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Switching excitonic recombination and carrier
trapping in cesium lead halide perovskites by air
Yue Wang 1,2, Yinjuan Ren3, Shengli Zhang1, Jianfeng Wu4,5, Jizhong Song1, Xiaoming Li1, Jiayue Xu6,

Chorng Haur Sow4, Haibo Zeng 1 & Handong Sun 2,7,8

All-inorganic cesium lead halide perovskites have been emerging as the promising semi-

conductor materials for next-generation optoelectronics. However, the fundamental question

of how the environmental atmosphere affects their photophysical properties, which is closely

related to the practical applications, remains elusive. Here, we report the dynamic switching

between radiative exciton recombination and non-radiative carrier trapping in CsPbBr3 by

controlling the atmospheric conditions. Specifically, we show that the photoluminescence

(PL) intensity from the CsPbBr3 crystals can be boosted by ~ 60 times by changing the

surrounding from vacuum to air. Based on the comprehensive optical characterization, near-

ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) as well as density functional

theory (DFT) calculations, we unravel that the physisorption of oxygen molecules, which

repairs the trap states by passivating the PL-quenching bromine vacancies, is accountable for

the enhanced PL in air. These results are helpful for better understanding the optical prop-

erties of all-inorganic perovskites.
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A ll-inorganic cesium lead halide perovskites (ILHPs) have
been attracting intense interest by virtue of their intri-
guing potential in photovoltaics, nuclear radiation detec-

tors, light-emitting diodes (LEDs), and lasers, promising for the
development of next-generation optoelectronics1–5. Until now,
solar cells based on CsPbI3 have reached 10.77% in power con-
version efficiency and the CsPbBr3-based LEDs have manifested a
high external quantum efficiency of up to 10.4%1,6,7. Compared
with the organic–inorganic hybrid halide perovskites, the ILHPs
feature much enhanced stability against light, moisture, and heat,
which is critical for practical applications2,5,8. Moreover, the
ILHPs had been demonstrated to show novel and fascinating
optical properties, exemplified by the bright triplet-exciton
emission and light-driven structural transformations9,10. How-
ever, despite of such impressive progresses, the fundamental
photophysics of these materials remains largely unexplored,
which greatly limits the development of their potential
applications8,9,11,12.

It is known that the atmospheric conditions may have con-
siderable impacts on the optoelectronic properties of semi-
conductor materials and the device performances13–16.
Chemisorption and/or physisorption of gaseous molecules on
semiconductor crystals could either improve or deteriorate their
optical/electronic properties14,16–18. Therefore, understanding the
interaction between semiconductors and their environment is
essential for the optimization of optoelectronic devices18–22. In
the past several years, tremendous research efforts had
been devoted to investigating the interaction between
organic–inorganic hybrid halide perovskites and their environ-
ment, which resulted in a better fundamental understanding and
significant improvement of device performances15,18,19,23–28.
However, up till now, it much less is known about how the
atmospheric condition affects the ILHPs, which may partially
account for the currently lagging device efficiency as compared
with those made from the hybrid halide perovsktes6,11,29.
Therefore, deciphering the interaction between ILHPs and air can
be crucial for both fundamental research and technological
applications, especially for solar cells and LEDs21.

In this work, we report the dynamic switching between
radiative exciton recombination and carrier trapping on the
surface of CsPbBr3 perovskite crystals by controlling the atmo-
spheric conditions. It is found that the photoluminescence (PL)
intensity from the CsPbBr3 crystals can be boosted by ~60 times
by changing the surrounding from vacuum to air. Based on the
comprehensive steady-state and dynamic optical characterization,
we attribute the enhanced PL in air to the reduced density of trap
states associated with the bromine vacancies near the surface
region of the crystals. Moreover, in combination of the optical
spectroscopic characterization and near-ambient pressure X-ray

photoelectron spectroscopy (NAP-XPS) as well as density func-
tional theory (DFT) calculations, we reveal that the physisorption
of oxygen molecules in air could effectively passivate the carrier-
trapping bromine vacancies, which contributes to the atmosphere
dependent PL behavior. It is noted that the trapping of charge
carriers at defects on surfaces is detrimental for the performance
of perovskite solar cells and LEDs, our results may provide a new
channel for improving the device efficiency based on all-inorganic
perovskites, besides highlighting the interesting photophysical
property of CsPbBr3 crystals owing to the interaction with the
surrounding atmosphere.

Results
Atmosphere-dependent PL. The CsPbBr3 perovskite crystals
with a high quality were fabricated by the vertical Bridgman
technique (see Methods for detailed fabrication process and the
representative photos of the samples in Supplementary Fig. 1)3,5.
The powder X-ray diffraction (XRD) measurement indicates that
the CsPbBr3 crystals have a well-defined monoclinic perovskite
structure (Supplementary Fig. 2), which is consistent with pre-
vious results30. Moreover, the high-resolution XRD result reveals
the diffraction peak with narrow line-width, demonstrating their
highly crystalline nature3.

Figure 1a shows the PL spectra of the CsPbBr3 crystal in
ambient air excited by continuous-wave He-Cd laser (wavelength:
442 nm, power: 1 mW). The sample exhibits a good photo-
stability, manifested by the nearly constant PL intensity under
uninterrupted laser irradiation for 1.5 h (Supplementary Fig. 3).
To investigate the atmosphere dependence of the PL from the
CsPbBr3 crystal, we monitor the light emission when the chamber
is evacuated. Surprisingly, the PL intensity is found to decrease 60
times when the chamber is pumped down to 4.7 × 10−4 Torr
(Fig. 1a). The strong PL-quenching phenomenon can be clearly
seen even by the naked eyes as shown in Fig. 1a and
Supplementary Fig. 4. Figure 1b displays the evolution of the
PL intensity from CsPbBr3 perovskite crystal as the environ-
mental condition exchanges between ambient air and vacuum. It
can be seen that the PL intensity decreases rapidly upon air
evacuation, then it slows down and finally stabilize at ~1.6% of its
initial value. With the refilling of air, the PL intensity increases
instantaneously and recovers to the initial state. Such PL
switching process can be repeated for many cycles without
showing any sign of sample degradation (Supplementary Fig. 5).
We further tracked the PL spectrum during the air-vacuum
exchange and found that the PL peak position remained
unchanged (Fig. 1c) (the representative normalized PL spectra
at ambient air and vacuum conditions are displayed as the inset in
Fig. 1a, showing the almost identical spectra), implying that the
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Fig. 1 Photoluminescence (PL) switching in CsPbBr3. a PL spectra of CsPbBr3. The left inset shows the photograph of CsPbBr3 in vacuum and air. The right
inset shows the normalized PL spectra of CsPbBr3. b Variation in PL intensity of CsPbBr3 during air-vacuum exchange. c Evolution of PL spectrum of
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emission signals under varied atmospheric conditions are
originated from the same optical transition. We also have
investigated the role of light in the PL switching phenomenon
and found that the activation of PL does not require the
illumination of the CsPbBr3 sample. Specially, when the chamber
is refilled with air in darkness and then the laser is turned on, the
PL sharply achieve and stabilize at the PL maximum rather than
monotonic increase of the PL signal (Supplementary Fig. 6). The
observation indicates the insignificant role of light in the
physisorption of O2 molecules on the CsPbBr3 surface, unlike
the behavior demonstrated in organic–inorganic perovskites26,28.

To check the generality of the atmosphere dependent PL, we
further performed the measurements on the low-temperature
solution-grown CsPbBr3 crystals, which were demonstrated as
superior candidates for photon detection4,31,32. As shown in
Supplementary Fig. 7, similar PL switching phenomenon was
observed, suggesting that the atmosphere dependent PL behavior
is quite a general property for CsPbBr3 perovskite crystals.

Excitonic recombination and carrier trapping. To acquire the
mechanism of the atmosphere dependent PL, the origin of the PL
from the CsPbBr3 perovskite crystals has to be understood, which
is critical for the further analysis. In general, two possible scenarios
may be assumed to account for the boosted PL intensity in air than
that in vacuum: (1) The PL originates from the extrinsic radiative
defect states, and the defect concentration increases in air. This
case has been widely reported in the bulk and nanostructured ZnO
semiconductors, where the reduction in “green-band” emission
corresponding to the defect-state recombination was observed
upon air evacuation13,17,33; (2) If the PL originates from the
intrinsic band-to-band or exciton recombination, the reduction of
the non-radiative recombination centers in air should be validated.
Until now, the PL mechanism from CsPbBr3 crystals is still con-
troversial. For example, Kanatzidis et al.5 claimed that the strongly
bound exciton recombination is responsible for the PL from

CsPbBr3, whereas the above-band-gap emission related to the
defect states was reported by Wessels et al.34 To resolve this issue,
the temperature- and power-dependent PL measurements were
performed in this study as shown in Figs 2a, b, respectively. Sup-
plementary Figure 8 presents the PL spectra of CsPbBr3 crystal
under varied excitation powers at room temperature. The corre-
sponding integrated PL intensity (IPL) as a function of excitation
density (IEX) (Fig. 2b) displays a power law dependence: IPL / IγEX,
where γ is the nonlinear component. The γ is derived to
be 1.28 and 1.38 for those in the air and vacuum, respectively. This
indicates that the PL signals are excitonic in nature (free or bound
exciton emission)35,36, consistent with the relatively large exciton
binding energy (~40meV) of CsPbBr311,37. Figure 2a shows the
temperature-dependent PL spectra of the CsPbBr3 crystal recorded
from 10 K to 300 K. The PL spectrum from CsPbBr3 crystals at
10 K is dominated by two peaks, locating at 542 nm and 556 nm,
respectively. Based on the excitation power-dependent PL mea-
surement (Supplementary Fig. 9), the PL peaks at 542 nm and
556 nm are assigned to the donor-bound exciton (DX) and donor-
acceptor pair recombination, respectively (see Supplementary
Note 1 for the details of the peak assignments). With the increase
of temperature, the peak intensity (542 nm at 10 K) gradually
decreases and fades away at ~ 90 K. Meanwhile, a new emission
peak at the shorter wavelength range, corresponding to the free
exciton (FX) emission, appears. By tracking the PL evolution with
temperature, it is explicitly revealed that the PL of the CsPbBr3
crystal at room temperature is dominated by the FX emission.

We further recorded the reflection spectra of CsPbBr3 perovskite
crystals in air and vacuum separately (Fig. 2c). It can be seen that
the response curves are nearly identical upon the air-vacuum
exchange, indicating that there is negligible change in absorption.
As such, we speculate that the atmosphere dependent PL in
CsPbBr3 crystals may arise from the reversible trap-density
reduction in air as compared with that in vacuum. In other words,
air has the effect to passivate the non-radiative trap states. This
speculation is further verified by the variation of decay kinetics of
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CsPbBr3 crystal during the air-vacuum exchange probed by time-
resolved photoluminescence (TRPL). As shown in Fig. 2d, the
accelerated decay rate in vacuum than that in air is in agreement
with the reduction of trap states by air38, similar to the situation in
hybrid perovskite crystals24.

It has been known that the CsPbBr3 perovskite crystals have a
large absorption coefficient of ~ 1 × 105 cm−1 in the short visible
range (< ~500 nm)3, rendering a short penetration depth of only
~100 nm. To selectively explore the interior region of the CsPbBr3
crystals, the two-photon excitation with much improved
penetration capability was employed24,39–41. Figure 2e shows
the PL spectra of CsPbBr3 crystal under excitation wavelength of
800 nm. It is found that the two-photon induced PL are nearly
independent on the environmental condition and the corre-
sponding PL dynamics by TRPL are almost the same upon air-
vacuum exchange (Fig. 2f), which implies that these atmosphere-
sensitive traps lie in the near surface region of the CsPbBr3
crystals. This is reasonable in terms of twofold aspects: (1) The
surfaces directly contact with the external environment and hence
facilitate the response to the air-vacuum exchange; (2) It is well-
known that the surfaces of semiconductor crystals typically
possess much denser defects than the bulk analog41.

Effect of oxygen molecules. Given that air may interact with the
surface and bring about reduced trap density on the surfaces of
CsPbBr3 crystals, it is natural to inquire which gas molecules in
air are responsible for the enhanced PL behavior and how. Thus,
we monitored the emission variation from CsPbBr3 crystals under
different kinds of gas conditions. Figure 3a presents the schematic
illustration of the adopted setup that allows the in situ mea-
surements of PL with varied gas atmosphere (see Methods for
more details and the photograph of the setup in Supplementary
Fig. 10). It can be seen that there is nearly no change in the PL
spectrum when dry N2 is infiltrated, suggesting that N2 has
negligible impact on the emission of CsPbBr3 crystal. With the
infiltration of moist N2, the PL intensity shows detectable increase
(Fig. 3b). However, the PL intensity under moist N2 is much
weaker than that in air. Notably, the infiltration of O2 greatly
increases the PL intensity and the PL spectrum under O2 of 2 ×
102 Torr almost approaches to that in air (Fig. 3c), indicating that
the O2 dominates the PL enhancement phenomenon in CsPbBr3
crystals while the moisture only plays a minor role. Moreover, as
the PL switching phenomenon is highly reversible, the physi-
sorption rather than chemisorption should be assumed to dictate

the interaction between the oxygen molecules and the CsPbBr3
crystal16,18,42.

Trap states commonly exist in real semiconductors, which
strongly influence or even govern the photophysical properties43.
Although the lead halide perovkites are known to be defect
tolerant owing to the lacking of bonding-antibonding interaction
between the conduction and valence bands44, a number of
theoretical and experimental investigations have demonstrated
the presence of non-negligible defects in them, which effectively
trap carriers, giving rise to non-radiative recombination15. It was
reported that Br vacancy (VBr) represents the most common
defect in CsPbBr3 crystals43–45. The previous side-by-side
measurements disclosed that the halide-rich circumstance would
result in CsPbBr3 nanocrystals with much higher PL quantum
yield than those under halide-deficient counterpart, suggesting
that the VBr plays a crucial role in quenching PL46–48. To
determine the surface stoichiometry of the sample, we performed
the surface-sensitive XPS measurements on the CsPbBr3 crystal.
According to the XPS spectra of Pb 4 f and Br 3d obtained under
the ultrahigh vacuum (UHV) condition (Figs 4a, b), the atomic
ratio of Br/Pb is derived to be ~ 2.6, indicating that there is indeed
Br deficiency in the surface region of the CsPbBr3 crystal. In fact,
anion vacancies are very common in halide semiconductors,
especially on the surface of the crystals, owing to its low
formation energy43,44. Similar cases were also observed in oxide
and sulfide semiconductors, such as ZnO and MoS213,14,17.
Therefore, it is reasonable to suggest that the enhanced PL from
CsPbBr3 crystals is related to the repair of VBr by physisorption of
oxygen molecules.

To confirm the above assumption, we further designed and
performed a set of control experiments. It had been widely
demonstrated that the wet-chemistry-fabricated CsPbBr3 nano-
crystals possess a Br-rich surface, suggesting that VBr is not
significant11,46,48. Accordingly, we carried out the similar optical
measurements on the film of CsPbBr3 nanocrystals, in which the
ratio of Br/Pb on the surface was determined to be as high as 3.7
in our previous report48. As shown in Figs 4c, d, the pronounced
atmosphere dependent PL observed from the CsPbBr3 perovskite
bulk crystals does not happen in wet-chemistry-fabricated
CsPbBr3 nanocrystals, which verifies that the PL switching
phenomenon is indeed related to the Br vacancies. Furthermore,
it is known that the over-washed CsPbBr3 nanocrystals will
release the dynamic ligands and surface bromine49,50, giving rise
to recrystallization into larger crystals and the dramatic decrease
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in PL quantum yield possibly owing to the creation of defects
associated with Br vacancies49,50. For a more direct comparison,
we washed the CsPbBr3 nanocrystals over six times by the normal
washing process49. Figure 4e shows the scanning electron
microscopy image of the obtained CsPbBr3 microcrystals after
over-washing the perovskite nanocrystals and the corresponding
XPS spectra from these CsPbBr3 microcrystals manifests the
Br-deficient surface with a Br/Pb ratio of ~ 2.7 (Supplementary
Fig. 11), supporting that bromine in the surface region was
removed during the washing process. Notably, when the PL
measurement was performed on these over-washed CsPbBr3

microcrystals upon air-vacuum exchange, the PL switching
phenomenon was observed again (Fig. 4f), further confirming
that the atmosphere dependent PL is related to the passivation of
the VBr by oxygen physisorption.

Moreover, we exploited the in-operando NAP-XPS technique to
probe the interaction between the oxygen molecules and CsPbBr3
crystals. The bottom spectra in Figs 4a, b present the core levels
of Pb 4 f, Br 3d, and Cs 4d measured in UHV (5 × 10−10 mbar)
and the corresponding binding energies of Pb 4f7/2, Br3d5/2, and
Cs 4d5/2 center at 138.3 eV, 68.2 eV, and 75.3 eV, respectively, in
line with the literature data51. After introducing 1 mbar O2 into
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the NAP cell, the Pb 4f7/2 and Pb 4f5/2 peaks were found to shift to
the lower binding energies by ~ 0.2 eV (Fig. 4a). Similar
phenomenon was observed for Br 3d3/2, Br3d5/2, Cs 4d3/2, and
Cs 4d5/2 peaks (Fig. 4b). This indicates the occurrence of charge
transfer from the CsPbBr3 crystal to the adsorbed oxygen
molecules serving as the electron acceptors52, which is in line
with our previous work where CsPbBr3 crystal was determined to
be n-type by means of the time-of-flight and Hall measurements3.
As the NAP cell goes back to UHV condition (the top row in
Figs 4a, b), all the characteristic core-level peaks revert to their
initial positions, consistent with the physisorption process.

Density functional theory (DFT) calculations. In order to gain
more insights, we performed first-principle DFT simulations to
investigate the role of oxygen adsorption onto the (001) surface of
CsPbBr3 crystal in the presence of bromine vacancies (see Fig. 5).
We determined that bromine vacancies are the preferred loca-
tions for O2 adsorption compared to the Br-defect-free CsPbBr3
surface according to the adsorption energy examinations. Similar
phenomena had been reported in the organic–inorganic per-
ovskites where the anion vacancies were found to be favorable
sites for molecule adsorption15,21. When the O2 molecules occupy
the bromine defect sites, there are noticeable charge redistribu-
tions. Further charge analysis suggests that O2 acts as an electron
acceptor with the charge of − 0.8 ej j from each bromine vacancy
of CsPbBr3, which is consistent with the above NAP-XPS results.
In order to further analyze the role of O2 molecular adsorption,
we calculated the band structures of CsPbBr3 under different
conditions. The defect-free CsPbBr3 has a direct band gap with
valence band maximum and conduction band minimum (CBM)
both located at the Γ point (Fig. 5a) by using the Perdew-Burke-
Ernzerhof (PBE) function44,48. Although, for the CsPbBr3 surface
with bromine vacancies, our calculated results manifest the for-
mation of new shallow energy levels at the bottom of CBM
(Fig. 5b). It is noted that the energies from the shallow energy
levels to the Fermi level is greater than the thermal energy at
room temperature (~ 25 meV), which indicates that these energy

levels could trap charge carriers and give rise to non-radiative
recombination15. Previous calculations by Kang et al. and Shi
et al. had given consistent results43,44. When O2 is adsorbed at the
location of the bromine vacancy, the shallow trap states at the
bottom of CBM are effectively removed as shown in Fig. 5c.
According to the experimental and calculation results, the bro-
mine vacancies act as the shallow donors. These results indicate
that adsorption of O2 can effectively repair the trap states
introduced by bromine vacancies, which well explains the
observed atmosphere-dependent PL in the CsPbBr3 crystal.

Discussion
The results presented above demonstrate the interesting dynamic
switching of radiative recombination and carrier trapping in
CsPbBr3 which is repeatable and applicable for the crystals grown
by both the Bridgman technique and low-temperature solution
method. By the comprehensive optical characterization, we
attribute the PL origin from the CsPbBr3 crystal to the free
exciton emission and the enhanced PL in air compared to that in
vacuum arises from the reduced trap density by O2 physisorption
near the crystal surface. In combination of XPS measurements,
control experiments on Br-rich and Br-deficient CsPbBr3 crystals
as well as DFT calculations, we provide the mechanistic insights
into the oxygen-induced PL switching behavior. The schematic
depiction of O2-physisorption induced PL switching phenom-
enon is illustrated in Fig. 5d. Specifically, the bromine vacancies,
which are responsible for the PL-quenching in CsPbBr3 crystals,
tend to attract oxygen molecule and the adsorption of O2 will
repair the trap states introduced by VBr, hence leading to the
greatly enhanced PL signal. The presence of water vapor also has
a positive effect on the PL enhancement. However, compared to
the impact of O2 molecules, the role of H2O played in PL
switching phenomenon is minor. Regarding the PL enhancement
by H2O exposure, there are several possible reasons, such as
defect-healing process similar to that seen for O2 and surface
passivation by forming a hydrate layer on the CsPbBr3 surface.
Further research will be required to understand the detailed role
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of H2O on the PL enhancement phenomenon. In the case of
polycrystalline CsPbBr3 films, there exist grain boundaries and
noncrystalline domains, which may disturb the intrinsic response
of the optical properties to the atmosphere. Nonetheless, the
similar surface passivation effect by oxygen physisorption can be
anticipated given that the surface is Br-deficient.

Previous research on the interaction between hybrid halide
perovskites and their environment had made significant con-
tributions to the fundamental understanding and the optimiza-
tion of optoelectronic devices. For example, Míguez et al.28 first
showed that the oxygen and moisture play an important role in
optimizing the light-emitting performance of hybrid perovskites.
Fang et al.24 found that the PL of MAPbBr3 crystals is sensitive to
O2 exposure. They have clearly shown that the PL modulation is
related to surface trap state density, and speculated that “a pos-
sible reason for the observed PL modulation effect is that the
reversible physisorption of O2 and H2O acts as a type of mole-
cular gating that donates electron density to the Pb2+ cation”24.
However, the clarification of the detailed role played by O2 and
H2O needs more research23. Especially in view of chemical sen-
sitivity of organic–inorganic halide perovskites to both environ-
mental atmosphere and light illumination, further investigation
remains to validate the speculation26. Herein, we aim to investi-
gate the impacts of atmosphere on the photophysics of a new
class and technologically important semiconductor CsPbX3,
which is crucial for both fundamental research and practical
applications. We demonstrate that O2 physisorption on CsPbBr3
surface could modify the electric structure and repair the trap
states. Understanding on the photophysics of all-inorganic halide
perovskites is still at its early stage. This work does highlight the
critical concern about the interaction between the CsPbBr3
crystals and the environmental atmospheres. These findings help
to unify the understanding of the optical properties of the
booming CsPbX3 materials fabricated by different methods and/
or measured under different conditions.

Methods
Synthesis of the materials. For the synthesis of CsPbBr3 perovskite crystals, CsBr
(42.6 g) and PbBr2 (73.4 g) were mixed to obtain the polycrystalline in a silica
ampoule. Then, the Bridgman furnace was used to provide the high temperature
condition for the growth of the all-inorganic perovskite single crystal. The furnace
temperature was optimized to be 627 °C (melting temperature of the perovskite
crystal: 567 °C). For the fabrication of CsPbBr3 nanocrystals, Cs2CO3 (0.8 g), oleic
acid (2.5 mL), and octadecene (30 mL) were loaded in a 100 mL four-neck flask
with degasing at 100 °C for 30 min. Afterwards, the mixture was heated to 150 °C
and remains at the temperature for about 0.5 h until all the Cs2CO3 being con-
sumed. Then, 1 mL of the Cs-precursor was quickly injected into the hot mixture
for reaction. The reaction mixture was cooled by the ice-water bath. Finally, the
products were dispersed in toluene. The thin films of the CsPbBr3 nanocrystals
were made by spin-coating method.

Optical characterization. For the atmosphere-dependent optical measurement,
the CsPbBr3 crystal was stored in a sealed chamber, which can be evacuated down
to ~ 4 × 10−4 Torr. The sample was excited by a He-Cd laser (wavelength: 442 nm,
powder: 1 mW) and the PL was collected through a pair of collimated lens. Then,
the signal was dispersed by a 750 mm monochromator and finally detected by a
charged coupled device (CCD) or photomultiplier tube. Suitable filters were used in
the system. For the temperature-dependent PL, the sample was measured between
10 and 300 K using a helium closed-cycle cryostat. For the time-resolved PL, the
sample was pumped at 400 nm by frequency-doubling of the fundamental wave-
length (800 nm) and the PL signals were recorded by an Optronis streak camera
with an optimized temporal resolution of ∼ 50 ps. For the in situ measurements of
PL under various gases, the sample was stored in a home-built chamber, which
allows the input and output of different kinds of gases at varied pressures, allowing
the evacuation down to ~ 5 × 10−2 Torr. The PL signal was collected by a micro-PL
setup with × 20 objective and analyzed by a CCD. For the NAP-XPS measure-
ments, the laboratory-based NAP-XPS system, equipped with an Al/Mg twin anode
X-ray source and a Specs Phoibos hemispherical energy analyzer, was used. The
sample was loaded into the NAP cell for in-operando characterization. Typically,
all core-level spectra were referenced to the C 1 s peak at 285.0 eV. The spectrum
fitting was performed using CasaXPS, leveraging on the GL30 line shape (G/L ratio
of 70/30) and Shirley background subtraction.

DFT calculations. First-principles calculations were performed using density
functional theory as implemented in the Vienna ab initio simulation package53. We
chose the PBE functional within the generalized gradient approximation to treat
the exchange-correlation interaction of electrons54. To consider the long-range van
der Waals interaction between atomic layers, we adopted the semi-empirical dis-
persion-corrected D3 scheme proposed by Grimme55. O2 molecules were adsorbed
onto an eight layers surface slab of tetragonal CsPbBr3 containing 80 atoms with a
vacuum gap of 20 Å. The energy cutoff for the plane wave basis was chosen to be
500 eV and Brillouin zone integration using the Monkhorst−Pack scheme with 7 ×
7 × 1 k-mesh. The convergence criteria of 10-5 eV for total energy and a force
convergence criterion of 0.001 eV/Å were adopted for self-consistent calculation
and geometry optimization, respectively.

Data availability
The data that support the findings of this study are available from the corre-
sponding authors upon reasonable request.
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