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Discussion on the underlying scientific mechanisms of the degradation

Looking at the stressors present during degradation: illumination, humidity, oxygen, and heat, we
identify 4 possible mechanisms of degradation: anion drift, the breakdown of organics (including
deprotonation of 4-site cations), crystal structure/perovskite layer change, and oxygen
adsorption.

The following 3 possible degradation mechanisms cannot be concluded based on the current
data, and are presented for discussion purpose.

The breaking down of organic 4-site cations is the next possible degradation mechanism,
especially the ones coming from 2D/1D perovskite undergoing deprotonation. The A-site cations
lose H* and convert the ammonium cation into amine, which is already investigated in the case
of phenethylammonium cation.!?> Note that the deprotonation cannot happen in quaternary
ammonium such as phenyltriethylammonium (PTEA™) in PTEAL The rest of the capping layers
explored has primary ammonium, and thus, can undergo deprotonation. The pK, measures how
likely a compound gives up a proton; therefore, low pK, corresponds to a stronger acid, with
higher likelihood for the compound to give up a proton. Based on the simulated pK, values for
1D organics A-site cations, 4-1 (2NO,-PEA-I) is more likely to give up its proton (pK, = 9.35),
while 9-CI (2Mel-NEA-CI) and 6-1 (3MeO-PEA-I) are less likely to be deprotonated (pK, = 9.92
and 9.99, respectively). On the other hand, the branches breaking down from relatively stable
phenyl/naphthyl rings in the capping A4-site cations is unlikely to happen, because their reactions
are kinetically not favorable. These reactions require higher energy, and sometimes, a very basic
or acidic condition to proceed.

The crystal structures and perovskite layers also possibly change during degradation process,
similar to the case of Ruddlesden-Popper perovskite that has its » number of layers reduced due
to the presence of water.!> Depending on how thermodynamically stable these secondary phases
are, these could accelerate or decelerate the degradation process.? For instance, in the case of
butylammonium iodide, the secondary phases are stoichiometrically more hydrophobic, which
improves the material stability.>

Another degradation pathway is driven by oxygen adsorption, that eventually turns into
superoxide formation.* It is initiated by generation of superoxide anions under light, that oxidizes
the perovskite surface and slowly hydrates the inner perovskite, despite the very low humidity
condition. Investigating the likelihood of low-dimensional perovskites getting oxidized in future
studies will be required in unravelling how capping layer materials might help to suppress the
oxygen adsorption-based degradation.

It is challenging to pinpoint which degradation mechanism dominates among these 4 when all
the stressors are present during the aging test. it is highly likely that the dominating degradation
mechanism differs across 1D capping layer materials, and across the mixed-halide absorbers.



Samples | Value at time = 0 mins. Value at time = 3 mins. | Value at time = 6
mins.

X (1) 120 150 180

X (2) 140 170 180

Y (1) 100 90 120

Y (2 125 125 140

Z 130 125 130

Supporting Table S1. The hypothetical dataset, and the dissimilarity matrix analysis is shown in
Supporting Figure S1.

Devices Voc [mV] Jsc [mA/cm?]
Bare MAPDI; 1089 21.6

Bare MAPb(IO.75Br0‘25)3 677.7 13.29
9-Cl-capped MAPDI; 1079 18.38
9—C1—capped MAPb(IO'75BI'0.25)3 976 12.18

FF[%]  PCE [%]
72.67 17.1
38.3 3.449
44.19 8.761
44.91 5.34

Supporting Table S2. The best device performance for bare and 9-Cl capped MAPDI;, as well as

bare and 9-Cl-capped MAPDb(I 75Brj5)s.
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Supporting Figure S1. The hypothetical example of dissimilarity matrix result using cosine
metric, based on data from Supporting Table S1.
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Supporting Figure S2. The degradation result for various capping layer materials in different
absorbers.



& 1000

(ssInuiw) awn :o_#mumam.m (senuiww) awny co_gmvﬁmmo (soui) 2w uoyepelBag (seInuiW) awi uojjepelBag (seinuiw) awi uonepelbs

- Fladvin “igadvn
U090 ig Burseaiouy

30000
25000
20000
15000
10000
5000
0

| I B -r-
e
-
"

B
i
- 8

PTEAI 9-CI

an
-
I B
«L.0
.
"r

aleg I¥ald 19 aleg Ivald 106 aleg I¥31d 106 aleg I¥3ld [0-6 aleg Ivald 106

o lagvin f1gadvin
JuBjL02 g Buiseasout
€ ¢ g 8 ¢
o (<3 (= =t ™~ o
T E——
o
- 4 - I— il 3
=
L 4% . Al
&

4l

aleg _<m_._.n_ aled _<mbn_ 15-6 aleg Iv3Ld 1076 sleg I¥d1ld _O (3] aleg ._<m_._.n_ _.O.m
‘lagvin figadvin

ol
r |
ﬂl

aleg Ivald 156 Ivald 106 aleg IY31ld 106 sieg I¥31d 10-6 aleg I¥3ld 10-6

© flagvi £19qdvIN
18U ig Buisesiouy

Bare

1
!
.
106

=]
Juejuo2 g Buisesasou)
f=1 r] o wn (=1
& -~ - =] S
(=1 o =] o =l

PTEAI 9-CI

anjeA Auuejwissiq

0.75
6
4
3
1
0.00

HER-
Hl-
a o d
(||
o

20 0
Time (minutes)

10

a 100
75
50
25
Supporting Figure S4. a. The example of hypothetical RGB values change over time, with the

Supporting Figure S3. The dissimilarity matrices using a. cosine, b. Euclidean, and ¢. Manhattan

distance measures.

same area under the curve, which results in the same instability index, but actually has different

colors. b. The dissimilarity matrix highlighting the differences across samples.
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Supporting Figure S6. The device performance (reverse) for 9-Cl-capped and bare MAPb(I,Br;.
o3 forx =1 and 0.75.
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Supporting Figure S7. The time-resolved photoluminescence (TRPL) of the 9-Cl-capped and
bare MAPb(I,Br;_,); for x =1 and 0.75.

Bare PTEAIl-capped* 9-Cl-capped®

MAPbI,

MAPbB,

*The capped film is with 10mM concentration and 100 °C temperature

Supporting Figure S8. The initial color of the films for bare, PTEAI-capped, and 9-Cl-capped
films of MAPb(I,Br,,); forx =1, 0.75, 0.5, 0.25, and 0. The scale bar is 1 cm.
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Supporting Figure S9. The JV curve for bare and 9-Cl capped MAPDbI;, as well as bare and 9-Cl-
capped MAPb(Ig.75Brg.25)3.
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Supporting Figure S10. The root mean squared error (RMSE) results across different algorithms.
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