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Abstract

Understanding the chemical reactions that hybrid organic-inorganic halide perovskite (HP)
semiconductors undergo in the presence of moisture, oxygen, and light are essential to the
commercial development of HP solar cells and optoelectronics. Here we use optical absorbance to
study the kinetics of methylammonium lead iodide (MAPDbI3) degradation in response to
combinations of moisture, oxygen, and illumination over a range of temperatures. We identify two
primary reaction pathways that dominate MAPDbIs material degradation in these mixed
environmental conditions: (1) dry photooxidation (DPO) due to the combined role of oxygen and
photoexcited electrons (with a rate of 9 x 10° mol/m?s in dry air at 25 °C and an activation energy
of 0.47 eV),** and (2) a water-accelerated photooxidation (WPO) process due to the combined
role of water, oxygen, and photoexcited electrons (with a rate of 1 x 10" mol/m?s in 50% RH air
at 25 °C and EA=0.08 eV). Commonly reported humidity-only, blue light, and thermal degradation
pathways are demonstrated to have rates that are respectively 100, 1000, and >1000 times slower
than predominant photooxidation processes. Extracting kinetic rate constants from the dynamics
of the initial degradation, we calculate that in dry air, photooxidation of MAPbI3 proceeds with 1%
order kinetics with respect to concentration of excess conduction band electrons and 0™ order
Kinetics with respect to oxygen. In humid air, photooxidation of MAPbI3 exhibits first order
kinetics with respect to the partial pressure of water in the vapor phase (PH20). However, with
respect to oxygen in the vapor phase (Po2) and excess concentration of photoexcited electrons (n),
kinetics follow a kx/(1 + kx)? relationship with respect to rate. We then identify a plausible
reaction mechanism for degradation of MAPbIz material that is consistent with these rate orders.
The rate determining step for DPO is proton abstraction from methylammonium while for WPO it
is proton abstraction from water, which occurs at a faster rate and results in water acting as an
accelerant for photooxidation of MAPbIs. Rate laws derived from this mechanism were fit to the
entire dataset to extract rate constants for DPO and WPO processes. Combining the rate equations
with mass transport modeling may yield mechanistic predictive models of PV device service
lifetime for different encapsulation schemes. There is disagreement in the literature as to whether
water is a product of DPO. If water is a product, then encapsulation regimes must be developed to
rigorously block oxygen, or else, over longer time periods, water will accumulate inside the
packaging and kick-off a much faster WPO process.

** Important note related to this version of the pre-print: We have measured high sensitivity
to low levels of moisture in the degradations since the WPO is faster and lower activation energy.



For degradation runs where extra measures are taken to eliminate trace levels of moisture, the rate
of reaction in “dry” air drops and the activation energy increases. When we anneal films in flowing
dry N2 to remove residual water (possibly from synthesis reagents) and then conduct the
photooxidation in a mixture of ultra-dry nitrogen and ultra-dry oxygen (79% N2, 21% O>), the rate
drops to about 3 x 10° mol/m?s at 25 °C and the activation energy increases to 0.62 eV. The
standard deviation of the rate estimates also decrease (smaller error bars in Fig 2b and 2e). The r
of the final parity plot is also increased. However, so that the data are self-consistent, this version
of the pre-print includes results from experiments that may have had varying trace levels (~1-100
ppm) of water, and the analysis below is all from that data set. Data from more rigorous drying
procedures will appear in the final version.

Introduction

Halide perovskite (HP) photovoltaics (PVs) are the first printable photovoltaic technology
to achieve >25% power conversion efficiency (PCE),! which may allow for low-cost high-
efficiency flexible PV devices fabricated by roll-to-roll printing technology.?® Given the low cost
of the starting materials, rigid devices such as perovskite-silicon tandems*® or devices formed by
vapor deposition could also lead to significant decreases in the cost of solar power if the solar cells
have sufficiently long service lifetime. While a large number of studies have identified HP PV
devices with >1,000 hr operational lifetimes,®° a U.S. Department of Energy analysis indicates
that solar panels will need >30 yr service lifetimes with year-over-year degradation rates of less
than 0.5% for a panel to reach $0.03/kWh levelized cost of energy (assuming a 20% total-area
efficiency and a module cost of $0.19/W,).!! Testing the stability of any technology on multi-
decade timescales is impractical. Therefore, warranties backing the long-term performance of HP-
based commercial products will necessarily rely on predictions of service lifetime. While
accelerated aging tests like the IEC 61215 standard (which includes testing the drop in performance
after the panel is held at 85 °C and 85% RH for 1,000 hrs)'? have been used to estimate service
lifetime and provide performance guarantees,”® these tests have only been validated for silicon
and thin film based PV technologies like CdTe.***® Unlike in Si or CdTe, HPs degrade due to
chemical reactions of the semiconductor with water, oxygen, and photoexcited electrons,®6-2° and
there exists a strong correlation between decay of optoelectronic properties such as carrier
diffusion length and material transformation rate.?*?? In oxygen and light, a photooxidation-
induced degradation of MAPDIs has been reported previously!®2324 and is widely believed to occur
via a mechanism that involves superoxide radical (05~ ) generated by photoexcited electrons in
the conduction band of MAPDI; to yield the overall reaction:18-20:23.24

ACH3NH;PbI; + 0, + hv — 4Pbl, + 4CH;NH, + 2H,0 + 21, @

Others have disputed the generation of water in this process, citing instead the overall reaction
(note that Pbl> and I, are not directly reported in this mechanism, but necessarily must be formed
as stated to maintain charge and species conservation through the reaction):2%2

1 1
CH3;NH;Pbl; + 0, + hv - CH3;NH, + 0, + SH2 + PbI, + 5l (2)

In humid environments, attack by moisture is widely reported to be the primary mode of
degradation in MAPbI; thin films,'817 with an expected degradation pathway of:



CH3;NH;Pbl; + H,0 = CH3;NH;Pbl; - H,0 A3)
(CH;NH3),Pbl, - 2H,0 - 4CH3;NH, + 4HI + Pbl, + 2H,0 &)

Despite these proposed overall reactions, quantitative acceleration factors describing how
increasing oxygen, humidity, or illumination levels impact HP material degradation rate are still
unknown. Without knowledge of these functionalities, it is unlikely that service lifetime
predictions derived from accelerated-aging tests will be accurate. Recent machine learning studies
have emerged to in an attempt to fill this predictive gap,??2 with ML models identifying
material decomposition rate (rate of increase of transmittance) as the most important quantitative
predictors of diffusion length degradation over time (diffusion length T80).2* However, if these
models are to be predictive over multi-decade time scales, understanding of the physics that that
govern MAPbI; degradation are required. Given the strong correlation between HP material
degradation and that of their optoelectronic performance, accurate prediction of HP device
lifetimes will greatly benefit from a fundamental understanding of the degradation mechanisms
and the kinetics of each pathway of material degradation.

The degradation mechanisms and rates for commercial optoelectronics have been well-
studied. For example, light-induced degradation due to the Staebler-Wronski effect in amorphous
silicon has an understood mechanism and rate orders,?® and the light-induced degradation in
crystalline silicon PVs has been demonstrated to be due to oxidation of boron defects in the silicon
lattice, with well-agreed upon activation energies and rate constants for both slow and fast boron
deactivation processes.* Despite the importance of HP degradation reactions, a formal mechanism
with rate orders and rate constants has not been reported. Some reports of effective rate constants
and activation energies of perovskite degradation exist from fits to an Avrami model*® based on
the time-evolution of optical absorbance,®* XRD patterns,3>2% XPS peaks,® and AFM features of
degrading HP films.3” However, quantitative relationships between the rate of perovskite
degradation and partial pressure of oxygen, the illumination intensity, and the partial pressure of
water vapor are still unknown.

Here, we measure the kinetics of methylammonium lead iodide (MAPbDI3) perovskite
transformation using changes in optical transmittance measured in-situ as a function of humidity,
oxygen, illumination intensity, and temperature to construct a rate law equation. Transmittance is
collected with an incident photon wavelength of 550 nm (~2.25 eV), which is above the bandgap
of MAPDI3 (1.6 eV) and below the bandgap of all reported solid degradation products, namely:
Pbl, (2.35 eV),1838 CH3NH3Pbls-H20 (3.1 eV),*! CH3NH3Pbls-2H20 (3.9 eV),* and PbO1x(OH)2«
(>2.5 eV).* Increases in transmittance are therefore interpreted as conversion of MAPbI; to
degradation products. We identify and quantify two mechanisms of degradation: (a) dry
photooxidation (DPO) process that occurs in the absence of vapor-phase water, and (b) a water-
accelerated photooxidation (WPO). For each mode of degradation, we identify how varying
environmental conditions impact the initial rate of MAPbI3 degradation (ry4p;) in both regimes,
extracting activation energies and rate orders in humidity, oxygen, and light. The experimentally
determined rate orders are highly suggestive of certain elementary steps in the mechanism, and we
propose a detailed reaction mechanism for the degradation for MAPDIs in the presence of oxygen,
light, and humidity that explains the functionality of the rate law. The derived detailed reaction
mechanism suggests that H.O accelerates the photooxidation process of MAPDIs.



Results and Discussion

The degradation of MAPbIz was monitored in-situ under controlled environmental
conditions by  simultaneous  measurement of transmittance and  quantitative
photoluminescence.?**! (see Fig. 1a). Environmental conditions are controlled using a small
chamber with gas ports, a heater, and windows above and below the sample to admit incident and
transmitted light. The optical transmittance (77, ratio of the sum of direct and diffuse transmitted
intensity divided by incident intensity) is measured using incident 550 + 15 nm monochromatic
light from an LED source and notch filter. Thus, increasing 77 at 550 nm indicates increased
degradation of the MAPbI;s film (Eqg=1.6 eV, 775 nm) into Pbl> (Eq= 2.35 eV, 525 nm) and volatile
byproducts.®?3" Absolute values of transmittance of a MAPbIs film placed the environmental
chamber (which in turn is affixed to a microscope stage) are difficult to obtain in situ. Measured
transmittance values on the same sample may change significantly based on position and
orientation of the MAPDI3 film in the chamber, the alignment of the photodiode sensor (which
must be repositioned after focusing each sample due to adjustment of the z-height of the
microscope stage during experimental setup), stray light from the environment, and other
uncontrolled factors. To minimize these effects, it is desirable to use the transmittance normalized
by the initial transmittance, (7; /7, = 1:/1,). This is the measured data in the experiments.
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Figure 1. (a) Schematic of the experimental setup used to monitor perovskite decomposition under controlled
environmental conditions. (b) Example of the evolution of transmittance for MAPbI; at 50% RH in air at 1 Sun
effective illumination. (c) Change in absorbance over time, showing an initial linear region of a MAPbI; sample at
25 °C in 50% RH air under 1 Sun illumination. (d) Schematic detailing the most commonly reported degradation
mechanisms of MAPbIs in literature: hydrate formation (requiring only water) and photooxidation (requiring only
oxygen and light) with degradation products variously reported as either H, or H2O.



For our purposes, the transmittance is important only in so far as it is used to calculate the
absorbance, which can be related to the number of moles of perovskite (N). The Beer-Lambert law
related the absorbance (A) to the conventionally defined material absorption coefficient a, A = « -
L-log,o(e). As degradation occurs, perovskite is converted to higher bandgap materials and the
effective absorption coefficient (above the perovskite bandgap but below the bandgap of the
products) decreases. To account for this, we define an effective absorption coefficient, @ = «a -
(N/N,) where a, is the absorption coefficient of pristine perovskite at the wavelength of the
incident light (550 nm) and N, is the initial number of moles of CH3sNHz3Pbls in the beam path.
Substituting in the effective absorption coefficient and taking the derivative with respect to time
yields, dA/dt = ay-(1/N,) - L-logio(e) - dN/dt. In the early stages of degradation, the
change in absorbance evolves linearly with time (Fig. 1c) and is relatively independent of film
thickness below 500 nm (Fig. S2). This suggests that the degradation reaction is dominated by
surface reactions and is effectively zeroth order with respect to MAPDI3 (see section 3 in
Supporting Information). Thus, the rate of disappearance of MAPDI3 is defined as negative the rate
of change of moles of MAPbIz per unit area (W) of the illuminated film, ry4p; =
—(1/W)-dN/dt. Plugging in the relation above between dA/dt and dN/dt and using
No/(W -L) = p/M , where p is the density of pristine perovskite and M is the formula weight,
the equation for the rate of disappearance of perovskite in terms of absorbance is:

1 dN p dA
Y™MAPI = — 75 57— — —_ (6)
W dt M -log,o(e) - ap dt

When reflectance is negligible, the absorbance may be calculated from the transmittance,
A = —log,,(T). In the case where reflectance (both specular and diffuse) is not negligible but is
dominated by the front interface reflectivity, the absorbance becomes A = — log,,(7 /(1 — R)).
Conveniently, the difference between the absorbance at time t minus the initial absorbance, AA,
can be calculated from the directly measured transmittance normalized to time-zero values (7; /7):

24 =4, - 4y = ~logy, T )= (10w ( To ))
= At o = — 104910 1-R, 0910 1-R, @)
7; 1—Ro)

AA = —logyo (;O> —logio <1_—Rt ®)

If changes in reflectance due to interference effects are small enough relative to changes in
transmittance (which is the case during the early stages of degradation) then (1 —R,)/(1 — R;)
approaches 1 and thus the second term approaches zero, yielding:

T; I
AA = —logs (7_;) = —logso (i) ©)
Also, d(AA)/dt = dA/dt. The reflectance does change some with time, and we calculate the
error in the rate of reaction associated with neglecting the changes in reflectance (see section 2 and
Fig. S1 of the Supporting Information). For measurement at 550 nm, the error is about 1%.
Depending on how the incident wavelength aligns with the maxima or minima of the reflectance
(which depends on film thickness), the error can be as large as 28%, which would be the case if
we measured our films with 630 nm incident light (see Fig. S1). Given that the film thickness is
effectively constant in the data set, 260 nm + 10 nm, determined from profilometry, the error
systemic error is small. Further, given that the differences in the rate of reaction presented below



span 3 orders of magnitude, the error associated with neglecting changes in reflectance does not
affect any of the conclusions below.

The rate of change of absorbance encodes the dynamics of the MAPbIs degradation
reaction and is a function of (at least) temperature, humidity, oxygen, and illumination intensity.
Note that other factors may affect the rate as well like grain size and the concentration of point
defects. Smaller grain sizes increase the grain boundary surface area and should increase the
observed rate. With regard to defects, iodide vacancies in particular have been shown to facilitate
superoxide formation and should also increase the observed rate.*? The initial rate of degradation
was determined using linear fits of the change in absorbance and eq. 6 at a variety of environmental
conditions (Fig 2a-d and Table 1), both in the dark and under 1 Sun illumination (which here for a
1.6 eV bandgap material is approximated by continuous illumination with 1.59 x 10?! above-
bandgap-photons/m?-s). The initial rates reveal that photo-induced degradation in the presence of
oxygen is faster than any process without oxygen (dry thermal or humid thermal under illumination
or in the dark) by more than an order of magnitude at both 25 °C and 85 °C. Dry oxygen and humid
oxygen pathways are approximately equal at 85 °C, while the humid-oxygen pathway dominates
at 25 °C by an order of magnitude. Importantly, the data show that in the absence of oxygen,
humidity-only degradation is much slower relative to degradation in the presence of oxygen.
Similarly, other reported degradation pathways that contribute to MAPbI3z degradation are much
also much slower than photooxidation processes. Thermal degradation® at 85 °C is three orders of
magnitude slower than photooxidative degradation. C-N bond cleavage in methylammonium due
to blue light (1>410 nm) exposure has also been reported to contribute to MAPbI3 degradation.?%%°
However, exposure to 1 sun equivalent of 395 nm light results in degradation rates below 1 x 10
19 mol/m?s, again over three orders of magnitude slower than photooxidation processes. A
summary of relative rates of degradation is shown in Table 1.

The apparent activation energy of photooxidation is calculated to be 0.47 eV in dry air and
0.08 eV in 50% RH air. As a result of these dramatically different activation energies,
photooxidation rates in the presence and absence of humidity differ significantly depending on the
temperature, and dry photooxidation proceeds at a rate that is over an order of magnitude slower
than humidity-assisted photooxidation at 25 °C (Table 1). Together these results indicate that water
and oxygen synergistically accelerate MAPDI3 degradation. It is sometimes assumed that the
observed increased degradation rate in the presence of both oxygen and water is due to the additive
effects of humidity only (degradation via hydrate formation) and dry photooxidative pathways.**
However, degradation rates in humidity without oxygen and in oxygen without humidity both
proceed at over an order of magnitude slower pace than MAPDbI3 degradation rate in the presence
of both humidity and oxygen. These data thus point to water acting as an accelerant (technically
not a catalyst since water is consumed as an intermediate and then generated as a product) for
photooxidation of MAPbIs, rather than contributing to degradation via a parallel hydration
pathway.

This is consistent with some speculation in literature. Aristidou et. al. have reported that
increasing water concentration in a toluene solution submerging a MAPDIz film increases
superoxide yield, and by extension, degradation rate.?® They speculate that this increased yield is
due to increasing proton concentration at the MAPDIz surface, which makes superoxide
protonation more favorable.?® Figure 2 supports this idea, demonstrating that the presence of
humidity dramatically increases photooxidation rate, even in the vapor phase. Furthermore, data
in Figure 2 demonstrates that the presence of acidic water protons do not merely provide additional



protons to contribute to reaction, but that water creates a lower energy barrier for the overall
reaction, indicating this protonation is likely the significant rate-limiting process in overall
MAPbI3 decomposition. Others still have shown using molecular simulations that water adsorption
can impact energy levels of adsorbed oxygen,* especially in the limit of excess hole concentration
in the MAPbI; surface.*® This is consistent with the observation in Figure 2 and Table 1 of
humidity-accelerated photooxidation pathways.

MAPI Absorbance Evolution at

MAPI Absorbance Evolution at MAPI Absorbance Evolution at

a 50% RH in N3 at 1 Sun b 0% RH in Air at 1 Sun 50% RH in Air at 1 Sun
000V P YV VUV VVPVVIVIVEY 0.00 Iv 0.00 {¥ v 25C
v X ’ ' L
:!¥¥¥;;;"v'v',' *‘ ¥ asc
-0.05 -0.05 vl I8842T" i <05 ¥ L 65C
L | ' & & ¥ s8s5cC
— MAPI Absorbance Evolution at
a =0:40 50% RH in N3 at 1 Sun & 010 @ 010 ¢ L
8 o H 2 Tl
‘é‘ -0.15 % -0.15 v % -0.15 T |
> <
= - =k v =X T 1 l
3 -0.20 . 3 -0.20 v 3 -0.20 | 1
El v | !
025 25C |340 -0.25 v -0.25 |
v 45C| _,., ¥ I | Y
-0.30 65C : -0.30 t -0.30 !
vV 85C| Ui m m W e + l |
-0.35 t [min] '
-0.35 —0.35
o 2 0 & L 0 20 40 60 0 20 Py 60 80
t[min] t [min] t [min]
d MAPI ébsorbancg Evolution at e Arrhenius Plot for f Arrhenius Plot for
50% RH in Air at 1 Sun 500 e MAPI 0% RH/1 Suns/Air 500 1 MAPI 50% RH/1 Suns/Air
[ Es =047 £ 0.06 eV [
-0.05{, _ ¢ ” i
N“ ~ L]
E -0.10 v E 1.00 :— s 1.00 E_
= 015) ¥ % ank 2 osof-
g E osop E E4 = 0.07 +0.04 eV
2 ; [} 5]
20| ¥ T T
3 % e ¢
2628 w ¥ 0% RH Air 8 + S
’ :'v ¥ 50% RH Air £ o1} £ o100
.30 7, v O0%RHN: - F
h* 4 v 50%RH N 005} oos |-
-0.35 £ [ 1 ] ] ] ! ] ] ] 1 ] ] 1 ]
0 100 200 300 28 29 3.0 31 32 33 28 29 30 31 32 33 34
t [min] 1/T [1000/K] 1/T [1000/K]

Figure 2. Absorbance evolution of MAPbI; thin films vs time aged at 25, 45, 65, and 85 °C under 1 sun excitation in
(@) 50% RH N2, (b) 0% RH air (“dry air”), and (c) 50% RH air (“humid air”). (d) Degradation proceeds rapidly in
both humid and dry air, but slowly in humid and dry nitrogen, indicating that the primary modes of MAPbI;
degradation are photooxidation and humidity-accelerated photooxidation. Arrhenius plots of initial MAPbI;
degradation in (e) dry and (f) humid air conditions.



Table 1. Upper bounds on degradation rates of different degradation processes at 25 and 85 °C. While the initial
degradation rate for photooxidation at 85 °C in both dry and humid air is ~10"7 mol/m?/s, degradation in humid nitrogen
is 2 orders of magnitude lower, and degradation due to thermal-only and light-only degradation processes in inert
environments is over 3 orders of magnitude slower than photooxidative processes. The full table showing degradation
in corresponding dark conditions is in Supporting Information as Table S1. In most cases, degradation in the dark is
dominated by the periods during which the sample is illuminated by the probe beam when collecting optical
measurements, as seen by the acceleration of degradation when the measurement frequency is increased (see 84 of
Supporting Information). Where repeat runs were performed, the uncertainty is represented by the standard deviation
(xo). The random error associated with sample-to-sample variation in the degradation rate is <25% in all cases
reported here, and is of similar scale to the upper bound on the systematic error associated with neglecting reflectance
effects (see §2 of Supporting Information and Fig. S1). At a probe wavelength of 550 nm, however, the systematic
error is much lower (~1%) and is therefore generally insignificant relative to sample-to-sample variation. ** See note
at the end of the abstract.

Degradation Conditions 25°C With21 Sun 85°C Withzl Sun
[mol/(m=s)] [mol/(m=s)]

Heat Only (0% O, 0% RH) less than 10710 less than 10710

Humid N2 (0% O, 50% RH) 5x 10710 2 x10°

Dry Air (21% O, 0% RH) 8.7 £1.9 x 10° ** 2.2 +0.3 x 107

Humid Air (21% O, 50% RH) 1.1 £0.04 x 10”7 1.7 0.4 x 10”7

Having identified primary degradation modes, rate orders in humid and dry air conditions
are determined by establishing a baseline set of conditions for dry photooxidation (25 °C, 0% RH,
21 kPa O2, 1 sun illumination) and humid photooxidation (25 °C, 50% RH, 21 kPa O, 1 sun
illumination) degradation modes and measuring the response of sample absorbance to varying
oxygen content, illumination intensity, and humidity levels. Results are shown in Figure 3. In
humid air conditions, rate of MAPbI3 degradation (r,4p;) proceeds with rate orders of 1.3 + 0.3
(i.e., approximately first order) with respect to the partial pressure of water in the gas phase, 0.28
+ 0.05 with respect to the partial pressure of oxygen, and 0.25 + 0.03 with respect to the
illumination intensity. In dry air, r),4p; proceeds with rate orders of 0.11 + 0.15 with respect to
oxygen (approximately zeroth order), and 0.7 with respect to illumination intensity. This number
is consistent with the power-law dependence on the illumination intensity in MAPbIs thin films.
In particular, photoconductivity experiments*'#” have shown n o Nsuns®* and Nsuns® "3, respectively.
These results are consistent with data from these samples, which show n o< Neuns®® (Figure S5)
(see 85 in Supporting Information). Therefore, we conclude that a rate order of 0.71 with respect
to illumination intensity is equivalent to first order kinetics in excess carrier concentration. The
observed rate orders are determined by the mechanism, and thus the experimentally determined
rate orders constrain the possible reaction mechanisms. However, for multi-step reactions,
observed rate orders may vary depending on the concentrations of various species. If the
elementary steps are known (or can be guessed by physicochemical reasoning) and the rate of one
step determines the rate of the overall reaction (while all other steps are in quasi-equilibrium), then
an approximate rate equation can be derived. While the concept of a rate determining step (RDS)
is often debated*34® with compelling reasons to develop more general approaches, the approach
has tremendous utility in deriving the functional form of approximate rate equations for many
multi-step reactions.>%>!
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Figure 3. Effective rate orders based on initial degradation rates for (a,d) illumination, (b,e)
oxygen, and (c) water for MAPblIs films at 25 °C in (a-c) humid and (d,e) dry atmospheres. (f) A
summary table of effective rate orders in oxygen, illumination, and moisture.

Considering possible pathways for photooxidation (without water), previously it has been
reported that neutral oxygen adsorbs on the surface of MAPbIz (preferably in/on iodide
vacancies)'®*® which then gets reduced by photoexcited electrons from the conduction band of
MAPbI; to form superoxide radical, (057).244%% Here, we will develop a kinetic expression using
[*] to indicate an unoccupied absorption site. Further, it has been reported®2°2 that superoxide
radicals abstract a proton from the methylammonium cation (CHsNHs*). Such a mechanism would
yield an adsorbed hydroperoxyl radical (0;~* + H* - H05*).>®* Once the peroxyl radical is
present, other reactive oxygen species (ROS) are possible, including but not limited to:

2HO0," = H,0, + 0, 10)
H,0, & 2HO* (§8))
H202 + e~ = HO®* + HO™ (12)

Each of the reactive oxygen species (0," ,HO, ,H,0,,HO*,HO™) may react with
methylammonium, abstracting either a proton or a neutral hydrogen. One plausible complete dry
photo-oxidation pathway is shown in scheme 1.



Scheme 1. One Plausible Dry photo-oxidation Pathway. Primary degradation mechanism of
MAPDI3 in the absence of water but in the presence of oxygen, above bandgap incident photons,
and surface adsorption sites [*].

2hv —> 2e~ + 2ht (step D1)

0, + [*] = 05 (step D2)

0;,+e” =205" (step D3)

CH3;NH3PbI; + 05" > HO3" + Pbl, + CHsNH, + I~ (step D4)
CH;NH3Pbl; + HOS* > H,03 + Pbl, + CH;NH, + I° (step D5)
H,0; +e” +[x] = HOT*+ HO"™ (step D6)
CHsNHsPbl; + HO™ - H,0" + Pbl, + CH;NH, + I' (step D7)
CHsNHsPbl; + HO™ - H,0" + Pbl, + CHy;NH, + I~ (step D8)
2h* + 2CHsNH3Pbly = 2CH;NH3PbI + 2[*] + 2I° (step D9)
2CH;NH3PbI} + 2[*] + 2]~ = 2CH;NH,Pbl, (step D10)
41° - 21, (step D11)

There are many ways that the reaction in scheme 1 can happen from step D5 onwards, depending
on the relative rates of formation of different ROS and the specific products. However, most
variations result in the same rate law that is zeroth order in oxygen and first order in concentration
of electrons, provided that step 4 (proton abstraction from methylammonium by superoxide) is the
rate determining step. The resulting rate equation for dry photo-oxidation (DPO) degradation of
MAPDI3 is (see 86 of Supporting Information for the derivation):

Tppo = —kppon (13)

where kppo = ko ppo € EarPo/kBT The measured rate of dry photo-oxidation is compared to the
derived rate law in Figure 5. It is important to note that in these experiments dry air is swept over
the sample, and thus any water, iodine (see 88 of Supporting Information), or other volatile
products) are removed from the system. In a device architecture, especially encapsulated
architectures, these products will build-up. This could be especially problematic with water since
the water-accelerated photo-oxidation is much faster than dry photo-oxidation, and over time
an encapsulated film may transition from dry photo-oxidation to water-accelerated photo-
oxidation. Further, it suggests that oxygen barrier properties might be the most critical packaging
perovskite solar cells for long-term stability.

In the presence of water, many additional pathways are possible to form ROS. One reaction
that is particularly noteworthy is: 05~ + H,0 = HO," + HO~. The rapid reaction between
superoxide radical and H2O is well-known.>*>4 Here, we hypothesize that superoxide more rapidly
reacts with adsorbed water than methylammonium, shifting the rate determining step, and thus
significantly altering the rate equation. One plausible water-mediated photo-oxidation pathway is
shown in Scheme 2.



Scheme 2. One Plausible Water-Accelerated Photo-oxidation Pathway. Primary degradation
mechanism of MAPDIs in the presence of water, oxygen, above bandgap incident photons, and
surface adsorption sites [*].

2hv - 2e” + 2h* (step H1)

0, + [*] = 03 (step H2)

H,0 + [+] = H,0" (step H3)

0;+e” =205~ (step H4)

05"+ H,0* - HO;*+ HO™" (step H5)
CHsNHsPbl; + HOS* - H,05 + Pbl, + CH;NH, + I’ (step H6)
H,0;+e” +[x] = HOT"+ HO*" (step H7)
CHsNHsPbl; + HO™ - H,0" + Pbl, + CH;NH, + I° (step HS)

2CH;NH3Pbly + 2HO™ — 2H,0" + 2Pbl, + 2CH;NH, + 21~ (step H9)

2h* + 2CH3;NH3Pbly = 2CH;NHsPbI} + 2[+] + 2I° (step H10)
2CH;NH3PbIF + 2[*] + 21~ = 2CH3;NHPbl; (step H11)
41° - 21, (step H12)

Since water is regenerated in this reaction, it has a catalyst-like effect. An expression for
the rate of MAPbI3 degradation in humid air is determined by assuming: (i) the rate determining
step in Scheme 2 is step H5—deprotonation of water by superoxide to form hydroxide and
hydroperoxyl radicals—and (ii) the fractional surface coverage of water is small in the range of
humidity levels studied (i.e. K3Py,o < 1+ K,Pp,(1 + K4n), and we are hence in the quasilinear

regime of the Langmuir isotherm of water such that 8,0 = Keq n3Pu,0)-

With these assumptions, ry,po simplifies to (see §7 of Supporting Information for the derivation):

PH20P02n

"wpo = —kwpo 14)

(1+ KyPo, (1 + K4n))2

where ky,pg = kowpo € Eawro/kBT In order to assess the validity of the functional form of the
derived rate equation, the measured rate data are plotted as functions of oxygen concentration and
photon flux and fitted to eq. 14 in Figure 4, along with simple power law relations (the functional
forms fit in Figure 3). Figure 4 demonstrates that when varying illumination intensity in air, as
well as from varying oxygen content under 1 sun illumination intensity, degradation rates more
closely match the functional forms expressed in eq. 14 than simple rate law dependence.

Some research groups have disputed the commonly held consensus that water is produced
as a byproduct in the dry photooxidation reaction.?®? They claim instead a mechanism where
2HO, species react once generated to form 0, + H, instead of water vapor. This possibility is



explored in 86 of Supporting Information. Due to the rate limiting step in both mechanisms being
shared—namely, that proton abstraction by superoxide is rate-limiting—both mechanisms yield
the same rate expression for rppo and rype. Similarly, presence of excess holes due to
photogeneration and subsequent reaction of photoexcited electrons may trigger generation of
iodide vacancies in MAPDbIs.*? As iodide vacancies are the primary adsorption sites for both water
vapor and oxygen, this can act as a generation reaction of new adsorption sites.'®44 However,
due to the mismatch in time scales between vacancy generation from holes and material
degradation,*? as well as the presence of many other adsorption sites for degradation,*>* the
assumption that total adsorption site density is constant remains valid on these early timescales,
leading to the same rate expressions for rppo and 1y, po (See (see 88 of Supporting Information for
more details).
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Figure 4. (a) Rate of MAPbIs; degradation vs incident photon flux in 25 °C air at 50% RH.
Assuming the rate order of Nsuns in dry air is equal to the power law dependence between Nsuns
and electron concentration (and consequently ac),***” we see that rate constant data in humid air is
better fit to kn/(1 + kn)?, the derived expression relating rate and excess electron concentration,
compared to a simple power law. (b) Rate of MAPbI3 degradation vs partial pressure of oxygen
Py, at 25 °C in 50% RH atmospheres under 1 sun illumination. As in (a), data are better fit to the

derived functionality relating rate and oxygen pressure, kPOZ/(l + kPOZ)Z, relative to a simple

rate law fit. (c) A summary table of the functional forms of initial rate ry4p;Vversus oxygen,
moisture, and electron concentrations.



Table 2. Fit parameters for the parity plot in Figure 5. Partial pressures of oxygen and moisture
are expressed in kPa, temperature in K, and incident above-bandgap-photon-flux lin in photons-m-
2.5"1, Boltzmann’s constant is expressed as 8.617 x 10 eV/K, and Ewpo and Eppo are the activation
energies for the water-assisted and dry photooxidation pathways. The fit parameter c is the y-
intercept of the fit rate expression, representing the sum rate of all minority degradation pathways.
** See note at end of abstract. Also, the parameter c is lower in the new ultra-dry dataset, as trace
water was contributing to background rates.

Equation
Ewpo Po,Pu,oliy Epro\ 0.7
r = kypo €Xp (— ) 5 + kppo €Xp (— )Ii,i +c
keT /(1 + KyPo, (1 + K4I27)) kT
Parameter Fit Value
mol photonsy ™%’
k _ —23 ( )
WPO 1.44 x 10 TS kP® \m? s
K, 6.9 x 1073 kPa™?!
hotons\ *7
Ky 3.98 x 10715 <p2—>
m2-s
mol hotons\
kppo 2.18 x 10724 (p )
mz . S m2 . S
mol
c 1.12x 1078 —

m2s
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Figure 5. (a-f) Contour maps of ry4p; = "ppo + Twro Showing the functionality of the calculated
rate expressions. Mechanistic crossover from DPO-dominant to WPO-dominant degradation is
accounted for in Supporting Information. (g-h) Degradation of MAPDbI3 in 10 suns in pure Oa,
validating the model prediction that humid air degradation occurs more slowly in increasing levels
of (g) oxygen and (h) illumination intensity. Note data collected in 10 suns in Oz was not used to
fit the model; therefore, this result is validation of the functional form of r,, in extrapolated
environmental conditions. (i) Parity plot comparing observed degradation rate against the sum of
the humid and dry photooxidation rate expressions calculated based on rate order data. A good fit
is achieved, with an r? of 0.76. ** See note at end of abstract.

The rate expressions in eq. 13-14 provide surprising implications for HP stability and
accelerated aging of perovskite thin films. Contour plots of the prediction of total degradation rate
r = Tppo + Twpo are shown in Figure 5. Note that in humid air, observed degradation rates are the
sum of rppe and 1y po. At room temperature, rppo proceeds over an order of magnitude more
slowly than ry,p,. However, at elevated temperature, rppo and rypo have similar characteristic



degradation rates. Therefore, prediction of humid-air degradation at high temperatures required
calculation of degradation rates solely attributable to humidity-assisted photooxidation by r,pp =

Tmapr — Tppo-

One especially counter-intuitive conclusion of the functional form of r,, is that above
critical values, increasing oxygen content and illumination intensity decreases degradation rate of
MAPbI3 (Figure 5d). To validate this conclusion, MAPbIz degradation was measured at 25 °C 50%
RH Oz under 10 suns illumination intensity. Note that r,,p, rate constants and functionalities were
calculated from degradation experiments under 1 sun with changing oxygen pressure and in air
with changing illumination intensity. Therefore, 10 suns in pure Oz is an extrapolated
environmental condition set relative to data used to fit the r;,,po equation. Nonetheless, degradation
data collected in these conditions confirms the conclusions of the model (Figure 5g-h): degradation
rates under high levels of oxygen and illumination stress are much slower than degradation rates
under high levels of oxygen or illumination stress.

The mechanism and functional forms of rpp, and r,po have significant implications for
commercialization of halide perovskite technologies, particularly for stability validation and
accelerated aging test protocols. The functional form of the rate law in humidity and resultant
decelerating degradation rate indicate that caution should be used in interpreting convention
stability test. High-temperature accelerated aging tests may be problematic, as degradation at
high temperatures (~85 °C) is dominated by the dry-photooxidation pathway, while degradation at
25 °C is dominated by the water accelerated photooxidation process. The contour plots, particularly
Fig. 5d, suggests that accelerated testing at 6 Suns in humid air at 25 °C may be useful. However,
going to high oxygen concentration at any illumination is likely a bad idea since oxygen starts to
out compete water for surface adsorption sites, decreasing the overall rate.

Furthermore, results from this work have implications for packaging and encapsulation of
halide perovskite optoelectronics. Encapsulation materials—and even in some cases hole
transporting materials—are specifically designed for hydrophobicity, with the belief that water
alone is the primary cause for HP device degradation. However, results of this work demonstrate
that oxygen ingress should likely be the most important process to inhibit. Unfortunately, flexible
encapsulant layers have traditionally been unable to effectively block oxygen as effectively as
moisture. While water-repellent barrier layers may still arrest room-temperature degradation at
early times by eliminating the humidity-assisted photooxidation pathway at early times, these
water-resistant layers may themselves probe problematic. It is widely proposed that water is a
byproduct of the photooxidation reaction.51%2* If water is produced during the photooxidation
reaction, and then trapped on the perovskite surface by the hydrophobic barrier layer, residual
water buildup near the halide perovskite surface may then set-off the water-accelerated photo-
oxidation process over longer timescales, decreasing overall stability. This conclusion may help
explain recent results demonstrating increased PV stability in perovskites from hydrophilic
passivation layers,® as these layers may help “getter” water generated from the photooxidation
process away from the film, arresting the water-accelerated photooxidative pathway.

Conclusions

Fundamental kinetics governing the early-time degradation of halide perovskite MAPbI3
were discovered in a unique automated data collection apparatus in a variety of controlled
environmental conditions. Using absorbance at 550 nm as a probe of degradation extent, two



predominant modes of degradation were identified: (1) photooxidation due solely to the interaction
of oxygen and photoexcited electrons (Ea=0.47 eV), and (2) humidity-accelerated photooxidation
(Ea=0.08 eV). For each of these degradation modes, we identified rate orders in oxygen, humidity,
and light intensity using rate constants extracted from linear fits of early-time absorbance
evolution. Based on derived rate expressions, we propose a fundamental mechanism that details
how oxygen degrades the MAPbDI3 lattice, including detail on the catalytic role of moisture in
MAPbI3 photooxidation.
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