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Commercial use of lead halide perovskites requires improved ther-
mal stability and therefore a better understanding of their degrada-
tion mechanisms. The thermal degradation of three clean perovskite
single crystal surfaces (MAPbIls;, MAPbBrs;, FAPbBr3) was investigated
using synchrotron-based photoelectron spectroscopy. Central find-
ings are that the halide has a large impact on thermal stability and
that the degradation of formamidnium results in the formation of a
new organic species at the FAPbBr; crystal surface.

Lead halide perovskites have attracted great interest in the scientific
community in the last decade due to their interesting multifunc-
tional properties.'™ This family of hybrid materials has the general
formula APbX;, where A is a monovalent cation (e.g. methylammo-
nium: CH;NH;", MA" or formamidinium: CH(NH,),", FA'; and/or
Cs') and X is a halogen (e.g. I~, Br, or CI"). The availability of raw
materials, cheap production and easy processing make these mate-
rials promising for opto-electronic applications such as solar cells,
LEDs and photodetectors.>®

Despite their promising properties, lead halide perovskites
also face challenges, in particular their instability to environ-
mental factors such as moisture, oxygen, or heat.” " Especially
heat cannot be avoided in applications such as photovoltaics,
as 85 °C is a common temperature in operation.'* Therefore,
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understanding intrinsic thermal degradation mechanisms is
necessary for commercial applications.

Methylammonium lead iodide, the most studied perovskite
to date, has been shown to degrade into the following products
under an inert atmosphere:">°

CH;NH;3PbI;(s) - NH;(g) + CH3I(g) + PbI(s) (1)

Additionally, other volatile degradation products have been sug-
gested such as HI and CH;NH,"” or CH, in addition to NH; and
CH,L"® In comparison, Br -based perovskites have shown better
thermal stability than their I"-based counterparts.'®>" For exam-
ple, the precursor MABr shows better stability than MAL Br~ has a
higher oxidation potential, which results in favoring the reaction of
MABr to HBr + CH;NH, instead of CH;Br + NH,.'° CH;NH, is
further a stronger nucleophile than NH;, bonds therefore stronger
with the electrophilic Pb®>" on the perovskite surface and can react
back to MA".?° Alternatively, contraction of the perovskite frame-
work by Br~ could suppress the migration of MA" and thereby
improve thermal stability.>!

The A-site cation also impacts the thermal stability. Forma-
midinium lead iodide demonstrates better stability than its
MA"-counterpart because of the lower acidity of FA" and stron-
ger interaction with the Pb-I structure of the perovskite,'®?*??

The eventual degradation of FA'-based perovskites was
found to be different than for MA"-based ones with the detec-
tion of several gaseous products, which include CN,H, (for-
mamidine), HI, (HCN); (sym-triazine), NH;, as well as HCN
(hydrogen cyanide) and (HCN),.>>** Although a variety of
volatile products have been found, the only solid product to
date is PbX,.>*> However, the crystallinity-sensitive bulk method
XRD was often used to determine solid degradation products.>®
Alternatively, photoelectron spectroscopy (PES) can identify
solid degradation products on the surface. PES measurements
are often carried out under ultra-high vacuum (UHV). There-
fore, reactive environmental gases such as oxygen are not
present under these experimental conditions and cannot influ-
ence the degradation reactions. It should further be noted that
working under UHV conditions can facilitate degradation, as
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volatile products may be more easily removed from the sample
surface. Therefore, reactions may become irreversible with an
onset of decomposition that can occur at lower temperatures
than under ambient pressures.**?*’

Up to date, most degradation studies with PES have focused
on perovskite thin films.”® Thin films have the disadvantage
that their crystallinity, grain boundaries and performance
depend on multiple factors during the fabrication.>*' This
adds complexity to the degradation of the perovskites. Such
effects are minimized in the present study by investigating
clean surfaces of single crystals.

In the present study, our aim was to investigate the thermal
degradation of clean halide perovskite surfaces with respect to
their composition using PES. Three different single crystals
(MAPbI;, MAPbBr; and FAPbBr;) were studied by core level
spectroscopy at the COESCA endstation®? at BESSY II with a
base pressure of <2.3 x 10~° mbar. All crystals were cleaved
in situ under vacuum conditions®* and characterized by record-
ing the Pb 4f, C 1s, N 1s and I 4d or Br 3d core levels using a
photon energy of 600 eV to probe all components within the
perovskite while simultaneously heating the samples. The
inelastic mean free path (IMFP) ranged between 0.7 and
1.5 nm (Table S1, ESIt) and the measurements are therefore
highly sensitive to the degradation of the surfaces.

Prior to heating, the samples showed core levels as expected
for perovskite single crystals (Fig. 1 and Fig. S2, S3, ESI{) with
the N 1s and C 1s peaks for the MA" and FA' cations appearing
at distinct binding energies.>® For the MAPbBr; and MAPbI;,
crystals, the N 1s core level shows a small additional contribu-
tion at lower binding energy than the MA™ peak. An additional
lower binding energy C 1s signal is also observed for MAPbI;
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Fig.1 N 1s and halide (Br 3d, | 4d) core level spectra of the perovskite
crystals before heating (T = 31.2 °C, blue) and at maximum temperature
(Tmax, Orange; FAPbDBrs3 1659 °C, MAPDbBr; and MAPDbIs
Tmax = 118.4 °C) recorded in the low X-ray exposure spot (L-spot) with a
photon energy of 600 eV, normalized to Pb 4f intensity and energy
calibrated towards Au 4f;,.
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and FAPbBr; (Fig. S2 and S3, ESIt). This indicates a slight
contamination during preparation and measurements, likely
caused by gas residue from previous heating experiments in the
analysis chamber. However, they are minor compared to ex situ
samples® and not expected to affect the presented results.

Two spots on the sample surfaces were selected for measure-
ments during heating: a low X-ray exposure spot (L-spot), which
was measured and therefore exposed to X-rays for 1/5 of the
experiment and a high X-ray exposure spot (H-spot) exposed for
the remaining 4/5 of time. This enabled monitoring potential
X-ray-induced damage during the heating experiment. The core
level spectra recorded at both spots are very similar for all
crystals (Fig. S3, ESIT).

After the heating experiment, the crystals were cooled down
to room temperature, cleaved again, and the new surface was
characterized to see if the bulk of the crystal had been affected
by the X-rays and/or the heating (“Cleave 2, after heating” in
Fig. S3, ESIf). The perovskite core levels of all samples look
similar before heating and after the second cleave and have the
same intensities relative to Pb 4f. Therefore, the degradation
reactions discussed in the following happened at the sample
surface and the heating did not affect the bulk of the crystals.
Similar results were obtained by Kim and Min et al. for XRD
and PES measurements of MAPbI; thin films.?”

After the initial surface characterization, the crystals were
heated in the measurement chamber at a rate of 25 °C h~". Core
levels were measured continuously in a loop throughout the
heating experiment (Fig. S4 and S5, ESIt). The chamber pres-
sure was also monitored during the experiments (Fig. S6, ESIT).
The heating was stopped when either complete degradation
was observed, or when the measurement chamber pressure
became undesirably high (>5 x 10”7 mbar) due to degassing
of the crystals.

Fig. 1 shows the N 1s and halide (Br 3d, 14d) core level
spectra recorded before heating and at maximum temperature
for all crystals on their L-spot. The nitrogen signals, corres-
ponding to the organic cations, and the halide signals clearly
decrease relative to the amount of lead suggesting degradation
and removal of MAI, MABr and FABr from the samples.
FAPbBr; shows a new species in its N 1s core level.

To quantify the changes in chemical composition and follow
them as a function of temperature, the amounts of the different
species relative to lead were determined by fitting the core level
spectra (Fig. S7-S9, ESIt) and the internal, relative changes
were analyzed. The results are presented as the number of
atoms per lead atom in the pristine perovskite structure (Fig. 2A
and 3) and as the number of cations (MA*, FA") per lead atom
(Fig. 2B and C).

As can be seen in Fig. 2A, the number of halides per lead had
decreased from 3 to about 2 for all three compounds at around
130 °C (exact values in Table 1). Simultaneously, the organic
cation degraded strongly for all crystals (Fig. 2B and C). The two
Br -based compounds maintained about 26% of their initial
carbon and nitrogen content at 130 °C, while MAPbI; degraded
further to less than 25 and 7.4% for C 1s and N 1s, respectively.
For a particular crystal, the temperature profiles in Fig. 2 have

This journal is © The Royal Society of Chemistry 2022
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Table 1 Remaining perovskite core level intensities given as humber of
cations (N(A)) or number of halides (N(X)) per lead atom (N(Pb)). The values
are the average of four measurement points. For MAPblz, the values with *
are averaged for the last two points
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Fig. 2 Core level intensity evolution relative to Pb 4f as a function of
temperature shown as: number of halides (I 4d, Br 3d) N(X)/N(Pb) (A), and
number of A-site cations N(A)/N(Pb) determined from N 1s (B) and C 1s
(C) per lead atom. Initial ratios are set to 3 for halides (A) and to 1 for cations
(B) and (C). Data from the low X-ray exposure spot are depicted with filled
markers (L), and data from the high X-ray exposure spot are shown with
non-filled markers (H).
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Fig. 3 Number of nitrogen N(N) or carbon N(C) atoms per lead atom
N(Pb) forming for high (H-N 1s, H-C 1s) and low X-ray exposure (L-N 1s,
L-C 1s) for FAPbBr3 as a function of temperature.

the same shape for all core levels in agreement with a reaction
where the cation leaves the crystal together with one halide
atom per lead atom. However, there are differences in the
degradation process depending on the type of anion: FAPbBr;
and MAPDbBr; show an overlapping degradation evolution. The
two Br -based crystals degrade slowly in the beginning, fol-
lowed by a stronger degradation between 100-130 °C and a
subsequent flattening of the curve. MAPDbI;, in contrast,
strongly degraded already at low temperatures, followed by a

This journal is © The Royal Society of Chemistry 2022

N 1s C1s Br 3d/14d
T[°C] N(A)/N(Pb) N(A)/N(Pb) N(X)/N(PDb)
FAPbBr; 130.3 £ 6.1 0.25 4+ 0.05 0.22 + 0.04 2.05 £+ 0.04
168.1 £+ 5.8 0.06 + 0.02 0.05 + 0.02 1.75 4+ 0.03
MAPbBr; 131.3 £+ 7.8 0.30 & 0.03 0.27 £ 0.02 2.15 £ 0.11
MAPDI; 131.5 £ 8.2 <0.07 £ 0.01* <0.25 + 0.01 2.13 £+ 0.05

flattening of the curve at about 50 °C. This suggests that a
MAPI; surface exposed to UHV degrades at significantly lower
temperatures than reported for the degradation of bulk
MAPbI;.>>?” In other studies, the degradation of multicrystal-
line MAPDI; surfaces has been observed at 100 °C.5” The even
lower degradation temperature observed here could relate to
MAI being directly exposed to vacuum in the clean surfaces
studied here. Replacement of I with Br~ enhanced the stability
in agreement with previous observations that the halide type
impacts the stability.”****> However, replacement of MA* by
FA" led to no further improvement in thermal stability for the
pure bromide perovskites. This contradicts the acid-base theory
according to which FA'"-based lead halide perovskites
should show greater thermal stability than MA'-based ones
due to their lower acidity and therefore a smaller thermody-
namic driving force to react to HX.>>***® Under UHV condi-
tions volatile products are quickly removed leading to
irreversible reactions’>?” and a mechanism, which mostly
depends on the rate of the forward reaction. The similar
thermal stability of MAPbBr; and FAPDbBr; surfaces therefore
suggests a similar activation energy for degradation of both
compounds.

The formation of a new species in the C 1s spectrum was
observed for MAPDbI; at 284.6 eV (Fig. S2 and S10, ESI}). We
assign this species to the adsorption of adventitious carbon
under X-ray exposure (see ESIt for a more detailed discussion).

FAPDbBr; was heated to higher temperatures than the other
two crystals and further changes were observed: Both the
number of bromides and cations per lead decreased further
(Table 1). In contrast to other thermal degradation studies
based on FA'-perovskite surfaces,”® we also observed the for-
mation of a new carbon and a new nitrogen species at 286.4 and
398.4 eV, respectively, after reaching 140 °C with a carbon to
nitrogen ratio of approximately 1:1 (Fig. 3). The other two
crystals could not be heated further due to their strong degas-
sing, but neither of them showed a new nitrogen species in any
of our experiments. This suggests that the new species for
FAPDBr; is a solid organic degradation product formed from
FA" and is not formed upon decomposition of MA". (HCN)s,
(HCN), or HCN have been observed as gaseous degradation
products and match our observed 1:1 carbon to nitrogen ratio.
However, under UHV conditions, these products would quickly
desorb from the surface. On the other hand, ionic species
might not desorb and could be observed. The observed binding

Chem. Commun., 2022, 58, 13523-13526 | 13525
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energies match with the expected binding energies for cyanide
ions,®” we therefore propose a two-step reaction, in which
cyanide ions are formed from HCN:

HC(NH,),PbBr; — PbBr, + NH; + HBr + HCN

(2)
(3)

The cyanide ions are then another solid degradation product in
addition to PbBr,, while HBr and NH; will be removed into the
gas phase. The electron necessary to form CN™ likely originates
from Br—, as the amount of Br~ decreases further when the new
species starts forming (Fig. 2A and 3). As only solid products
can be observed via PES, the proposed gaseous degradation
products are based on the observations in other studies.**

In conclusion, the thermal degradation of three different single
crystal surfaces (FAPbBr;, MAPbBr;, MAPbI;) was investigated.
Degradation of the cations at the surface was observed at lower
temperatures than reported for bulk materials.>'*'>***” Further-
more, replacement of iodide by bromide in MA*-based perovskites
led to a stability enhancement, while replacement of MA" by FA" in
Br -based perovskites did not. However, the formation of a new
solid organic degradation product was observed on the FAPbBr;
crystal surface after degradation of most FA" cations at the surface,
which has not been reported before. The binding energies and 1:1
intensity ratio of C: N of the new species match with the formation
of CN™ as a solid degradation product.
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