermal heating of FAPbI; in N, at 340 °C (the background signal
from CO, was removed for clarity). (b) Kinetics of the representative
FTIR signal of NH; (966 cm™), (HCN); (1546 cm™), and HCN
(712 ecm™) vs time during isothermal heating of FAPbI,. The grey
shade indicates the heating process from room temperature to 340
°C.

°C at a heating rate of 30 °C/min and kept constant for
around 30 min. As time goes on, the decay of (HCN),
accompanied by the formation of HCN indicates that HCN
might be generated from the decomposition of (HCN);, in
contrast to the conventional wisdom that (HCN), is formed
via trimerization of HCN as proposed in amidines.’” We then
performed TGA—FTIR measurement on (HCN); powder
from room temperature to S00 °C (Figure S7, Supporting
Information). s-Triazine undergoes one single weight loss at
very low temperatures (<100 °C). There are no observable
HCN spectral features in the FTIR pattern. Previous literature
suggests that the triazine ring is stable up to $50 °C.*
Therefore, it is expected that the s-triazine ring is hard to break
to form free HCNs. To gain further insight into the pathway of
HCN generation, first-principles DFT calculations were
conducted. First, direct dissociation pathway (HCN),; —

DOI: 10.1021/acs.chemmater.9b03190
Chem. Mater. 2019, 31, 8515—-8522


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03190/suppl_file/cm9b03190_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03190/suppl_file/cm9b03190_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03190/suppl_file/cm9b03190_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b03190

Chemistry of Materials

3HCN is calculated at different temperatures. The calculated
AG (Gibbs free enthalpy) evolution in the temperature range
of 298.15-1000 K (as shown in Figure S8, Supporting
Information) reveals that the reaction is thermodynamically
easier (with lower AG) as the temperature increases. However,
the AG at 1000 K is positive with value of 70.8 kcal/mol (it is
known that a reaction can go through when AG < 0),
indicating that the reaction (HCN); — 3HCN is not realistic
to occur even at high temperatures. The other investigated
reaction pathway is that the decomposition of s-triazine
involves *H attacker. Hydrogen radicals can be generated
from HI decomposition or prior to HI formation. All possible
attack sites and pathways were taken into consideration as
shown in Figure 7. When the first *H attacks the s-triazine ring
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Figure 7. Profile of the potential energy surface for the reaction
channel of s-triazine with *H. Gray, white, and blue balls represent the
carbon, hydrogen, and nitrogen atoms, respectively.

(step 1), the formation of N—H bond with a barrier of 13.51
kcal/mol occurs prior to the C—H bond formation with a
barrier of 74.75 kcal/mol. The second *H subsequently binds
with C* and the 7—7 conjugative structure is broken (step 2),
resulting in the formation of sp®> C. The C—N singlet bond can
be attacked by subsequent *H with a negative barrier of —3.51
kcal/mol (step 3). Hence, the refractory s-triazine ring is
broken and the following formation of HCN becomes feasible.
The rate-determining step is the first step with the reaction
barrier of 13.51 kcal/mol, which can proceed spontaneously at
room temperature. It is interesting to note the involvement of
hydrogen radicals in the formation of both CH, (in MAPbI,)
and HCN (in FAPbI,;). Further efforts (such as electron
paramagnetic resonance spectroscopy) may be helpful to
detect the *H and to explore the role of *H in thermal
decomposition of perovskites; however, it is beyond the scope
of this study here.

B CONCLUSIONS

In summary, thermal decomposition processes of OIHPs were
elucidated using the TGA—FTIR technique. The thermal
decomposition behavior of MAPbI; and FAPDI; at the early
stage was generally analogous to their organic precursors MAI
or FAl, indicating that a meticulous choice of organic cations
may further improve the stability of perovskites. We
demonstrated that the gaseous decomposition products of
OIHPs markedly rely on temperature. At lower temperatures,
thermal decomposition of MAPbI, releases ammonia (NH,)
and methyl iodide (CH,I) gases. At high temperatures (>350
°C), the decomposition of MAPbDI; also involves a small
amount of the methane (CH,) formation. Thermal degrada-
tion of FAPDbI; at lower temperatures releases s-triazine
(HCN); and NH;. However, HCN and NH; were found as
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the primary decomposition gaseous products of FAPDI; at
temperatures above 360 °C. DFT calculations suggest that the
HCN was formed from (HCN); via ring opening with
hydrogen radical addition. Our observation of flammable
methane and toxic hydrogen cyanide formation during thermal
decomposition of MAPbI; and FAPbI; suggests that additional
care should be taken when manipulating a large amount of
OIHP materials under high temperature, such as dealing with
the recycle of OIHP-based photovoltaics or other devices in
future large-scale commercialization. Our study provides a new
insight into the thermal stability and degradation mechanism
of OIHP materials, and offers beneficial information for further
improving the stability of perovskite-based devices.

B EXPERIMENTAL METHODS

Materials. Methylammonium iodide (CH;NH,I, MAI), formami-
dinium iodide (HC(NH,),], FAI), and lead iodide (Pbl,) powders
were purchased from Xi’an Polymer Light Technology Corp (purity >
99%). The anhydrous dimethylformamide (DMF) was purchased
from Sigma-Aldrich. s-Triazine powder was purchased from Macklin
Inc (purity > 97%). All chemicals were used as received without
further purification unless otherwise stated.

Sample Preparation. The MAPbI; (or FAPbI;) precursor
solution was prepared by dissolving 1:1 molar ratio of MAI (or
FAI) and Pbl, in anhydrous DMF, resulting in 35 wt % solution. The
precursor solution was deposited onto glass substrates via the doctor-
blading method and annealed at 120 °C around 1 h until the film
color from yellow turned into dark brown. The obtained perovskite
powder was then scratched off the glass substrate carefully and used
directly for TGA—FTIR measurements.

Instrumental Analysis. XRD patterns of the MAPbI; and FAPbI,
powder were collected using a Bruker D8 ADVANCE X-ray
diffractometer (Bruker AXS, Germany), with Cu Ka irradiation at
40 kV and 40 mA, and the diffraction angle scan range was 5°—90°.
Stepscan mode was used during the XRD analysis with a step size of
0.02 and a dwell time of 0.1S s for each step.

XPS spectra of MAPDI; and the remaining yellow powder after
TGA (Pbl,) were measured by X-ray photoelectron spectroscopy
(ESCSLAB 250Xi, Thermo Fisher). All spectra were shifted to
account for sample charging using inorganic carbon at 284.80 eV as a
reference.

TGA measurements were carried out using a thermal gravimetric
analyzer (TG 209 F1, NETZSCH), the simultaneous FTIR spectra of
evolved gases were recorded by an FTIR spectrometer (Nicolet iSS0,
Thermo Fisher). The thermal analysis was performed by placing the
sample powder (30 mg MAPbI; or FAPbI, 10 mg MAI, FAI or
(HCN);) in an ALOj crucible, heated from room temperature (26
°C) to 500 °C at a constant rate of 5 °C min™". N, at a flow rate of 60
mL min~™' was used as the carrier gas and provided an inert
atmosphere. Evolved gases were transferred to the FTIR spectrometer
through a 1 m long transfer line heated at 280 °C. The isothermal
heating experiments were performed using the same TGA—FTIR
setup. The MAPbI; and FAPbI; powder were heating from room
temperature to 390 and 340 °C, respectively, with a heating rate of 30
°C min~". The temperature was then kept constant for around 30 min
or till the powders ran out. The FTIR spectra of the evolved gases
were recorded at the same time.

Computational Methods. First-principles DFT calculations were
conducted in Gaussian 09 package.* The molecular structure
optimization was carried out by B3LYP functional’®*® combined
with 6-311G basis set. The TS method was used to search transitional
states, where only one negative eigenvalue was in the diagonalized
Hessian matrix. The temperature effect on the reaction was evaluated
by free energy change (AG), which is determined by the equation:
AG = AH — TAS, where AH is the change in enthalpy, T is the
temperature, and AS is the change in entropy. It is known that AH =
(AU + PAV), AU = (AE,y + AE 3, + AE,,,, + AE,), and AS = AS,,
+ ASi s + AS,,, where AU is the change of internal energy, AE,, is
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the total electronic energy change obtained from DFT calculations,
the subscript vib, trans, and rot indicate the components from
vibration, translation, and rotation, respectively.
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