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Photooxidation reaction kinetics of mixed-cation
mixed-halide perovskite
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In this work, we use in situ absorbance measurements to study the kinetics of photooxidation of
a representative mixed-cation mixed-halide perovskite composition, FAg gCso 2Pb(lg g3Bro.17)s. We identify
two dominant mechanisms of degradation in the presence of oxygen: a dry photooxidation pathway
(with surface reaction rate of (0.89 + 0.29) x 10~° mol m~2 st at 25 °C in dry air under 1 sun equivalent
photon flux) and a water-accelerated photooxidation pathway (with a total surface reaction rate of (1.8 +
0.9) x 1072 mol m~2 s7! at 25 °C in 50% relative humidity air under 1 sun equivalent photon flux).
Notably, water vapor is found to increase the total decomposition rate at lower temperatures but
decrease the rate at higher temperatures compared to dry conditions. We propose a temperature-
dependent hydrate formation pathway to explain this behavior and outline a possible degradation
mechanism for both the dry and water-accelerated photooxidation pathways. A mathematical
expression for the initial decomposition rate as a function of temperature, ambient partial pressures of
water vapor and oxygen, and above bandgap photon flux is derived and fitted to observed rates based
on the mechanistic analyses. These results provide key insights into the kinetics of decomposition for
commercially relevant perovskite absorbers and may serve as a foundation for future device lifetime
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Introduction

Optoelectronic devices based on halide perovskite (HP) semi-
conductors are well-poised to decrease the cost of electricity
generation from sunlight if their stability in the presence of
oxygen and moisture can be managed by either encapsulation,
gettering, or increased material stability." HPs have an ABX;
chemical formula and can be compositionally mixed at the A, B,
and X sites with several organic and inorganic monovalent
cations, divalent metal cations, and halides, respectively, to
tailor the properties of the semiconductor. Of particular
commercial interest are state-of-the-art perovskite solar cells
(PSCs) which have high power conversion efficiency and low
manufacturing costs using solution or vapor processing.>* The
tunable properties of halide perovskites enable their integration
into single-junction, all-perovskite —multijunction, and
perovskite-on-silicon tandem solar cells. Currently, silicon
photovoltaics (PV) dominate the global PV market, and
perovskite-on-silicon tandem solar cells offer the possibility of
incrementally increasing the efficiency of the silicon-based PV
without significant increased cost of manufacturing. Thus, HPs
tuned for enhanced stability and an optimal bandgap (~1.65-
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predictions when coupled with time-dependent mass transfer simulations.

1.70 eV (ref. 4)) when paired with a silicon bottom cell are of the
most immediate commercial interest.

Alloyed lead-based HPs (APbX;) have optimized optoelec-
tronic performance when compositionally mixed at the A-site
with formamidinium (CH(NH,),", FA) and cesium (Cs') to
increase stability and performance* and at the X-site with
bromine and iodine to tune the bandgap.® For X-site bromine
fractions greater than ~20%, optoelectronic quality and halide
phase segregation limit PSC device performance.®® Thus,
perovskite compositions optimized for efficient tandem archi-
tecture implementation have a ~1.65 eV bandgap (containing
slightly less than 20% bromine at the X-site) which may then be
made optically thin to achieve current matching in a monolithic
tandem.” Despite the large interest in these so-called mixed-
cation mixed-halide perovskites, detailed quantitative kinetic
studies of the chemical reaction landscape for these materials
are limited. Prior studies on FA-rich perovskites have measured
the kinetics of degradation using in situ diffraction measure-
ments,'>" in situ XPS,""* and thermogravimetric analysis of
gaseous products.* However, no prior works have quantitatively
explored how the rate of surface reaction varies as a function of
oxygen, moisture, illumination, and temperature.

In this work, we have studied the photooxidation kinetics of
the perovskite FA, gCso»Pb(Iy3Bro.17)3, @ representative compo-
sition for commercial application in tandem solar cells with
a bandgap of ~1.66 eV. In previous reports on the decomposition

This journal is © The Royal Society of Chemistry 2025
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of MAPbI; (ref. 15) (MA = methylammonium, CH;NH;") and of
FAy 75CS0.255N0.5Pby 515, we used in situ measurements of above-
bandgap optical transmittance (7)) to determine the decompo-
sition reaction kinetics in response to environmental stressors.
While the kinetic models presented in these reports help reveal
the underlying chemical mechanisms responsible for perovskite
decomposition and clarify the critical roles played by oxygen,
water, illumination, and temperature, they have also proven
valuable as predictive features in machine learning models
designed to forecast the stability of perovskite materials and
devices.'*® They may also be coupled with simulations based on
the drift-diffusion equations to estimate acceleration factors and
predict the performance of photovoltaic modules.*

Recently, we have studied the reaction kinetics of light-
induced metallic lead formation in FA,gCso,Pb(Io.g3Bro.17)3
thin films using in situ sub-bandgap transmittance measure-
ments.”® In that work, we identified that light-induced decom-
position in an inert environment produces reduced lead species
whereas photooxidation decomposition (which dominates at
>3% ambient oxygen) produces insulating wide bandgap
decomposition products. Given this critical distinction, we
conduct our kinetic study on FA, gCsg oPb(Iy.g3Bro.17)3 thin films
under illumination with ambient oxygen levels above 3%, where
photooxidation definitively governs decomposition. Under
these conditions, above bandgap absorbance measurements
exclusively probe photooxidative processes, unaffected by any
reduced lead species formation, thereby enabling precise,
unambiguous kinetic analysis. The thin films used throughout
this study were fabricated by spin-coating with an anti-solvent
wash and exhibit 1 sun quasi-fermi level splitting greater than
90% of the radiative limit in addition to ambipolar diffusion
length exceeding 500 nm; their optoelectronic properties and
solar cell device performance have been previously reported.>

Here, we measure the material decomposition rate under
controlled environmental conditions in which temperature,
relative humidity, oxygen partial pressure, and photon flux are
all controlled (refer to SI Section 1 and Fig. S1 for further
discussion of this experimental setup). As a degradation
experiment proceeds, we collect a transmittance measurement
in situ (every 5 minutes). The change in absorbance with respect
to time can be calculated from the following equation:
— = —og,, (E), assuming reflectance is changing mini-
de¢ T o
mally relative to transmittance, which is confirmed in SI Section
2 (Fig. S2). We focus on the ‘early-time’ degradation because the
initial absorbance decay rate provides a direct measure of
material stability and correlates with the onset of material
optoelectronic quality and device performance decline.'”*®
From the change in absorbance, we determine the rate of
perovskite 10ss'™'*%° as: rperoyskite = _p;\</11>0<7g2010 %7
M, and o, are the density, molecular weight, and absorption
coefficient (at the probe wavelength, 630 nm in all studies
presented) of the perovskite, respectively. Note that this is
a ‘rate of disappearance’. We conducted time series experi-
ments (referred to as ‘runs’) across varied oxygen partial pres-
sures, relative humidities, photon fluxes, and temperatures.

where p,
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The combined results, discussed below, inform our proposed
decomposition pathways and underpin modeling of the overall
decomposition rate as a function of each stressor.

Dry-photooxidation (DPO) kinetic
modeling

Fig. 1 presents the time series absorbance decay and corre-
sponding kinetic analyses for runs conducted across varied
photon fluxes, oxygen concentrations (all >3%), and tempera-
tures in humidity free environments. Fig. 1a shows the change
in absorbance over time for runs under 1 sun equivalent photon
flux (1.5 x 10>" photons m~> s~ for a 1.66 eV bandgap material)
from a 540 nm monochromatic LED in dry air over a range of
temperatures. In all cases, the absorbance decreases over time,
indicating the loss of light absorbing perovskite material due to
its degradation to wider bandgap materials (E, > 1.97 e€V/630
nm). At higher temperatures, the films exhibit a more rapid
decline in absorbance. Fig. 2b presents that data in an Arrhe-
nius plot with an observed activation energy determined from
the Arrhenius fit to be 0.56 4 0.02 eV.

For dry conditions with ambient O, and illumination, the
most plausible reactive species driving perovskite decomposition
is the superoxide radical (0, "), ***'* formed when an adsorbed
oxygen molecule takes up a conduction band electron. From
a plausible reaction mechanism based on several elementary
steps (see SI Section 5 for the full derivation), we derive an
expression that predicts the initial rate of perovskite loss in dry
oxygen-containing environments under illumination. In this
derivation, it is only necessary to assume that the elementary
reaction step in which O, reacts with the perovskite (Step (4)
DPO, below) is the rate determining step (RDS) and that all other
elementary reactions are in quasi-equilibrium to arrive at
a mathematical expression for the dry photooxidation rate. Note
that, while oxygen and/or moisture (i.e., O, and/or H,0*) induced
decomposition reactions have been found to decompose FA-rich
lead halide perovskites,**** the decomposition rate of the films
under study in the dark in both dry and 50% RH air is negligible
compared to the rate under one sun (Fig. S3), consistent with
prior reports.”*>* In light of this finding, contributions from
kinetically slow dark oxidation pathways are omitted in our
modeling efforts throughout this manuscript. The proposed
reaction pathway for DPO is the following:

v =e +h" 1)
0, +[¥=0, (2)
0, +e =0, (3)

FA(3Cso,Pb(Ios3Bro17); + O'{* —degradation products  (4)

X-ray diffraction patterns recorded during photooxidation
exhibit no additional peaks over an extended period of degra-
dation (Fig. S4), indicating the absence of detectable crystalline
degradation products. It is probable that degradation products
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta05228a

Open Access Article. Published on 20 October 2025. Downloaded on 4/7/2026 1:30:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Journal of Materials Chemistry A Paper
a 21% O, | 1 sun | 0% RH 1sun| 0% RH | 21% O, =107 .
0.00}¥ - o E Dry Dataset

4 —— ESf,5:0.56 = 0.02 3
7 ; T2y - A oro * v E, [ Mean Error = 18.0 % W
—0.01} *y . ‘ $ Observed Rate +/- Std. Dev. = ' Median Error = 12.8 % 0
7 -0.02 *{* : Yy 3 E [ r2=0.95
@ —ooer ~10-tf 9 10-tL 55 Samples V)
£ + f ETE 5 107 P o @
‘£ -0.03} = C 4 E
3 + + e T e
-0.0a} = L Y el
3 250¢ + } % = 57 (Ve
-0.05F :::(C: } ’ « E 10-%¢ o’
-0.06} 7 8s°C 10°f § -
S W W W U U W— | -
= 15 35 = i) i3 D - s .
Time [min] 78 25 30 39 32 33 107 107 1077
1/ T [1000/K] Experimental Rate [mol/(m2s)]
Symbol Legend
o o
c, 1e-8 85°C | 1sun|0%RH d L 85°C|21% O, | 0% RH Photon Flux [Ng,,,,] - Symbol Shape
ren/(1+K*n)
4 7+  ray 0 01 02 03 05 07 1 186
—6k —6F $ Observed Rate +/- Std. Dev.
o) o Temperature [°C] - Edge Color
EsT £ 25 35 45 55 65 75 85
TE,A_ 24 v \\/ v V
-; al '; 3 Partial Pressure of H,0 [kPa] - Symbol Fill
e i 0 0.59 117  1.76 2.34
« 2f —— r«Po, /(1 +K*Po,) © 2 v v v
1+ e i 1 Partial Pressure of O, [kPa] - Symbol Size
LT nesniedRate il s, D e 3.04 106 213 507 69.3 100
0 20 a0 60 30 100 %.00 0.25 0.50 0.75 1.00 125 1.50 175 2.00

Po, [kPa]

Photon Flux [Ng;ns]

Fig.1 Reaction kinetics for dry-photooxidation (DPO). (a) Change in absorbance over time for runs in dry air, 1 sun at 25 °C, 45 °C, 65 °C, and 85 °
C. (b) Arrhenius plot for runs in dry air, 1 sun. Rate at 85 °C versus (c) partial pressure of O, and (d) photon flux with empirical power law fits (red
lines) and mechanistic model fits (blue and gold lines, respectively). (e) Parity plot for the dry photooxidation model. Data includes 55 total runs in
humidity free environments over a range of O, partial pressure, photon fluxes, and temperatures demonstrating a strong fit of the model to the

data (symbol legend included below).

are a mixture of amorphous compounds including delta phase
pure or mixed cation/halide perovskites,* lead halides (PbX,),*
and residual organic decomposition products.*® Vapor phase
products are likely gaseous diatomic halides (X,)** and volatil-
ized organic compounds.’* Despite this, so long as the
assumptions that Step (4) DPO is the RDS and that the products
do not absorb the incident probe 630 nm light hold, the
resulting rate equation for DPO is the following:

Pozl’l (5)
1 —+ KZPOZ(] =+ K3}’Z)

rpro = Kppo

eff
_EA,DPO

kB—T>’ K, is the equilibrium

where kppo = ko pro exp(
constant associated with oxygen adsorption (Step (2) DPO), and
K; is the equilibrium constant associated with reduction of
adsorbed oxygen (Step (3) DPO).

The experimentally observed rate data at 85 °C is plotted over
a range of oxygen partial pressures (no humidity) under 1 sun
photon flux in Fig. 1c and over a range of photon fluxes in dry air in
Fig. 1d. While empirical sublinear exponential fits to the data are
quite good (red traces in Fig. 1c and d), the mechanistic models
(blue and gold traces in Fig. 1c and d, respectively) deliver an even
better fit, providing important insights into the fidelity of the
derived mathematical form. Note that we have previously deter-
mined that the activity of photoexcited species (electrons, 7, in the
case of photooxidation) scales as I,””* for this composition,?
where I, is the incident above bandgap photon flux. The mecha-
nistic model in Fig. 1d (gold trace) is fit based on this result.

38438 | J Mater. Chem. A, 2025, 13, 38436-38445

Runs at 1 sun, 21% O, over a range of temperatures are used
to determine the effective activation energy (Fig. 1b). The entire
dry dataset is used to determine the temperature independent
prefactor, k, ppo, and the two equilibrium rate constants, K, and
K3, via the non-linear least-squares method. K, and K; may have
temperature dependences. However, the fit to the data is quite
good over a range of temperatures, oxygen partial pressures,
and illumination intensities (Fig. 1e), suggesting that associ-
ated temperature dependences are negligible over the temper-
ature ranges in this study. Because the fitting parameters are
non-linear, we applied a bootstrap procedure with 10000
resamples (Fig. S6) to estimate parameter uncertainty.*” In this
approach, we resampled the original data with replacement,
refit the model to each synthetic dataset, and derived standard
deviations and 95% confidence intervals from the resulting
parameter distributions. The final DPO parameter estimates
and their uncertainty measures are presented in Table 1. The
dry photooxidation model fits the dry dataset (55 samples) with
a median error, mean error, and * value of 12.8%, 18.0%, and
0.95, respectively, indicating an excellent fit of the data (Fig. 1e).
Expanded details for the fitting procedure for the dry photoox-
idation model are included in SI Section 6.

Water-accelerated photooxidation
(WPO) kinetic modeling

Having established a model for decomposition of FAq gCsp .-
Pb(I, ¢3Bro17); in dry oxygen containing environments under

This journal is © The Royal Society of Chemistry 2025
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Fig.2 Water vapor ‘On—-off’ absorbance tracking. Degradation at 1 sun equivalent illumination in air at (a) 25 °C, (b) 45 °C, (c) 65 °C, and (d) 85 °C.
Experiments start in dry air, followed by 50% RH air, and then are switched back to dry air. The calculated rate for each condition is shown in the
plots. Note the difference in range of the change of absorbance for each temperature.

illumination, we next consider the influence of water on the
overall degradation rate. Our previous reports identified that
the introduction of water vapor to an oxygen containing atmo-
sphere increases the net photooxidation rate of MAPbI; (ref. 15)
and the net oxidation rate of FAq;5CS255n¢5Pbg5I5.® This
behavior is more pronounced at lower temperatures than
higher temperatures (posited to be a result of lower water
surface coverage at higher temperatures compared to lower
temperatures). Fig. 2 shows the results of several ‘on-off’
experiments in which the absorbance change of the FA, gCsy -
Pb(I, g3Bry.17)s films over the course of degradation is observed.
These experiments are conducted in the same environmental
chamber described in SI Section 1. Each run begins in dry air at

the specified temperature. After some time, humidity is intro-
duced into the chamber (50% RH). Finally, the gas flow is
switched back to dry air. We isolate the effect that the presence
of water vapor has on the overall rate by comparing the absor-
bance change over time in each of the three windows. The
volume of the environmental chamber used is ~300 ml, and at
a flow rate of 3 L min~" of inlet gas, it reaches 99% of the way to
its new humidity set point in <30 seconds. This rapid exchange
ensures that each humidity switch is effectively instantaneous
for these measurements.

Interestingly, we observe a unique phenomenon in which the
effect of adding water is a net increase in perovskite decom-
position rate at lower temperatures (25 °C, 45 °C, Fig. 2a and b,

Table 1 Best-fit parameters for the full kinetic photooxidation model for FAg gCsg 2Pb(lg.g3Bro 17)s thin films

Parameter Value Units

ko,ppo (1.5+0.2) x 107'° mol m ?s ' kPa~' (photons m ?s~ 1) %72
Ebro 0.56 % 0.02 ev

K, 9.5+ 1.2) x 107* kpa™!

Ks (2.3 £0.4) x 107" (photons m™2 s~ 1)7%7?

ko,wro (1.3 £0.2) x 1077 mol m s~ ' kPa~? (photons m>s~ ") 7%7?
Eiwro —0.12 + 0.12 v

fhydrate 0.55 Unitless

Ko,hydrate 3.2 X 1022 kPafl

AHﬁgrfdrate 1.5+ 0.4 eV

This journal is © The Royal Society of Chemistry 2025
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respectively) and a net decrease in rate at higher temperatures
(65 °C, 85 °C, Fig. 2c¢ and d, respectively) compared to dry
conditions. The associated water acceleration rate factor (50%
RH rate divided by the initial dry rate) for these runs are 2.47,
2.68, 0.77, and 0.53 for the 25 °C, 45 °C, 65 °C, and 85 °C run,
respectively. This counterintuitive result is confirmed with ex
situ spectral absorption measurements (Fig. S5).

Several surface reactions are possible that may produce other
reactive oxygen species (ROSs) in addition to superoxide when
water vapor is also present in the ambient. These include but
are not limited to reactions between superoxide and adsorbed
water to form hydroxyl radicals and the further reactions to
form hydrogen peroxide (both of which are strong oxidizers
capable of decomposing the perovskite**?*). The generation of
these additional, plausible ROSs may activate alternative
degradation pathways that, in total, could accelerate the
decomposition rate of FA, sCsy.,Pb(Io.g3Br¢.17); relative to that
under dry conditions. Water may also competitively adsorb with
oxygen and/or form perovskite hydrates, reducing the surface
coverage of oxygen and superoxide and by extension lowering
the superoxide induced decomposition rate (dry photooxida-
tion). If competitive adsorption of water effectively displaces
oxygen and superoxide from the surface, the net decomposition
rate of FAg gCso »Pb(I, g3Bro.17); under humid conditions could
be reduced compared to that under dry conditions. We propose
that the interplay between competitive adsorption and addi-
tional ROS generation underlies the observed temperature
dependent decomposition behavior. This posited explanation is
further explained in the subsequent paragraphs. We note that
McAndrews et al. reported that moisture uptake can influence
stability through stress-relaxation mechanisms,* which we do
not explore here but acknowledge as a possible contributing
factor.

At lower temperatures, the exothermic water adsorption
enthalpy outweighs the entropic penalty, increasing surface
H,0* coverage relative to elevated temperatures. Adsorbed
water then reacts with O, to produce secondary ROSs such as
hydroxyl radicals.*® Hydroxyl radicals, or other secondary ROSs,
open an alternative decomposition route with a lower
transition-state energy barrier, yielding a reduced observed
activation energy for the overall reaction.’® Note that, in order
for water to react with superoxide radicals, we assume that it
must be present as unreacted adsorbed water (H,0%*).

In contrast, at higher temperatures, there is a decrease in the
net rate, implying the onset of a competing water-mediated
process that suppresses the net photooxidation rate. This
high-temperature slowdown motivates our proposal of
a hydrated-perovskite pathway. We postulate that, in the pres-
ence of water vapor, a surface hydration reaction between
pristine perovskite and gas-phase H,O rapidly reaches quasi-
equilibrium with ambient humidity (observed predominately
at elevated temperatures), generating a hydrated perovskite
phase. This process is fundamentally different from simple
water adsorption, where an adsorbed molecule can detach and
return the site to an active state. In the case of hydrate forma-
tion, vapor phase water first binds reversibly to an available site
and, from this precursor state, undergoes a surface

38440 | J Mater. Chem. A, 2025, 13, 38436-38445
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rearrangement with the perovskite lattice. This rearrangement
produces a hydrate phase that annihilates the associated active
site and prevents the bound water molecule from participating
in further ROS-generating reactions. Only when the hydrate
itself decomposes is the site restored.

It is important to note the role of site sampling dynamics in
the proposed pathways. In all temperature regimes, adsorption
sites are assumed to be sampled rapidly. Because both
adsorption and desorption are fast, equilibrium coverage, not
kinetic limitation, governs surface occupancy. At elevated
temperatures, surface-bound free water (H,0*) coverage is low
because excess thermal energy drives rapid desorption, keeping
the equilibrium coverage minimal. However, the same thermal
energy also enables hydrate formation at available active sites.
Thus, due to rapid site sampling and the strong driving force for
hydrate formation, these sites are quickly occupied, and the
hydrate formation reaction proceeds.

In our model (below), we represent the hydrated species as
(1) in quasi-equilibrium with gas-phase water, (2) kinetically
inactive toward degradation over the experimental timescale,
and (3) reversible in nature.**' Functionally, an additional
factor is introduced that accounts for water's effect on the total
number of active adsorption sites on the perovskite surface.
First-principles calculations of perovskite-water interactions
show that hydrate formation likelihood depends on surface
termination sites.*” Combined experimental and theoretical
studies further demonstrate that water-induced degradation
varies across crystal facets.”* To capture this surface heteroge-
neity, a factor that quantifies the fraction of total sites that are
susceptible to hydrate formation (fiyarate) is included.

The elementary reaction steps of the plausible water-
accelerated photooxidation pathway can be written as the
following:

v =¢ +h" (6)
0, +[¥=0, (7)
0,+e =0;" (8)
H,O0 + [*] = H,O* (9)

H,0* + 0, "=O0H + HO; (10)

FA(sCso,Pb(Ipg3Bro17)3 + OH  — degradation products (11)

Note that ROSs aside from OH may form under these
conditions and contribute to decomposition; here, we choose to
model the hydroxyl mediated pathway while recognizing that
alternative ROS-driven routes may also operate. It is assumed
that surface adsorbed water (H,O*) remains in the low-coverage
(linear) regime of the Langmuir isotherm, allowing omission
from the denominator of eqn (12) below. Using the rate-
determining step approximation (Step (10) WPO) with all
prior steps in quasi-equilibrium, the resulting WPO rate equa-
tion is:

This journal is © The Royal Society of Chemistry 2025
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PoznPHzo
(1 + Ky Po,(1 + Kan))

Fwpo = Kkwpo (12)

eff
_EA,WPO

, and K, and K; are again
ksT )’ 2 3 &

where kwpo = ko.wro exp(

equilibrium constants associated with oxygen adsorption and
adsorbed oxygen reduction by conduction band electrons,
respectively. The complete derivation of the WPO rate equation
is included in SI Section 7.
The pathway for the hydrated perovskite formation can be
written as the following:
HZO + [*]avail = HZO* (13)
H,0%* + FAq3Cso.2Pb(lo.s3Bro.17); =
H,0*-FA 5Cso.2Pb(lg53Bro.17)3 (14)

An expression that captures the reduction in total surface
adsorption sites ([*]iora)) due to the hydrate formation (HF)
pathway is presented below (eqn (15)). Because [*]ioral iS con-
tained within the prefactor of the rate equations for both the
DPO and WPO pathways (SI Sections 5 and 7), it is necessary to
modify both the DPO and WPO rate equations to account for
relative changes in this value. A site balance on total adsorption
sites, incorporating temperature-dependent equilibrium
constants for hydrate formation, yields eqn (15) below. A
complete derivation is provided in SI Section 8. The following
equation quantifies the fraction of total available active

[*] available) .
[*] total
KhydraleP H,0

1 + K2P02(1 + K3”) + KhydratePHZO

adsorption sites relative to the total (facﬁve =

félctive =1 _filydrate (15)
where Kpydrate i @ temperature dependent equilibrium constant
associated with hydrate formation and is equal to

eff
—AH, hydrate

T ) Jhydrate 18 the fraction of total sites
B

Ko.hydrate exp (

K
that are available to hydrate formation ([%iﬁtiwm') . The fitting
total

of the remaining parameters that define the WPO and HF
pathways is discussed below.

From the derivations for DPO, WPO, and the hydrate
formation reaction, a total rate equation for the photooxidation
of FA Cso.,Pb(Iy 3Br¢17)3 in oxygen containing environments
under illumination is established. We begin by noting that the
total rate is assumed to be a sum of the contributions from the
dry-photooxidation and water-accelerated photooxidation
pathway:

T'total = 'pPO T 'WPO

Including the effect that hydrate formation has on total
adsorption sites, the total photooxidation reaction rate can be
written as the following:

This journal is © The Royal Society of Chemistry 2025
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Pozn
1 + K2P02(1 + K3l’l

POZI’ZPHzo
(1 + szoz(] + K3}’l))2

Frotal = |:kDPO ) + kwro

y [1 7f KhydralePHzo :|
NI T KoPoy(1+ Kan) + KinyariePivo

(16)

Fig. 3a shows the change in absorbance over time for runs in
50% RH at 25, 45, 65, and 85 °C. Reaction rates increase with
temperature but less steeply than in dry air. Fig. 3b is an
Arrhenius plot in which runs at 100% RH (dark blue) and 50%
RH (light blue) are compared to the dry-photooxidation model.
At low temperatures (25-45 °C), we observe a decrease in the
apparent activation energy with an increase in relative
humidity. The magnitude of the observed rate is also higher
than the dry-photooxidation rate. These two results are
commensurate with our initial hypothesis of an additional
water-accelerated photooxidation pathway that occurs
predominately at lower temperatures. Consistent with prior
results on other perovskite compositions, this pathway exhibits
a negative effective activation energy because of the substantial
enthalpy of water adsorption.’>'® However, at high tempera-
tures (45-85 °C), the apparent activation energy is nearly iden-
tical for runs at 50% RH and 100% RH. This observation
supports the hydrate formation hypothesis but also indicates
that available hydrate formation sites are becoming saturated,
with the surface coverage term approaching unity under these
conditions. Fig. 3c is a plot of the rate of disappearance of
perovskite versus the partial pressure of water vapor for runs at
85 °C under 1 sun in air. Here, the rate is accounted for almost
entirely by reactions precipitated by the formation of superoxide
radical ([H,O*] is expected to be very low while [H,O*-FA g-
Cs0.2Pb(Io.3Bro17)3] is expected to be appreciable at this
temperature). We model the rate (the red line) as the dry-
photooxidation rate at 85 °C in dry air under 1 sun multiplied
by the hydrate formation factor (eqn (15)). This fit provides an
estimate for the fraction of total adsorption sites available for
hydrate formation (fuyarace = 0.55) in addition to a reference
equilibrium constant for hydrate formation (Kyydrace (T = 85 °C)
=47 kpa™ ).

To fit the remaining parameters (Ezf‘f\‘)vpo, AHﬁfyfdmte, ko.wro)
that define the total rate (eqn (16)), we divided the 65-sample
humid dataset into multiple subsets defined by distinct
temperature ranges and performed a grid search optimiza-
tion.* This exhaustive search is necessary because activation
energies appear in the exponent of the Arrhenius term, making
gradient-based methods extremely sensitive to initial guesses
and prone to failure unless seeded very close to the true values.
The grid search involves selecting pairs of EeAfﬁNpo and
AHf,‘;fdrate values over a broad range and fitting ko wpo to opti-
mize the fit. The results of these grid searches are presented in
SI Section 9 and Fig. S7. The most optimal parameters based
on a minimization of the sum of squared residuals are when
Efif{wo and AHf;g,fdrate are equal to —0.12 eV and 1.48 eV,
respectively. In agreement with our prior work, we find that
a negative effective activation energy associated with WPO

J. Mater. Chem. A, 2025, 13, 38436-38445 | 38441
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Fig. 3 Reaction kinetics for water-accelerated photooxidation and hydrate formation. (a) Change in absorbance over time for runs in 50% RH air,
1 sun at 25 °C, 45 °C, 65 °C, and 85 °C. (b) Arrhenius plot for runs in 50% and 100% RH compared to DPO model predicted rates. Apparent
activation energies for low temperature (25-45 °C) and high temperature (45-85 °C) runs are shown. (c) Observed rate versus partial pressure of
water vapor at 85 °C, 21% O,, 1 sun illumination with model fit. (d) Parity plot for the humid dataset (65 total samples across a range of conditions

with non-zero humidity, refer to Fig. 1 for symbol legend).

provides a strong fit to the data. We also find a relatively high
activation energy associated with hydrate formation which
indicates that this process has a large energy barrier to forma-
tion in this perovskite composition. As discussed in SI Section 8,
AHf}i,fdrate is the sum of the enthalpy of adsorption for water
vapor and the enthalpy of the hydrate formation reaction. For
the humid dataset, we achieve an excellent fit of the data with
a median error, mean error, and r* value of 15.2%, 23.8%, and
0.92, respectively (Fig. 3d). We have also included a bootstrap
procedure (SI Section 9 and Fig. S8) identical to that done for
the DPO parameters to estimate the uncertainty of the fitted
WPO and HF parameters. The final WPO and HF parameter
estimates and their uncertainties are included in Table 1.
Expanded details for the fitting procedure for the water-
accelerated photooxidation model and hydrate formation
model are included in SI Section 9.

Conclusion

In conclusion, we identify two distinct oxygen and light-induced
degradation pathways for FA,sCso,Pb(Io.g3Bro.17)s absorbers:
(1) dry photooxidation (Espo = 0.56 eV, with only superoxide

38442 | J Mater. Chem. A, 2025, 13, 38436-38445

radical as the oxidizing agent) and (2) water-accelerated
photooxidation (E§iypo = —0.12 eV, includes secondary ROSs
as reactants). In addition, we demonstrate that water vapor
retards decomposition at elevated temperatures in an oxygen
containing environment, which is posited to be a result of
hydrate formation that decreases the number of available
surface adsorption sites for oxygen. A two-step reaction pathway
for hydrate formation is used to derive an expression that
accurately quantifies water's effect on total photooxidation rate.
A complete rate expression for the chemical decomposition of
this representative mixed-cation mixed-halide perovskite is re-
ported and predicts the initial rate of degradation with low error
(~14% median error for the total dataset of 120 runs across
a range of oxygen and water partial pressures, photon fluxes,
and temperatures, Fig. $10). This model is determined from
degradation runs with greater than 3% ambient oxygen.
However, in principle it provides an estimate at lower oxygen
concentrations as well. It is, however, important to note that the
unscavenged electrons at low O, partial pressures may react
with Pb** to reduce it.>**>* Our model should be accurate in
quantifying the rate of perovskite loss due to reaction with
superoxide and other ROSs but will miss the Pb** reduction

This journal is © The Royal Society of Chemistry 2025
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reaction at low O, partial pressure. To validate that the identi-
fied mechanisms are not unique to FA, sCs »Pb(I.g3B1¢.17)3, We
performed additional tests on FA,gCso,Pb(IyoBry,); and
FA, sCs ,PbI; thin films (Fig. S11), which showed similar trends
under combined oxygen, humidity, and illumination stresses.
This model may also be useful in developing predictions of
module lifetime when coupled with models of moisture and
oxygen ingress through an encapsulant, as well as the effects of
slower escape and build-up of gaseous decomposition products.
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