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ABSTRACT: Halide oxidation plays a fundamental role in halide
segregation and the degradation of halide perovskites, yet
quantitative measurement of halide oxidation in solid-state
perovskite samples remains challenging. Herein, we demonstrate
that in situ opto-gravimetric measurements based on a quartz
crystal microbalance can quantify the photolysis kinetics of solid-
state perovskites. By investigating a series of mixed bromide/iodide
perovskites with varying halide ratios, we demonstrate identical
compositional thresholds (x ~ 0.4 in the CsPb(Br,;_,); system)
for iodide oxidation, light-induced halide segregation, and
photolysis. Our findings reveal the correlation between these
light-induced instabilities and unambiguously explain the photolysis
mechanism of mixed-halide perovskites. We also show that
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photolysis renders the perovskite film more n-type without involving lead reduction. This study introduces a powerful methodology
for quantitatively analyzing the mass loss kinetics of halide perovskites under both practical operational and accelerated aging
conditions, offering deeper insights into the mechanisms of perovskite degradation.

1. INTRODUCTION

As the efficiency of perovskite solar cells becomes competitive
with that of silicon photovoltaics,' the intrinsic stability of
halide perovskite materials under operational conditions,
limited by various detrimental photoelectrochemical reac-
tions™” has become a primary focus. Halide oxidation, which
plays an important role in initiating halide segregation,"”’
halide vacancy densities,”® and the degradation of halide
perovskites," "' is one of the most concerning photo-
electrochemical reactions that may occur during perovskite
device operation.'”"? The prevailing method to study iodide
oxidation and iodine expulsion kinetics involves immersing the
perovskite film in an organic solvent and tracking the
ultraviolet—visible (UV—vis) absorption spectra of the solvent
under illumination, heat, or voltage bias. 14721 However, the
presence of solvent does not mimic the degradation of halide
perovskite devices under practical solid-state conditions. More
importantly, it has been reported that toluene, which is a
prevailing choice as the solvent used in this type of
measurement,' #9721 can be photo-oxidized in the
presence of oxygen, catalyzed by perovskite nanoparticles.””
The oxygen, either dissolved in the solvent or present in the
environment, can also photo-oxidize iodide in various
solvents.””** These complicated interactions between perov-
skite and solvents under illumination hinder the accurate
evaluation of halide oxidation using this approach. Thus, a
direct and quantitative measurement of halide oxidation in
solid-state perovskite samples under an inert environment is

© 2024 American Chemical Society

7 ACS Publications

33368

still required to investigate the kinetics of halide oxidation and
understand its effects on perovskite photolysis.

The quartz crystal microbalance (QCM) was first intro-
duced by Sauerbrey in 1959, who exploited the piezoelectric
properties of quartz and derived a linear relationship between
the frequency change of an oscillating quartz crystal and the
deposited mass load.” Since then, owing to their exceptional
sensitivity in mass measurements with the ability for in situ
readout,”® QCMs are employed in various applications, such as
thin film deposition,””” analytical electrochemistry,” and
biosensing.’”’" Previous studies have also demonstrated that
QCMs are capable of determining the kinetics of photo-
catalytic decomposition on TiO, surfaces’”>® and the
photodegradation rate of organic compounds.**™*° However,
the possibility of using QCMs to investigate the degradation
and mass loss kinetics of halide perovskite materials remains
unexplored.

In this study, we show that a QCM can perform in situ opto-
gravimetric analysis (OGA) of solid-state perovskite films to
reveal the kinetics of iodide oxidation and photolysis of mixed-
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Figure 1. Photolysis of solid-state CsPb(Brygly,); thin films. (a) Schematic of the in situ OGA measurement. (b) In situ OGA measurements on
blank QCM/AL,O; and QCM/ALO;/CsPb(Bryzly,); (c—e) XPS measurements on QCM/AL,O;/CsPb(Bry;ly,); before (control) and after
(aged) 75 mW cm™2 370 nm UV aging under vacuum for 24 h: (c) Pb 4f, (d) I 3d, and (e) Br 3d spectra. (f) XRD measurements on QCM/AL O,/
CsPb(Brygly,); before (control) and after (aged) 75 mW cm™ 370 nm UV aging under vacuum for 24 h, and a pristine QCM/Al,O,/CsPbBr;
sample (x = 1) was also measured as a reference. (g) PL measurements on QCM/ALO5/CsPb(Brly,); before (control) and after (aged) 75 mW
em™ 370 nm UV aging under vacuum for 24 h, and a pristine QCM/ALO5/CsPbBr; sample (x = 1) was also measured as a reference.

halide perovskites. We start with a case study on CsPb- images shown in Figure S2. Additionally, no Au signals were
(Brygly,); to demonstrate the preferential iodine loss with n- detected in the X-ray photoelectron spectroscopy (XPS)
type self-doping under prolonged UV illumination. Further- measurements after the Al,O; coating (Figure S3), demon-
more, by varying the halide stoichiometry, we experimentally strating the effective and conformal coverage of the Al,O,
demonstrate the strong correlation between halide segregation buffer layer. The charge blocking effect of the Al,O; buffer
and photolysis, revealing the key role of iodide oxidation in layer is further confirmed by the electrical measurements
initiating both instabilities and determining the stability shown in Figure S4. An additional active water-cooling system
window. Finally, we study the effect of the A-site cation on was also attached to the QCM sensor to minimize the effects
the photolysis kinetics and highlight additional proton-induced of heating on perovskite decomposition.
mass loss pathways in halide perovskites with organic cations. We start with Cs-based inorganic perovskites, which have
These results introduce QCMs as a powerful tool for studying been widely used in highly stable all-inorganic perovskite solar
the photolysis kinetics of halide perovskite materials, high- cells owing to their superior thermal stability,”*” to ensure
lighting their potential in advancing perovskite stability studies. that the halogen is the only volatile species in the film and that
all the mass loss originates from halogen loss. All tested
2. RESULTS AND DISCUSSION samples were aged under vacuum to minimize the readsorption
2.1. Photolysis of Solid-State CsPb(Brygly,); Thin of volatile degradation products, enabling accurate measure-
Films. Figure la shows the schematic of an in situ OGA ment of the mass loss. To begin with, we conducted in situ
measurement based on a QCM. In this experiment, we OGA measurements to measure the mass loss from CsPb-
deposited perovskite films directly on QCM crystals, and by (Brogly,); during UV aging as shown in Figure 1b, which is
applying light stress and monitoring the change in resonant significantly distinct from the control measurement on a blank
frequency of the QCM crystal, we can measure the mass loss QCM/ALO; sample, demonstrating the effectiveness and
from the perovskite during light aging in situ. To avoid sensitivity of the QCM in capturing perovskite mass loss. It
potential ambiguities introduced by the catalytic effect of Au should be noted that the temperature of the samples during the
on perovskite photolysis’’ and/or charge injection from the entire UV aging test was measured to be lower than 40 °C
electrode, we deposited a 20 nm AL, Oj; layer on top of the (Figure SS), thereby excluding the heating effect on perovskite
QCM crystal by atomic layer deposition (ALD) to block direct mass loss and photolysis.*’
contact between the perovskite and the Au electrode. Figure S1 To further reveal the mass loss and photolysis mechanism of
shows the photos of samples at each step from a blank QCM CsPb(Brygly,);, we did a series of characterizations on the

crystal through Al,O; and perovskite deposition. The Al,O; QCM/ALO;/CsPb(Brygly,); samples before and after UV
coating does not change the morphology of the QCM surface, aging for 24 h. Figure lc—e shows the XPS results, where we
as evidenced by the scanning electron microscopy (SEM) use the Pb spectrum as a reference to calculate the relative
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Figure 2. Effect of photolysis on electronic properties of CsPb(Bryzly,); thin films. (a) UV—vis absorption measurements on ITO/CsPb(Bryzly5);
samples before (control) and after (aged) 7S mW cm™ 370 nm UV aging under vacuum for 24 h. (b,c) UPS measurements on ITO/
CsPb(Bryly,); samples before (control) and after (aged) 75 mW cm™ 370 nm UV aging under vacuum for 24 h: (b) the secondary electron
cutoff region and (c) the valence band maximum region. The aged sample was UV-illuminated again for 10 min in the UPS analysis chamber before
data collection to enable UV reactivation. The rationale for this procedure is discussed in Note S1. (d) Energy level diagram of CsPb(Brl,,); thin
films before (control) and after (aged) 75 mW cm™ 370 nm UV aging under vacuum for 24 h.

concentration of iodine (I:Pb) and bromine (Br:Pb) before
and after UV aging, shown in Table S1. We find that the I:Pb
value decreases significantly after UV aging for 24 h, while the
Br:Pb value shows negligible changes. These results indicate
that the mass loss observed during in situ OGA measurements
comes solely from iodine loss in mixed bromide/iodide
perovskites. Furthermore, we also conducted X-ray diffraction
(XRD) (Figure 1f) and photoluminescence (PL) (Figure 1g)
measurements on the QCM/AL,O;/CsPb(Brygly,); samples
before and after UV aging for 24 h. We find that the XRD peak
of the aged sample shifts toward higher angles, accompanied by
a PL blueshift. Both observations are consistent with the loss of
iodine from the mixed-halide perovskites, causing the overall
composition to become more bromide-rich, which has also
been demonstrated in perovskite nanocrystals under prolonged
illumination.”' ~** More surprisingly, the aged samples show an
XRD peak at an even higher angle, together with higher-energy
PL emissions, than those of the pure-bromide composition.
These results are likely due to the formation of halide vacancies
following iodine loss, which shrinks the lattice and leads to a
higher bandgap.”** Both XRD and PL measurements also
indicate that the perovskite lattice structure is still maintained
in the presence of a high concentration of halide vacancies
following iodine loss, which is consistent with a previous report
on the substantial defect tolerance of halide perovskites against
halide vacancies.*®

Iodine loss from Cs-based halide perovskites is most likely in
the form of iodine vapor resulting from iodide oxidation. Since
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no Pb° signal (ie., no Pb** reduction) was detected in XPS
after UV aging (Figure 1c), the excess electrons will make the
perovskite film more n-type following iodine loss. To study the
effect of photolysis on the electronic properties of mixed-halide
perovskites, we conducted UV—vis absorption and ultraviolet
photoelectron spectroscopy (UPS) measurements on CsPb-
(Brogly,); samples before and after UV aging as shown in
Figure 2. We find that the aged sample shows a blue-shifted
absorption edge (Figure 2a), from which we extract the
bandgap of CsPb(Br4ly,); samples before and after UV aging
using a fitting process that accounts simultaneously for the
band edge and exciton contributions**™** (Figure S6). The
UPS results demonstrate a smaller work function after UV
aging (secondary electron cutoff, Figure 2b), accompanied by a
Fermi level shift away from the valence band edge (Figure 2c).
The resulting energy level diagrams of CsPb(Br,3l;,); samples
before and after UV aging are shown in Figure 2d, which
confirms a more n-type nature of the aged mixed-halide
perovskite film. Additional discussion regarding the effect of
UV excitation during UPS measurements*”*® and the extra
complexity caused by doping compensation®" can be found in
Note SI. This result is also consistent with a previous study
that demonstrated spontaneous n-type self-doping of halide
perovskites following iodine loss.”” Combining the above
experimental observations, we propose the following photolysis
and mass loss chemical mechanism of CsPb(Brygl,,); under
UV irradiation:

https://doi.org/10.1021/jacs.4c08939
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Figure 3. Correlation between halide segregation and photolysis in mixed-halide perovskites. (a) PL measurements on QCM/ALO,/
CsPb(Br,],_,); (x between 0 and 1) during the initial 10 min continuous excitation (colored) and after 24 h UV aging (gray). All the PL
measurements and UV aging were done in vacuum, and the excitation source for PL measurement (404 nm, 69 mW cm™2) and the light source for
UV aging (370 nm, 75 mW cm2) have the same photon flux to ensure consistency. (b) PL peak wavelength evolution of QCM/ALO,/
CsPb(Br,],_,); samples during the initial 10 min continuous excitation. (c) PL peak shift of QCM/AL,O;/CsPb(Br,I,_,); samples after the initial 2
min continuous excitation. (d) Mass and stoichiometric component breakdown of CsPb(Br,I;_,); thin films measured by QCM. (e) In situ OGA
measurements on QCM/AL,O;/CsPb(Br,],_,);, where the background data was measured on QCM/ALO;. The shaded bands represent the
standard deviation estimated from the measurements on two identical samples for each composition. (f) Normalized mass loss from QCM/AL O,/
CsPb(Br,l,_,); samples after 24 h UV aging. The mass loss is normalized by the mass of iodine for compositions with 0 < x < 0.8, and by the mass
of bromine for the pure-bromide composition (x = 1). The error bars represent the standard deviation estimated from the measurements on two
identical samples for each composition. (g) Relative halide ratio change after 24 h UV aging. (X:Pb), and (X:Pb),,, refer to the atomic ratio
between halide and lead, estimated by XPS measurements, before and after 24 h UV aging, respectively. The error bars represent the standard
deviation estimated from the XPS measurements on three different spots on the same sample.

10 CsPb(Brygly,);

long-term UV, vacuum,room temperature

10 CsPbBr, , + 31, 1

+ 6V;alide + 6e (1)

2.2. Correlation between Halide Segregation and
Photolysis in Mixed-Halide Perovskites. In addition to
perovskite photolysis, halide segregation is another widely
reported instability for mixed-halide perovskites that occurs
under light illumination, which is often manifested as a PL
redshift. In our previous study, we demonstrated the role of
halide oxidation in halide segregation and indicated that iodide
oxidation initiates halide segregation in mixed bromide/iodide
perovskite." As demonstrated in the previous section, the
photolysis of mixed bromide/iodide perovskite and subsequent
mass loss also result from iodide oxidation. Therefore, we
hypothesize that halide segregation and photolysis in mixed-
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halide perovskite are correlated because they have the same
origin, ie, iodide oxidation. To demonstrate the correlation
between halide segregation and photolysis, we tested a series of
CsPb(Br,I,_,); compositions with «x ranging from 0 to 1, and
investigated the effect of mixed-halide stoichiometry on both
halide segregation and photolysis.

We first measured the PL transients of various CsPb-
(BrJ,_,); samples during the initial 10 min of continuous
excitation, as shown in Figure 3a. We find that both pure-
halide perovskites (x = 0 and «x 1) and iodide-rich
perovskites with x < 0.4 exhibit stable PL spectra, while the
mixed-halide perovskites with x > 0.4 demonstrate a PL
redshift over time, which can also be recovered after resting in
the dark (Figure S11). Such a reversible PL redshift is widely
interpreted as a sign of halide segregation, and the composi-
tional threshold that we observed (x = 0.4) in CsPb(Br,I,_,),
is also consistent with previous literature.” Since the rate of

https://doi.org/10.1021/jacs.4c08939
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halide segregation is directly reflected by the rate of PL
redshift, we further extracted the PL peak wavelength as a
function of time during the initial 10 min continuous
excitation, as presented in Figure 3b. We observe that for
the mixed-halide perovskites with x > 0.4, the rate of PL
redshift becomes faster with a higher bromide ratio (x).
Furthermore, the very bromide-rich composition (x = 0.8)
began to show a slight PL blueshift toward the end of the 10
min PL transient test, which is a sign that iodine loss is starting
to occur. Therefore, to exclude the effect of iodine loss in
determining halide segregation kinetics, we used the PL peak
shift within the first 2 min as an indicator to evaluate the rate
of halide segregation for different halide compositions, as
shown in Figure 3c. It also enables better visualization of the
compositional threshold for halide segregation at x = 0.4.

Furthermore, to reflect the effect of photolysis, we also
measured the PL spectra of those CsPb(Br,I;_,); samples after
24 h UV aging, as shown in Figure 3a. On the one hand, we
find that a new emission peak, close to that of CsPbBr;,
appears in the PL spectra of mixed-halide perovskites with x >
0.4, which remains irreversible after resting in the dark (Figure
S12). Such an observation indicates a significant amount of
iodine loss and bromine enrichment in those mixed-halide
perovskites after 24 h UV aging, as demonstrated in the case of
CsPb(Brygly,); in Figure 1g. On the other hand, we observed
only a small PL blueshift in both pure-halide perovskites (x = 0
and x = 1) and iodide-rich perovskites with x < 0.4 after 24 h
UV aging, which is more likely due to defect formation, as
demonstrated in our previous study, rather than changes in
halide stoichiometry. More importantly, the concurrence of
short-term PL redshift and long-term PL blueshift, with an
identical compositional threshold at x = 0.4, emphasizes the
underlying correlation between halide segregation and the
photolysis of mixed-halide perovskites.

To quantitatively demonstrate the correlation between
halide segregation and photolysis, we conducted additional in
situ OGA measurements to reveal the kinetics of photolysis.
We first measured the mass of each perovskite film by QCM
and calculated the component breakdown based on each
stoichiometry as shown in Figure 3d. Given that the fabrication
process remains the same, a similar morphology is observed
across different perovskite compositions, as shown in Figure
S13. Furthermore, we conducted in situ OGA measurements
on perovskites with different halide compositions during 24 h
UV aging as shown in Figure 3e. The thickness of the
perovskite layer deposited on the QCM substrate is much
greater than the penetration depth of the 370 nm UV
excitation used for in situ OGA measurements, ensuring
complete absorption and the same dose of excitation across
samples with different halide compositions for meaningful
comparison. This is demonstrated in Figures S14—S16 and
Table S2. We find that the mixed-halide perovskites with x >
0.4 show a significantly faster mass loss rate compared to other
compositions. Nevertheless, all the samples showed negligible
morphological changes after UV aging (Figure S13), indicating
preserved structural integrity. As demonstrated in the case of
CsPb(Brygly,); the mass loss observed during in situ OGA
measurements comes solely from ijodine loss in mixed
bromide/iodide perovskites. To ensure a meaningful compar-
ison, we normalized the mass loss by the mass of iodine for all
iodide-containing compositions, and by the mass of bromine
for the pure-bromide composition (x = 1). The normalized
mass loss during and after 24 h UV aging is shown in Figures

S17 and 3f, respectively, where we can identify a compositional
threshold for mass loss at x = 0.4.

Additionally, to unambiguously identify the halogen species
involved in mass loss during UV aging, we conducted XPS
measurements on perovskite samples with different composi-
tions to evaluate the stoichiometric changes after 24 h UV
aging (Figure S18). The nonvolatile lead signal was used as a
reference to calculate the relative content of different halogen
species as summarized in Table S1. We used (X:Pb),/
(X:Pb),4 , as an indicator to reflect the stoichiometric changes
after UV aging, where (X:Pb), and (X:Pb),,, refer to the
atomic ratio between halide and lead before and after 24 h UV
aging, respectively. The (X:Pb),/(X:Pb),,, values for both
bromide and iodide versus halide composition are displayed in
Figure 3g. We find that the (Br:Pb),/(Br:Pb),, |, value remains
close to unity for all mixed-halide compositions, while all the
(I:Pb)o/(I:Pb),, 1, values are higher than unity. These results
verify that the mass loss during UV aging comes solely from
iodine loss in all iodine-containing compositions, while
bromide remains in the film. More importantly, a similar
threshold behavior for the iodine curve is observed in Figure
3g, indicating a similar compositional threshold for iodide
oxidation at x = 0.4. It is worth noting that the pure-iodide
perovskite (CsPbl;) exhibits abnormal mass loss (Figure 3e)
and iodine loss (Figure 3g), which is due to its unfavorable
tolerance factor and intrinsic phase instability at room
temperature.54

Combining Figure 3¢,f,g, we observe a similar trend with an
identical compositional threshold for halide segregation, mass
loss, and iodide oxidation, which again highlights the
correlation between halide segregation and photolysis. It
should be noted that the samples for all the measurements
shown in Figure 3 were fabricated on identical QCM/AL,O;
substrates to ensure consistency, thereby excluding any effect
of different substrates on the results. To explain the correlation
between halide segregation and photolysis, we propose the
following scheme illustrated in Figure 4, which highlights the
role of iodide oxidation in both halide segregation and
photolysis, and explains the threshold behavior. In mixed
bromide/iodide perovskites, the valence band maximum
(VBM) becomes deeper with increased bromide ratio (x).
On the one hand, for iodide-rich perovskites with a small x
value, the energy of a hole, defined by the energy position of
the VBM, is smaller than the oxidation potential of iodide. In
this case, light-generated holes do not have sufficient oxidizing
potential to oxidize iodide, making iodide oxidation unfavor-
able. On the other hand, when the bromide ratio increases and
lowers the VBM sufficiently to make the energy of the hole
larger than the oxidation potential of iodide, light-generated
holes near the VBM can activate iodide oxidation. This
explains the observed compositional threshold for iodide
oxidation [x = 0.4 for CsPb(BrJ,_,);], and the critical
composition appears when the VBM crosses the iodide
oxidation potential. Additionally, since the oxidation potential
of bromide (light blue band) is larger than that of iodide (light
purple band), iodide is oxidized first in mixed bromide/iodide
perovskites, leading to preferential iodide oxidation and iodine
loss during aging.

Based on the understanding of iodide oxidation, we can
build a correlation between halide segregation and photolysis
via iodide oxidation and explain the threshold behavior. Iodide
oxidation upon illumination initially produces mobile oxidized
iodide species. Under short-term illumination, when most
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Long-term

oxidized iodide species remain within the film, either as iodine
interstitials or adsorbed to grain boundaries, these mobile
species can move within the film, driven by spatial
inhomogeneities. They may then be reduced and return to
the lattice, forming an iodine transport circuit that relies
exclusively on iodine redox chemistry without any need to
invoke Pb redox. The preferential oxidation of iodide and the
unbalanced transport fluxes of bromine and iodine lead to
halide segregation, which is discussed in detail in our previous
study.*® On the other hand, under long-term illumination, the
oxidized iodide species start to escape from the film and are
irreversibly lost into the environment in the form of iodine
vapor. Such irreversible iodine loss following iodide oxidation
triggers the photolysis of the perovskite film.

In short, both halide segregation and photolysis are initiated
by iodide oxidation, and therefore share the same composi-
tional threshold. This explains the correlation between iodide
oxidation, halide segregation, and the photolysis of mixed
bromide/iodide perovskites. Furthermore, based on the
experiments and discussions above, we can further generalize
the photolysis mechanism for CsPb(Brygly,); to all Cs-based
mixed bromide/iodide perovskites and explain their photolysis
under UV irradiation:

Iong—term UV,vacuum,room temperature

CsPb(BrL _,),

3(1 — )
+ %IZ P +3(1 — 2)Vig, + 3(1 — x)e

CsPbBr,,

(x > 04) (2)

2.3. Effect of the A-Site Cation on Photolysis of
Mixed-Halide Perovskites. Finally, we studied the effect of
A-site cation composition on photolysis of mixed-halide
perovskites. Compared to Cs-based perovskites where
halogens are the only photolytic species accounting for mass
loss, both methylammonium (MA)-based and formamidinium
(FA)-based perovskites also possess volatilizable A-site cations.
To investigate the effect of additional volatile species on mass
loss, we first conducted in situ OGA measurements on
APb(Brygly,); samples with different A-site cations as shown
in Figure Sa, where the mass loss is normalized by the initial
mass of each perovskite film. The component breakdown for
each sample was calculated based on stoichiometry and shown
in Figure S19. We find that both FAPb(Brsly,); and
MAPb(Brygly,); exhibit significantly larger mass loss, with
faster mass loss rates (the slope of the mass loss curve) at the
beginning of UV aging compared to CsPb(Br,gly,)s;,
demonstrating additional mass loss sourcing from the A-site
cation. On the one hand, protons in MA* and FA" cations can
accelerate halide oxidation and thus halogen loss by providing
an additional reduction pair. On the other hand, proton
transfer from MA" and FA" cations can also lead to the
formation of HI and deprotonated amines, both of which are
volatile and can directly contribute to mass loss.”> These
explain the observed trends of the in situ OGA measurements.

To confirm the species involved in the mass loss, we
performed XPS measurements before and after UV aging as
shown in Figures Sb,c and S20—S22. The absence of iodine
signals (Figure Sb) and the presence of remaining bromine
signals (Figures S20c, S21b, and S22b) in all three APb-
(Broslys); samples after 100 h UV aging confirm the
preferential and complete loss of iodine. In addition to iodine
loss, both FA- and MA-based mixed-halide perovskites exhibit
additional loss of A-site cations as indicated by the negligible
nitrogen signals after UV aging (Figure Sc). Furthermore, we
employed SEM measurements to study the effect of different
A-site cations on morphological changes after UV aging, which
are shown in Figure 5d—i. We observed that the Cs-based
perovskite exhibited identical morphology before and after 100
h of UV aging, implying preserved perovskite structural
integrity. This is also consistent with the observations from
24 h UV aging tests, as shown in Figure 1. These observations
highlight the defect tolerance against halide vacancies in Cs-
based perovskites, which is discussed in detail in Note S2. On
the contrary, both FA- and MA-based perovskites showed
significant morphological degradation after UV aging, resulting
from concurrent mass loss of A-site cations and X-site anions,
which destroys the perovskite structure. These observations
demonstrate the additional mass loss pathway involved in the
photolysis of FA- and MA-based halide perovskites and
highlight the superior stability of Cs-based perovskites against
photolysis compared to their hybrid organic—inorganic
ammonium-based counterparts.

In addition, it should be noted that the method of using
QCM for in situ OGA measurements is not limited to UV
aging under vacuum, but also applicable for studying
perovskite degradation kinetics under practical operational
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conditions. To demonstrate this point, we further conducted in
situ OGA measurements on a mixed-cation pure-iodide
perovskite composition (FAy4Csy Pbl; with 5% excess Pbl,,
which is relevant for high-efficiency solar cell applications),
under various aging conditions, including a practical condition
for solar cell operation (atmospheric pressure and AM 1.5G
illumination), as shown in Figure S23. Our method is able to
capture mass loss in all cases, demonstrating its compatibility
and effectiveness in studying perovskite degradation under
practical operational conditions. Furthermore, no Pb° for-
mation was observed in FA;yCs,Pbl; samples, both with and
without excess Pbl,, after UV aging (Figure S24). A detailed
discussion on the absence of Pb formation is provided in Note
S3.

3. CONCLUSIONS

In summary, this work reveals the correlation between iodide
oxidation, halide segregation, and photolysis of mixed-halide
perovskites, and rationalizes the identical compositional
threshold observed in these phenomena. These findings
underscore the critical role of iodide oxidation in light-induced
instabilities and elucidate the photolysis mechanism of mixed-
halide perovskites. As iodide oxidation initiates both halide
segregation and photolysis, it is important to develop effective

strategies to mitigate iodide oxidation, which can help suppress
these light-induced instabilities from the outset. We also show
that iodide oxidation during photolysis is not necessarily
accompanied by lead reduction; instead, the excess electrons
make the perovskite film more n-type following iodine loss.
Furthermore, we demonstrate the efficacy of using QCMs to
study the photolysis process of halide perovskite materials,
which provides a powerful tool to quantitatively evaluate the
kinetics of perovskite degradation under both practical
operational and accelerated aging conditions. This study not
only advances our understanding of perovskite photolysis but
also offers a facile and robust methodology for future research
aimed at improving perovskite stability.
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