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The stability of hybrid halide perovskites (HPs) is one of the main factors hindering their potential
commercial application. Numerous environmental agents are known to degrade HPs and their devices,
including temperature, which can cause chemical modifications even at operational temperatures.
Thermal degradation has been the subject of major studies in pure and HP-related compounds that
have paved the way for a deep understanding of the phenomenon. However, thermally induced
modifications in mixed-cation HPs have not been addressed in detail yet. In the present work, we report
a systematic study of thermal degradation over a wide range of compositions of methylammonium lead
iodide (MAPDI3) partially substituted by guanidinium (GA*) and formamidinium (FA™), using diverse
experimental techniques and thermal treatment conditions. The results indicated that mixed-cation HPs
were more stable than pure MAPbls. Thermal degradation followed the volatilization of MA™ and MA*-
related chemical species with Pbl, consequently appearing; however, GA*-rich compositions could
suffer from an additional degradation pathway by the segregation of non-perovskite GAPbls, reducing
the material's thermal stability. This process also provoked a change in the degradation kinetic law.
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Remarkably, the simultaneous substitution with FA* inhibited the formation of GAPbls;, even in
compositions with high GA™ contents. Our work advances the crucial understanding of thermal
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1. Introduction

Hybrid halide perovskites have been intensively studied in the
last decade and have emerged as a revolutionary semiconductor
with several outstanding properties for optoelectronic and
photovoltaic applications. Despite the high performance of
perovskite-based photovoltaic devices, several barriers must
be overcome for large-scale commercial deployment. The degra-
dation of the physical properties of devices based on halide
perovskites is a complex problem and a real obstacle to over-
come. Profoundly understanding these degradation mechan-
isms remains a significant challenge.
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degradation processes and how to increase the thermal stability of halide perovskites.

Halide perovskites have the general chemical formula of the
type ABX;, where A denotes a monovalent cation, B a divalent
cation, and X a halide anion composed of a tridimensional
arrangement of corner-sharing PbX, octahedra, and have found
many applications in optoelectronic and electrochemical
devices, including solar cells, LEDs, lasers, X-ray and nuclear
radiation detectors, sensing, photocatalysis, and organic
synthesis.’” Despite the unprecedented success in inexpensive
laboratory applications, the low stability of halide perovskite
materials and devices is one of the main bottlenecks for their
definitive commercial usage.'™* Among the possible degrada-
tion stressors are humidity, oxygen, light, high temperatures
and thermal stresses, bias voltages, and interfacial reactions
between layers in perovskite devices.'*'® At present, the
longest-lasting halide perovskite solar cell possesses a pre-
dicted lifetime of about five years under continuous operation
at 35 °C,'® much lower than the desired times of at least 10
years, without even considering that humidity, light, and
temperature fluctuations in real conditions could reduce this
value. Furthermore, the solar cell in question is all-inorganic,
much more stable but less efficient than the state-of-the-art
organic-inorganic halide perovskite solar cells,"””>" for which
retentions of initial efficiencies are generally lower than 80%

This journal is © The Royal Society of Chemistry 2024
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after less than one year, even in strictly controlled environ-
mental conditions. In this sense, to develop commercially
competitive solar cells and other perovskite optoelectronic
devices, efforts should be directed toward increasing the effi-
ciency of inorganic perovskite devices and increasing the
stability of hybrid perovskite devices. For such, one of the main
strategies is the formulation of mixed compositions.**??
Generally, mixed compositions possess higher stabilities®*
due to the positive entropy of mixing leading to free energy
reduction. It was experimentally found that entropy is the
main stabilizing factor in MAPbX; (MA" = methylammonium,
CH;NH;") perovskites.”” Although this often happens,*** it
has been observed, for example, that solid solutions containing
guanidinium (or GA") may display time,*® light,>” and
temperature®® dependent segregation of guanidinium-related
non-perovskite phases (possibly GAPbI;) even below the solu-
bility limit of GA" in the host perovskite. This segregation could
be expected in compositions of guanidinium concentrations
above the solubility limit.*> The segregation of imidazolium
and dimethylammonium-related non-perovskite phases may
also appear under light-induced degradation.>” On the other
hand, this phenomenon seems less common in compositions
containing formamidinium (or FA") cations, possibly due to the
closer MA" and FA' radii and the fact that FA" is also a
perovskite-forming cation. Despite this, the segregation of the
non-perovskite §-FAPbI; phase coexisting with 6-CsPbl; was
observed in some compositions of the type Cs,MA,FA,_,_,Pbl;
submitted to different light, thermal, and humidity condi-
tions.*® This secondary phase segregation may negatively affect
the stability and efficiency of materials and devices.*"
Regarding the thermal stability of halide perovskites,
initial studies®*~* reported that methylammonium lead iodide,
MAPDbI;, decomposes by the reaction MAPbI;) — CH3;NH,( +
HI(y + Pbl,). A general thermal decomposition reaction of the
type CH3NH3PbX3(S) d CH3NH2(g) + HX(g) + PbXZ(S), where
CH;NH; = MA", was considered to interpret the thermal degra-
dation kinetics and phase evolution in MAPbCl;, MAPbBr;, and
MAPbDI;, which may happen even at temperatures as low as
60 °C.>* At the same time, it was experimentally and theoreti-
cally demonstrated that MAPbI; decomposes following the
reaction CH;NH;PblI;) — CHjl(g) + NHj) + Pbly).> Later, it
was proposed that the actual degradation path depends on the
thermal degradation conditions,>*™® so that the preferential
formation of CH;l(y) and NH;(,) occurs at temperatures below
350 °C.*® For all purposes, computational methods, such as
density functional theory (DFT) and molecular dynamics (MD)
calculations, are valuable tools for predictions and mechanistic
insights related to the degradation and stability of halide
perovskites and related materials.>*™** Although the thermal
stability and thermal degradation kinetics have been studied
in other perovskites and perovskite-like materials with different A-
site cations, such as Cs', formamidinium (or FA'), and
tetramethylammonium,**” and some mixed-systems,>%3%8:9-33
studies on the systematized effects of A-site solid solutions contain-
ing different cations and concentrations on the thermal stability of
halide perovskites are still scarce. It was recently noted that,
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chemically, the thermal degradation induction of a secondary
phase segregation acts as an additional perovskite degradation
route, which provokes a change from first to second-order degrada-
tion kinetics and an unexpectedly higher thermal degradation
rate.”® This phenomenon was observed at 150 °C in GAg10MAg oo~
Pbl; and indicated that the sole substitution by guanidinium led to
a decrease in the thermal stability of the resulting material in
comparison to MAPbI;. On the other hand, the compositions
FAp10MA ooPbI; and GAg osFA¢ gsMA, ooPbl; showed lower thermal
degradation kinetics than pure MAPbI;. This intriguing scenario
suggests that not all mixed-cation compositions are more stable
than their analog pure compounds, as observed elsewhere.*

From a thermally induced degradation perspective,
although much information is available, mostly on how devices
behave with time under thermal stress, fundamental insights,
for example, on activation energies for thermal degradation in
mixed-cation compositions, microstructural aspects, and dif-
ferences in volatiles eliminated between different composi-
tions, have not been adequately explored. This information is
crucial for better understanding which compositions and char-
acteristics of the substituent cations lead to the greatest stabi-
lities to allow the best chemical design of halide perovskites for
reliable long-term application in devices. Nevertheless, despite
the greater focus of the current literature on FA'™-based per-
ovskite solar cells, the top efficiency solar cells today still
contain the less stable MA® cations.>**® Considering this
scenario, in the present work we used a combination of
different experimental techniques, including X-ray diffraction,
scanning electron microscopy, energy-dispersive X-ray spectro-
scopy, and mass spectrometry-coupled thermogravimetry ana-
lysis, to systematically investigate the degradation conditions
with time and temperature considering a robust set of compo-
sitions of the GA,FA)MA,_,_,PbI; system. The results show that
mixed-cation halide perovskites generally exhibit higher ther-
mal stability with lower degradation rate constants. However,
guanidinium-rich compositions show increased rate constants
due to GAPbI; segregation triggered by the volatilization of MA"
and related molecules. The formation of this secondary phase
can be severely mitigated by partial substitution with FA'.
Unexpectedly, the activation energies for thermal degradation
were found to decrease with increasing the radius of the
substituting cations. Our findings provide insights on the
essential compositional design principles for achieving high
thermal stability in halide perovskites.

2. Experimental

For the present study, different samples of the GA.FA,
MA;_,_,PbI; system in the composition range 0 < x +y <
0.3 were prepared from the precursors lead iodide (Pbl,, Sigma-
Aldrich, 99%), methylammonium iodide (CH3;NH3I or MAI,
Sigma-Aldrich, 98%), formamidinium iodide (CH(NH,),I or
FAI, Sigma-Aldrich, 99%), and guanidinium iodide (C(NH,)sI
or GAI, Sigma-Aldrich, 99%). The precursors were manually
mixed and ground to react in a natural agate mortar for about
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1 h under ambient conditions in a controlled temperature
room (~25 °C) and in relative humidity below 30%. The
resulting black powders of perovskites were sieved in a
250 um aperture sieve (60 mesh), dried, and annealed for 6 h
at 60 °C in a laboratory oven with periodic (once an hour)
stirring. Pelletized powders were produced with 150-160 mg of
the powders uniformly spread into a 10 mm diameter circular
cavity of a metallic mold and compacted with a pressure of
about 250 MPa. Lastly, the pellets were sintered in an electric
furnace at 120 °C for 2 h and slowly cooled to room temperature
inside the electric furnace. Several pellets of each composition
were synthesized and used in the present study.

The crystalline structure of the materials was characterized
by X-ray diffraction (XRD) using a Rigaku Ultima wv diffract-
ometer with CuK,; radiation (1 = 1.5406 A), under 40 kV and
20 mA, with continuous scanning (2° min~ '), under controlled
conditions (dark, at approximately 22 °C and relative humidity
below 30%), in the range of 20 from 10° to 16°. The micro-
structure images of the samples were obtained using a Zeiss
EVO LS15 scanning electron microscopy (SEM) system, with a
tungsten beam operating in the voltage range between 10 and
20 kv, by secondary electron analysis. Coupled energy-
dispersive X-ray spectroscopy (EDS) analysis was performed
using an Oxford Instruments INCA x-act system. Iodine and
lead elemental composition estimations were based on EDS
analyses in regions of 1278 x 684 um. Thermogravimetric
analysis (TGA) was performed using a Netzsch STA 449 F3
Nevio analyzer under nitrogen flux, using an open 85 pL
alumina crucible filled with powdered perovskite masses of
about 15 mg, from 30 °C to 330 °C at a heating rate of
10 °C min " proceeded by a 90 min isotherm at 330 °C. Coupled
mass spectroscopy (MS) analysis was performed using a QMS
403 C Aéolos spectrometer using an electron multiplier detec-
tor, under nitrogen flux, in an m/z ion scanning range of 0.02,
integration time per m/z of 200 ms, detector voltage of 2500 V,
and analyzed m/z range from 40 to 160.

For the thermal degradation experiments, the pellets were
placed in a 60 x 15 mm glass Petri dish and heated for up to
110 h at 150-200 °C in an electric oven under ambient air in the
dark. After predefined intervals, the samples were removed
from the oven and rapidly cooled to ~22 °C and XRD, SEM,
and EDS data were collected. Precautions were taken so that the
same faces of the samples were always exposed to air during the
heat treatment in the oven. Except when intentionally desired,
the XRD data were always collected on those same faces, with
care always taken to position the samples in the same arrange-
ment in the sample holder.

3. Results and discussion

To understand the degradation behavior of different mixed-
cation compositions, possible temperature-induced GAPbI;
segregation in GA'-containing compositions and its conse-
quences, the first set of experiments aimed to track
time-temperature phase changes and determine the rate
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constants (k) at different temperatures for MAPbI; (MAPI),
FA.10MA¢ 0oPbI; (FA0.10), GA¢ o5FA¢.0sMAgeoPbl; (TC), and
GAy.10MA( ooPbI; (GA0.10) compositions. We estimated the
degradation rate constants by tracking the time-dependent
vanishing of XRD peaks related to the perovskite crystalline
phase when submitted to the thermal treatments at different
temperatures. For this study, the degradation extent is
described by the expression «(t) = 1 — A(t)/Ao, where A(¢) is the
perovskite XRD peak area (integrated intensity) after a given
degradation time ¢, and A, is the initial perovskite peak area,
which has been previously used to model the different effects of
mixed A-site compositions of HPs.*® The foregoing analysis of
the XRD data was based on the 10° to 15° range, which contains
the signature peaks of relevant phases related to the studied
materials. Ideally, the complete diffractograms should be used
for such; however, due to the number of diffractograms needed
for the present work (more than 400), it would have been
unfeasible to collect the complete diffractograms for all
composition-time-temperature conditions. Extensive elabora-
tions of the limitations of the use of areas in this type of study,
and how to deal with them, can be found elsewhere.*””’
Despite that, other similar studies were based in the area of
the selected XRD peaks.**>° Potential quantitative errors are
clear and so making direct comparisons between the various
results present in the literature is difficult as the results are
highly sensitive to experimental conditions, material architec-
ture, and the methods used in data analysis. This is exemplified
by the number of different models that can be employed to
interpret results.”” However, the results presented here were
obtained using the same methodology, so a self-comparison is
quite reasonable. That said, the time and temperature-
dependent XRD data used in this study are summarized in
Supplementary Note 1 (ESIt), while details of the modeling
used are given in Supplementary Note 2 (ESIT).

Fig. 1a shows the degradation extent as a function of time,
o(t), for the MAPDI;, FAg 10MAg 00Pbls, GAg 05FA¢.05sMAg.00PbIs,
and GA, 10MA, ooPbl; samples at different temperatures in the
150-200 °C range. In addition to the fact that the degradation
rate increased with temperature for all compositions, the most
important observation was that the time-dependent degrada-
tion extent profiles of the compositions MAPI, FA(0.10, and TC
were similar, but different from those observed for GAO0.10.
Similarly, as recently observed,”® in the present work, the
thermal degradation in the first three compositions seemed
to follow a first-order kinetics since it followed a linear behavior
in a plot of In(1—o) versus t. In contrast, the latter followed a
second-order reaction kinetics according to linearization of the
data in a plot of 1/(1 — o) versus t. In fact, in the respective
diffractograms, at all temperatures between 150 °C and 200 °C,
increasing the thermal treatment time for the composition
GA0.10 was accompanied not only by the intensification of
the peak associated with Pbl, simultaneously with the decrease
in peak associated with perovskite but also a concurrent
emergence and peak intensification associated with GAPDI;.
On the other hand, in MAPI, FA0.10, and TC, only the signs of
the emergence and increase of the Pbl, and the vanishing of the

This journal is © The Royal Society of Chemistry 2024
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fits for the Arrhenius plot data.

perovskite were present. Again, two simultaneous thermal
degradation pathways led to the change from a first to a
second-order reaction kinetics in the studied mixed-cation
halide perovskites.

Fig. 1b shows plots of 1n(k) versus 1/T to compare the relative
thermal stabilities of the studied compositions. The results, in
the form of a linearized Arrhenius plot, are given in the rate
constant perspective, whereby the thermal stability of the
studied compositions followed the order GA0.10 < MAPI <
FA0.10 < TC over the entire temperature range. To obtain the
activation energies for thermal degradation (E,), we modeled
the temperature dependency of the rate constant with an
Arrhenius equation of the form & = k, exp(—E./RT), where ko
is a constant, R is the universal gas constant, and 7 is the
temperature. The results are given in Fig. 1c. The MAPbI;
activation energy was about 110 k] mol™", in agreement with
from 80 to 120 k] mol™' reported in the
literature.>**>***” Considering the error bars, there seemed
to be a trend of the activation energies lowering with the
average size of the A-site cations. The commonly used effective
ionic radii of MA", FA", and GA" are 217, 253, and 278 pm,>®
respectively. Hence, the average A-site cation size increased in
the order MAPI < FA0.10 < TC < GA0.10. When the substitut-
ing and host cations have different radii, a lattice distortion is
accompanied by a crystal strain, which should increase the
system’s accumulated elastic energy. In other words, the
enthalpy of mixing was possibly positive for all the mixed-
cation compositions, as expected from the theoretical results.>”
Hence, with the increasing difference between the cations, the
greater the enthalpy of mixing. Since the activation energy is

values

This journal is © The Royal Society of Chemistry 2024

related to the enthalpy changes between the reactants and the
transition state, it was unsurprising that the activation energy
decreased with the average size of the substitute cation.
Although contradictory at first glance, the compositions
FA0.10 and TC had lower k values than pure MAPI because
they were entropically stabilized (which reduces the k&, term)
and did not have additional degradation pathways, as was the
case for GA0.10. This hypothesis is corroborated by the fact
that, among the studied compositions, the highest mixing
entropy occurred for TC, which was the one with the lowest k
value. The difficulties in assigning the significance of activation
energies in solid-state decomposition reactions is worth point-
ing out.®® Also, depending on the methods used, one of more
activation energies could be obtained, indicating reactions with
multiple steps.*® With the employed analysis, we could not
distinguish processes with several steps, hence the results may
reflect an average of more than one step or of the rate-limiting
step. This would complicate the scenario if compositions had
more than one volatile component. But, as will be shown, the
thermally induced mass loss was largely due to the elimination
of MA'-related species. Hence, whatever the significance of the
decomposition activation energy for the MAPbI;-based materi-
als, it was clear that the composition effects were solely based
on the kinetics of MA"-related decomposition and not on other
volatiles.

A critical aspect of processes in solid-state materials is the
microstructural changes that occur during the reactions. To
track these changes, we collected SEM images of samples of the
studied compositions submitted to thermal treatment at 200 °C
for up to 4 h. Fig. 2a shows the SEM microstructure images of

J. Mater. Chem. C, 2024, 12, 5138-5149 | 5141
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Fig. 2 (a) Representative SEM images of surface microstructural variation with time at 200 °C. (b) Cross-section near to the surface images of the
samples in pristine and degraded conditions. In all images, scale bars are 2 um.

the studied samples as prepared and after thermally treated at
different times at 200 °C. For all compositions, we observed a
general behavior of appearance and increasing volume fraction
of secondary phases from the initially dense and homogeneous
microstructures. At later stages, voids started to appear, result-
ing in a completely modified surface. One interesting aspect
was that the formation of voids was severely delayed in the
mixed-cation compositions. For pure MAPI, voids could be
clearly identified after 90 min of thermal treatment. For the
other compositions, these voids were only present after at least
120 min, with the extreme case being that for TC, where voids
could only be identified after 240 min (4 h). Not surprisingly,

5142 | J Mater. Chem. C, 2024, 12, 5138-5149

this was the composition with the lowest thermal degradation
rate constant. Another interesting aspect was that for MAPI,
FA0.10, and TC, the first secondary phases appeared to be
round-shaped and somewhat bright, possibly related to the
PbI, phase identified in the XRD data. On the other hand, for
GAO0.10, the first secondary phase appeared to have an elon-
gated shape, which was only later followed by the presence of
the round-shaped segregates. This elongated microconstituent
had the same aspect as the secondary phases present in
GA,MA,;_,Pbl; compositions above the solubility limit of
GA".®* Hence, as expected, we conclude that these different
segregates that appeared in GAg19MAyooPbl; were due to

This journal is © The Royal Society of Chemistry 2024
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GAPbDI;. The appearance of Pbl, in the microstructure of lead
iodide-based perovskites is a common feature when the mate-
rials eliminate volatiles from the reactions mentioned earlier. It
suggests that these processes start at the surface, giving rise to
the formation of Pbl, segregates, while, at later stages, the
internal layers start to degrade as well, forming the voids. This
observation agrees with the demonstration that the degrada-
tion of MAPbI; is initiated at the surfaces and progresses
toward the bulk of the material.®> For GA,,oMAqooPbl;, the
fact that GAPbI; segregates appeared before or simultaneously
to Pbl,, not after, was also observed in the XRD data and
suggests that both degradation pathways occur somewhat
independently, as will be discussed ahead.

Fig. 2b summarizes the SEM cross-section images of the as-
prepared sample and after being thermally treated at 200 °C for
240 min. These images were obtained to understand how deep
the thermally induced formation of voids was across the bulk.
At the deeper layers away from the surface, the only micro-
structural change appeared to be due to continued sintering,
i.e., densification and grain growth processes. In this sense,
microstructural changes indicative of thermal degradation
processes, the formation of secondary phases, and voids
appeared to be restricted to only a few microns at the surface
of the samples. This expected behavior is typical of the inherent
diffusional restrictions of solid-state materials. To be released,
the volatiles must reach the surface. The initial components at
the surface are readily prompted to react, but the deeper
components must diffuse over increasing distances to react.
On the other hand, the role the local atmosphere and its
dynamics play in the rate of degradation must be questioned.
It is known that molecular oxygen contributes to the decom-
position of MAPbI,.** As shown in Supplementary Note 3 (ESIY),
the comparison between the visual aspects and diffracto-
grams of the sample’s directly exposed and non-exposed sur-
faces shows that thermal degradation was severely reduced
at the non-exposed surface. This could be mainly attributed
to the continuous convection of oxygen and moisture and
the impossibility of achieving equilibrium at the exposed sur-
face. In turn, on the non-exposed surface, a state of equilibrium
could be reached as the gases released by the material
might be trapped in the grooves between the sample and the
sample holder (glass), preventing the progression of thermal
decomposition reactions. This exemplifies why encapsulation
should be necessary for halide perovskite devices whenever
possible.

In addition to modifying the phase composition and micro-
structure of the materials under heat treatment, it is also
essential to understand the chemical changes that result from
thermal degradation. As emphasized, it is notable that hybrid
perovskites based on lead iodide leave solid Pbl, as one of the
degradation products through the elimination of volatiles. To
understand these transformations, we performed EDS mea-
surements of the surface of the samples, as shown in Fig. 2,
to estimate the iodine-to-lead ratio as a function of time. Fig. 3
shows the EDS iodine/lead molar ratio quantification as a
function of heat treatment time.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Surface EDS iodine-to-lead molar ratio quantification as a function
of time for samples treated at 200 °C. Lines were added as guides for the
eyes.

For all compositions, the iodine-to-lead molar ratio varied
from an initial value of 3 to values theoretically tending to 2.
Although the quantitative limitations of estimating the
chemical composition through EDS results are recognized, it
is notable in our results that the mixed-cation compositions
presented a lower I/Pb molar ratio reduction rate than pure
MAPDI;. After 4 h of heat treatment, the I/Pb molar ratio in the
mixed-cation samples was 2.4 to 2.5, while in MAPbI; it was 2.2.
These results suggest that entropic stabilization in mixed-
cations compositions strongly mitigates the elimination of
volatiles by the materials. This was true even for GA0.10, even
though it was the composition with the highest thermal degra-
dation rate constants. This is a robust indication that the
thermal degradation in this composition is strongly affected
by the concomitant segregation of GAPbI; and is not only due
to the elimination of volatiles.

Considering the above results, we also tracked the correlated
mass changes during the thermal treatments. The results from
thermogravimetric analyses under two heating regimes, shown
in Fig. 4a, clearly corroborated that the mass loss rate in
MAPbI; was much higher than in the other compositions.
Not surprisingly, the relative mass loss was also the highest
for MAPDI; after the experiment.

With the clear perspective of gases being released from the
materials, it must be asked if there are differences in the gas
profile with time/temperature and from one composition to
another. The mass spectra were periodically collected during
the thermogravimetric experiments. The results are shown in
Fig. 4b. For all the compositions, the main relevant peaks to
appear had the same m/z values of 58, 127, and 142. It is also
clear that no other peaks appeared within the time/temperature
of the thermal treatment; the only variations corresponded to
the intensities of the peaks. Noteworthy, the peak at m/z = 127
was the most intense in all compositions, but in the
guanidinium-containing ones, the relative intensity of the peak
at m/z = 58 was higher than the others. These peaks could all be
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Fig. 4 (a) Mass percentage as a function of time (left) and temperature (right) under heating in two regimes. The figure on the right is a zoomed-n
version for better visualization of the composition differences. (b) Cumulative mass spectra in the m/z range from 50 to 150 collected at different times
under heating. Vertical shifts between the spectra were made intentionally for better visualization of the results.

attributed, directly or indirectly, to the initial decompositions
of methylammonium cations to NH; and CH;1.*>* The peaks at
m/z = 127 and 142 were respectively due to I' and CH,I" ions
formed from CH;l, while the peak at m/z = 58 was due to
C;HgN' ions, attributed to the presence of (CH;);N formed
from the reaction of trapped NH; molecules with the host
methylammonium cations of the perovskite. A corroboration
of this pathway was given by observing the peak at m/z = 42
(Supplementary Note 4, ESIT) associated with C,H,N" ions, also
arising from (CH;);N. The changes in the relative intensities
between the peaks in the different compositions may be due to
the observed ions coming from other sources, for example, I
from I,, and from kinetic/thermodynamic modifications that
lead to certain pathways and products being preferred over
others. One corroboration for such is that MAPI presented a
two-step mass loss attributed to the sequential release of CH;I
and NH;,*® while the mixed-cation compositions displayed a
single-step mass loss regime. Although the present results do
not allow establishing these distinctions, it is clear that even
though the nature of the FA" and GA" cations present differ-
ently affected the thermal stability of the material, there was no
evidence, at least in the temperature range studied and the
detection limit of the equipment, that these cations were
degraded or eliminated during the thermal treatment. For

5144 | J Mater. Chem. C, 2024, 12, 5138-5149

example, the thermal degradation of formamidinium cations
has been reported to lead to the formation of sym-triazine, for
which related peaks would be present at m/z = 54 and 81,** both
of which were absent in our results. With that in mind, it is
quite likely that the mass loss resulting from thermal degrada-
tion in our materials was largely due to the elimination of
methylammonium. In fact, methylammonium is very well
known to be volatile, while formamidinium and guanidinium
could be expected to be much less susceptible to being released
from the halide perovskites because they are larger, less acidic,
and capable of forming more hydrogen bonds than methylam-
monium. It should be noted that the final mass of MAPI was
73% of the initial mass, which was close to the theoretical
remaining mass of 74.3% considering the complete release of
organic molecules. For the other compositions, between 75%
and 77% of the initial masses remained after the thermal
treatment. Simple mass balances indicate that this difference
was due to non-volatile GA™- and FA"-related molecules.
Regarding, again, the segregation of GAPbI; in the composi-
tion GA0.10, one of the outcomes of the previous results
pointed toward the following scenario. When the material is
subjected to thermal degradation, there is a major volatilization
of MA" and derived molecules but much less, if any, of GA".
When this occurs, the mole fraction of GA" increases. Although

This journal is © The Royal Society of Chemistry 2024
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(@) XRD results of GAMA;_,Pbls compositions thermally treated for different times at 200 °C. (b) Representative SEM images of the surface

microstructure of the samples in the pristine and degraded conditions. In all images, scale bars are of 2 um. (c) Linear fits of In(1—a) versus t to obtain the
thermal degradation rate constants at 200 °C, experimental degradation extent «(t) with reconstructed curves, and composition dependency of the rate

constants.

the extent of the damage, that is, the volume of material subject
to thermal degradation, is small, there may not be the time
necessary for the redistribution of GA™ cations, such that in the
degraded layers, the concentration of GA" becomes much
higher than that in the bulk of the material. If the proper
conditions were to be achieved, i.e., a local supersaturation,
there may be GAPbI; segregation. In this case, for compositions
with high initial GA™ concentrations, a smaller degradation
extent would be required to reach local GA" supersaturation
and trigger GAPbI; segregation. Also, it must be considered that
the higher the concentration of GA®, the greater the mitigation
of ion transport®®® therefore, the more difficult (slow) the
redistribution of ions would be, translating into the local
concentration of GA" increasing quicker. Given this plausible
scenario, we studied the thermal degradation behavior of
GA,MA, _,Pbl; compositions with x up to 0.20.

Fig. 5a presents the XRD results of the compositions sub-
jected to a thermal treatment of up to 4 h. For all compositions,

This journal is © The Royal Society of Chemistry 2024

there was a clear vanishing of the perovskite peak at ~14° with
the appearance and intensification of the Pbl, peak at ~12.5°
with the thermal treatment time. For the compositions with x =
0.15 and 0.20, there was also a prompt appearance and inten-
sification of the peak at ~11° attributed to GAPbI;. This is the
same behavior previously observed for x = 0.10. For x = 0.06 or
lower, no GAPbI; peaks could be identified, while for x = 0.08,
the GAPbI; peak appeared, but only at later degradation times.
These results indicate a GA* concentration threshold, around
x = 0.08, below which there appears to be no segregation of
GAPDI;. The same conclusions can be drawn from the surface
SEM images of the pristine and fully degraded samples, as
shown in Fig. 5b, where it can be noted that for compositions
with x up to 0.06 there were no elongated microconstituents
indicative of GAPbI;, which could be seen for compositions
with x = 0.08 or higher. This follows the proposed idea of its
formation being because of volatilizing MA" cations and
aligns with GAPbI; being formed concomitantly to Pbl,, not
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consequently to it. The two phases are formed simultaneously
but independently, starting from the same chemical phenom-
enon. We obtained the degradation extent with the XRD data as
a function of time and respective rate constants. The results are
given in Fig. 5c.

One of the most important aspects to note is that for the
compositions with low GA" concentration (x < 0.08), the
degradation was found to follow a first-order kinetics while a
second-order kinetics was followed for the compositions with
high GA" concentration (x > 0.15). Hence, as a general rule, it
can be concluded that the segregation of GAPbI; provokes a
change from a first- to a second-order reaction kinetics. From
our results, this was not true only for the composition with x =
0.08, which might be due to the comparatively low GAPbI;
segregation or because it was formed only at later stages of
degradation. When we include the previous results for x = 0.10,
we also noted a clear and expected trend of larger rate constants
for compositions where GAPbI; was extensively formed, leading
to second-order reaction kinetics.

Now, following earlier results with the TC composition,
which showed the highest thermal stability (lowest rate con-
stant), we wanted to further explore the behavior of the thermal
degradation kinetics in other compositions with equal amounts
of GA" and FA" (GAFAMA; ,,Pbl; system). From the XRD
results shown in Fig. 6a, we note that all compositions dis-
played the same behavior of vanishing perovskite peaks with
the appearance and intensification of PbI, peaks. One surpris-
ing feature was that compositions with GA™ = FA" up to 0.15 did
not segregate GAPbI;. Other compositions of the type GA,FA,-
MA;_,_,PbI;, with x = 2y and y = 2x, were tested using the
same approach (see details in Supplementary Note 5, ESIT).
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Surprisingly, none of the compositions, even the ones with a
total substitution content of up to 0.30, showed any signals for
GAPDI; segregation. This remarkable result suggests that FA"
strongly inhibits the formation of GAPbI;. We wonder if this
also holds for other compositions with large cations, such as
ethylammonium and dimethylammonium. This will be the
subject of future work.

Fig. 6b shows the thermal degradation extents and rate
constants of GA,FA,MA, ,,Pbl; compositions obtained from
the XRD data. The results for the other GA,FAMA,_,_,Pbl;
compositions are given in Supplementary Note 5, (ESIt). In all
cases, the degradation behavior could be modeled assuming
first-order reaction kinetics, which is consistent with the fact
that none showed the segregation of GAPbI;. Also, increasing
the substitution contents decreased the rate constants, as
observed in the literature,*® when no secondary phases other
than Pbl, were formed.

Lastly, to better understand the effect of composition on the
thermal stability of the halide perovskite system under study,
we constructed a ternary diagram to correlate the guanidinium
and formamidinium contents with the rate constant of thermal
degradation. To do so, we organized all the previous results at
200 °C and complemented the data with additional experi-
ments in FA,MA, ,PbI; compositions at the same temperature
(Supplementary Note 6, ESIt). The results, in the form of a heat
map, are summarized in Fig. 7.

The general trend observed was a lowering of the rate
constant with increasing the substitution contents. This can
be explained based on the entropic stabilization of mixed-
cation compositions aligned with the reduced molar fraction
of the volatile component, i.e., the methylammonium cations.
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Fig. 6 (a) XRD results of GA,FA,MA; ,,Pbls compositions treated for various times at 200 °C. (b) Linear fits used to obtain the thermal degradation rate
constants at 200 °C, experimental degradation extent data with reconstructed curves, and composition dependency of the rate constants.
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Fig. 7 Composition map for the thermal degradation rate constants at
200 °C for GAFA,MA;_,_,Pblz perovskites. Gray circles are the composi-
tions for which we obtained experimental rate constants. The data are
presented in Supplementary Note 7 (ESIT). The region denoted as S.L. were
compositions above the solubility limit,2° not considered in this work. To
construct the heat map, a smoothing parameter of 0.5 and total points
increase factor of 1 were used to highlight the composition-dependent
trends of the rate constants.

This effect was intensified in the compositions with close
to equimolar fractions of guanidinium and formamidinium,
which showed the lowest rate constant values and, thereby,
highest thermal stabilities, possibly due to increased
entropic stabilization contributions. On the other hand, the
guanidinium-rich compositions had higher rate constants. This
may derive from the fact that guanidinium cations are large
and destabilize the system through highly endothermic mixing,
but certainly, the main reason for this is the segregation of
GAPbI; in compositions with high guanidinium contents.
Lastly, it should be stressed that even though this study was
conducted in thick samples, the trends in Fig. 7 would possibly
be the same in thin films since the degradation processes are
restricted to the surface.

4. Conclusions

Using a broad range of time and temperature conditions for
thermal degradation, experimental techniques, and composi-
tions based on the system GA,FA)MA,;_,_,PbI;, we showed that,
in general, mixed-cation halide perovskites possess lower
degradation rate constants, indicative of higher thermal stabi-
lities. However, guanidinium-rich compositions tend to display
higher rate constants. Mass loss processes seem localized at the
surfaces and vastly controlled by the release of methylammo-
nium and related chemical species, leaving solid-state Pbl,. For
some guanidinium-rich compositions, the volatilization of
methylammonium triggered the segregation of GAPbI;, acting
as an additional thermal degradation pathway that led to
lower thermal stability. Contrary to expectations, the activation
energies for thermal degradation seemed to decrease with

This journal is © The Royal Society of Chemistry 2024
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substitution by cations larger than methylammonium, possibly
due to endothermic mixing. In this sense, higher thermal
stabilities might be controlled by the positive entropy of
mixing, which also explains why the compositions with equi-
molar substitution degrees possessed lower degradation rate
constants. Noteworthy, compositions with both FA* and GA"
tended to be much less prone to segregate GAPbI;, even for
high GA" contents. This work provides a conceptual basis for
the important design variables that need to be considered to
achieve high thermal stabilities in halide perovskites.
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