University of Massachusetts Amherst

From the SelectedWorks of Dhandapani Venkataraman

2020

Hybrid Perovskites with Larger Organic Cations
Reveal Autocatalytic Degradation Kinetics and
Increased Stability under Light

Dhandapani Venkataraman

Available at: https://works.bepress.com/d_venkataraman/7/

B bepress®



www.princexml.com
Prince - Non-commercial License
This document was created with Prince, a great way of getting web content onto paper.

http://www.umass.edu/
https://works.bepress.com/d_venkataraman/
https://works.bepress.com/d_venkataraman/7/

Hybrid Perovskites with Larger Organic Cations Reveal Autocatalytic
Degradation Kinetics and Increased Stability under Light

Christie L.C. Ellis, Hamza Javaid,* Emily C. Smith,* D. Venkataraman*
University of Massachusetts Amherst, Department of Chemistry, 690 N Pleasant St, Amherst, MA, 01003

ABSTRACT: Hybrid organic-inorganic perovskites have shown incredible promise as active materials for photovoltaic devices, but
their instability to light remains a significant roadblock in realizing these applications. Changing the organic cation has been shown
to affect light-induced degradation. As a strategy for increasing the stability of these materials, we replaced varying percentages of
methylammonium ion in the archetypical methylammonium lead iodide (MAPbI;) hybrid organic-inorganic perovskite with three
significantly larger organic ammonium cations: imidazolium, dimethylammonium, and guanidinium. We were able to synthesize
hybrid organic-inorganic perovskites with the same 3D perovskite structure as MAPbI; with substitution of the larger ions as high as
20-30%. These substituted hybrid organic-inorganic perovskites retained similar optoelectronic properties. We discovered that the
light-induced degradation in MAPDI; and the substituted derivatives are autocatalytic, and we calculated rate coefficients for the
degradation. All of the substituted hybrid organic-inorganic perovskites showed slower light-induced degradation compared to
MAPDI; — up to a 62% decrease in degradation rate coefficient — at all substitution percentages up to 20%. This work provides
evidence that a high percentage of a variety of large ammonium cations can be substituted into the hybrid organic-inorganic perovskite
lattice without compromising its desirable optoelectronic properties. Insight into the autocatalytic mechanism of light-induced deg-
radation will be valuable for designing additional strategies to improve the stability of hybrid organic-inorganic perovskites. We also
offer insights into how factors other than size, such as hydrogen bonding, influence the stability of the materials. Overall, we have
shown that substitution of methylammonium ion for the much larger imidazolium, dimethylammonium, and guanidinium cations in
MAPDI; is a valid strategy for creating stable hybrid organic-inorganic perovskite derivatives by slowing the rate of light-induced

degradation.

INTRODUCTION

Hybrid organic-inorganic perovskites are a promising class
of materials for a plethora of electronic and optoelectronic ap-
plications."* Photovoltaics is one of the most prominent appli-
cations, as the power conversion efficiencies of hybrid organic-
inorganic perovskite photovoltaics have skyrocketed to match
or surpass those of current commercial technologies in just a
few years.’ The current record efficiency for hybrid organic-in-
organic perovskites photovoltaics is 25.2%, and efficiencies of
29.1% have been reached using tandem hybrid organic-inor-
ganic perovskites -silicon tandem photovoltaics.® ’ Hybrid or-
ganic-inorganic perovskite photovoltaic devices can be made
thin, lightweight, flexible, and semi-transparent using low-tem-
perature, solution-based, scalable fabrication methods, all while
maintaining their high efficiencies.

One of the significant roadblocks to commercializing hybrid
organic-inorganic perovskites photovoltaics is their instability
to operational conditions, such as heat, humidity, applied elec-
trical bias, and light.3!! Stability under light is a crucial problem
that we need to solve, as light exposure is by definition required
for photovoltaic devices. Understanding how hybrid organic-
inorganic perovskites degrade under light has not been straight-
forward.'* > Many experimental techniques used to probe their
structure and properties cannot be performed under light. Even
when a technique allows for light exposure, it has become ap-
parent that multiple structural and optoelectronic changes take
place at a variety of time scales under light, causing samples to

change over the course of the measurement.'* 15 As a result,
there are major inconsistencies in the long-term stability data.'®

At present, there are many proposed hypotheses on how light
causes hybrid organic-inorganic perovskite degradation, result-
ing in widely varied and often contradictory conclusions. For
example, the formation of electronic trap states under illumina-
tion has been proposed via a variety of mechanisms.!” ¥ An-
other proposed hypothesis is that degradation may occur via
photochemical reactions, either within the hybrid organic-inor-
ganic perovskite active material itself via deprotonation or de-
composition of the cation, or with interfacial materials.'*?* It
has been proposed that light can activate the transport of halide
ions and/or organic cations.?*?® Explanations of the effects of
this ion migration on degradation are also varied, from the cre-
ation of deep trap states at ionic vacancy sites or ionic double
layers at interfaces to structural destabilization.”>! For exam-
ple, in mixed halide systems, ion migration has been shown to
give rise to photoinduced anionic phase segregation, which al-
ters the stability of the system.3>3* Some studies invoke the ne-
cessity of a combination of factors for the degradation to occur,
such as heat plus light, water plus light, or oxygen plus light.'$:
24,27 3437 I geveral studies, hybrid organic-inorganic perov-
skites with the formamidinium cation substituted for the me-
thylammonium ion in the A-site of the lattice have increased
light stability.?* ¥4 However, there is a similar debate around
the exact mechanism by which the formamidinium ion in-
creases the stability. It is larger than methylammonium ion, has
a much smaller (near zero) dipole moment, and two amine
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Figure 1. Left: Ideal 3D cubic perovskite structure with ABX3 stoichiometry, where A is an organic cation (blue-black ion in center of
connected octahedra), B is a divalent metal cation (green ion in center of octahedra), and X is a halide anion (purple spheres on corners of
octahedra). The archetypical hybrid organic-inorganic perovskite photovoltaic material methylammonium lead iodide (MAPbI3) was used
as a starting material for this work. MAPDI3 has a slightly distorted tetragonal structure similar to the cubic structure shown here. Right:
Organic ammonium cations used in this work. The larger imidazolium (IA), dimethylammonium (DMA), and guanidinium (GA) ions were
used to replace the methylammonium (MA) ion as a strategy for increasing stability of these hybrid organic-inorganic perovskite materials

under light.

groups capable of hydrogen bonding as opposed to the single
amine group present on the methylammonium ion. These fac-
tors affect the structure and electronics of mixed MAFA ..Pbl;
perovskites and have also been proposed to slow or stop light-
induced ion transport.?’ Overall, there is a clear need for sys-
tematic studies investigating the complex interaction between
light and hybrid organic-inorganic perovskite materials.

In this work, we show that the light-induced degradation for
MAPDI; and A-site cation substituted derivatives are autocata-
lytic. We calculated rate coefficients for the degradation and
found that partial substitution of methylammonium cation with
imidazolium, dimethylammonium, and guanidinium ions slows
the light-induced degradation. The maximum decrease in rate
was observed in the 5% guanidinium-substituted sample, which
degraded 63% slower than MAPbI;. Although all three large
ions slowed the degradation, the decrease in rate did not corre-
late directly with size, suggesting that other factors such as hy-
drogen bonding may contribute to the increased stability. Our
results validate the substitution of all three large ions as a prom-
ising strategy for significantly increasing the stability of hybrid
organic-inorganic perovskites under light. Direct comparison of
these three different ions as a function of both size and substi-
tution percentage allows us to identify trends that may point to-
wards the mechanism of this increased stability. They also pro-
vide insight into the autocatalytic mechanism of this degrada-
tion reaction, which will aid in design strategies to overcome
the crucial stability roadblock.

EXPERIMENTAL SECTION

Lead(II) iodide (Pbl,) (99.9985%) was purchased from Alfa
Aesar. Methylammonium iodide (MAI), imidazolium iodide,
dimethylammonium iodide, and guanidinium iodide were pur-
chased from GreatCell Solar. Poly(3,4-ethylenedioxythio-
phene) polystyrene-sulfonate (PEDOT:PSS, Al4083) was pur-
chased from Ossilla. All chemicals were used as purchased.

Glass substrates were cleaned by sonicating 20 min each in
deionized (DI) water with detergent, DI water, acetone, and iso-
propanol, then drying at 150 °C for at least 2 h. The
PEDOT:PSS underlayer was coated on glass substrates by treat-
ing substrates with UV-O; for 20 min, then spin-coating
PEDOT:PSS solution filtered through 0.45 pm polytetrafluoro-
ethylene filter onto the substrate at 2500 rpm for 40 s.
PEDOT:PSS was then annealed at 150 °C for 30 min.

1.5 M solutions of 1:1 (MAI):Pbl, and 1:1 LAL:PbL, (LA =
large ammonium ion) in 7:3 gamma-butyrolactone (GBL): di-
methyl sulfoxide (DMSO) were prepared in an N»-filled glove-
box and dissolved by stirring overnight in the dark at 60 °C.
After the salts completely dissolved, these solutions were mixed
in varying ratios to make mixed MALA,Pbl; solutions.

Spin-coating was performed in an N-filled glovebox. 100 pL
of MA«LAPbI; solution was coated onto PEDOT:PSS coated
glass substrates at 2000 rpm for 80 s, dripping toluene anti-sol-
vent at 40 s. The resulting films were annealed at 100 °C in the
dark for 5 min.

UV-vis absorption spectra were measured on thin films from
250 — 1100 nm on a Shimadzu UV-2401PC.

Effective ionic radii of organic molecules were obtained from
the literature.*! Dipole moments were obtained from the litera-
ture or calculated using WebMO with a Gaussian Hartree-Fock
6-31G(d) basis set.

Samples were exposed to 5000 K LED light with ~5 Sun in-
tensity for up to 24 h or until complete degradation of 3D per-
ovskite phase occurred (see SI Figure S1). The spectrum of the
LED light and the variations in the intensity and temperature
are included in SI Figure S2. This high intensity was chosen to
accelerate complete light-induced degradation of samples to
take place over a 24 h period. Samples were kept in ambient air
at 35 °C and 35-45% RH. Dark control samples were kept in the
same ambient conditions.



All powder x-ray diffraction (PXRD) measurements were
taken on a SmartLab SE powder diffractometer. Data were an-
alyzed using the SmartLab Studio II software to remove back-
ground, identify peaks, calculate peak area, assign peaks to te-
tragonal structure, and calculate lattice parameters and unit cell
volume. Lattice parameter refinement was done by the whole
powder pattern fitting (WPPF) method.

Degradation kinetics data (PXRD (110) peak area vs. time
exposed to light) was fit to the logistical equation described in

the text using Origin 2019 to obtain a composite rate coefficient
k.

RESULTS AND DISCUSSION

Fabrication and Characterization of Substituted hybrid
organic-inorganic perovskite Derivatives. The three large
ammonium cations that we chose to replace the methylammo-
nium ion (MA, ionic radius = 2.17 A) in the A-site of the arche-
typical MAPbI; were (in order of increasing ionic radius) imid-
azolium (2.58 A), dimethylammonium (2.72 A), and guani-
dinium (2.78 A) (Figure 1). We focused on the effect of size,
although these ions do differ in other properties such as hydro-
gen bonding and dipole moment (see SI Figure S3).

In samples prepared from precursor solutions containing two
A-site organic cations, PXRD showed peaks that are character-
istic of a three-dimensional (3D) tetragonal perovskite structure
that is homeotypic with 3D MAPDI; tetragonal structure, with
slight peaks shifts to lower 26 values (see Figure 2 and SI Fig-
ures S4). This peak shift is consistent is a lattice expansion and
is expected with the incorporation of ion larger than me-
thylammonium ion at the A-site (see SI Table S1). We also con-
sidered the possibility of the formation of a "hollow perovskite"
phase, as has been observed on the addition of large ammonium
dications such as ethylenediammonium.*** Indeed, powder x-
ray diffraction patterns for "hollow perovskite" are reported to
be nearly identical to their parent analogs, making them difficult
to distinguish by this technique.** However, the introduction of
localized lattice disruptions in "hollow perovskites" result in
significant metal and halide vacancy defects which alters the
band gap of the material.*® In this work, we do not observe sig-
nificant alterations in the band gap after the incorporation of
larger cations, thus, we conclude the films retain the 3D struc-
ture through the addition of larger cations (SI Table S2).

In PXRD, the perovskite films showed preferred orientation
along (110) plane, so the (110) peak, which appears at a 26
value of ~14, was the most intense in the PXRD pattern (SI Fig-
ure S4 (top)). This peak was used to track the presence/absence
of the 3D mixed perovskite phase, both initially and as these
samples degraded. PXRD patterns of MAPbI; along with sam-
ples prepared from precursor solutions containing 10% of imid-
azolium, dimethylammonium, and guanidinium ions are shown
in SI Figure S4.

In samples prepared from precursor solutions containing up
to 10% of imidazolium ions, PXRD showed that the 3D perov-
skite structure was the exclusive crystalline phase, with only
small Pbl, impurity peaks arising from incomplete conversion
during fabrication (see SI Figures S5-S7). For samples prepared
with more than 10% imidazolium ions in the precursor solution,
the 3D perovskite phase was still present alongside lower-di-
mensional perovskite phases. The 3D phase remained the ma-
jority crystalline phase for samples prepared with 30% imidaz-
olium ion in the precursor solution (based on relative peak in-
tensities). Peaks attributable to the 3D phase was observed even

in samples prepared from solutions containing 80% imidazo-
lium ions. Samples with 100% of imidazolium ion as the A-site
ion showed only peaks in the PXRD that corresponds to the 1D
chain perovskite structure, as previously observed in the litera-
ture.* PXRD patterns of samples with 100% of the A-site cat-
ion as imidazolium, dimethylammonium, and guanidinium ions
are shown in SI Figures S8 and S9.

In samples prepared from precursor solutions containing a
mixture of 85% methylammonium and 15% dimethylammo-
nium ions, PXRD showed peaks attributable exclusively to the
3D perovskite structure. Pbl, impurity peaks were not observed
in the dimethylammonium containing perovskites. For precur-
sor solution compositions containing greater than 15% dime-
thylammonium ions, the 3D mixed perovskite phase was still
present alongside lower-dimensional perovskite phases. The 3D
phase remained the majority phase up to compositions contain-
ing 20% dimethylammonium ions. The 3D phase remained
through compositions containing 80% dimethylammonium
ions. PXRD peaks attributable to the 3D phase was not observed
in the sample prepared from solutions 90% dimethylammonium
ions. The sample with 100% dimethylammonium ion had the
1D chain perovskite structure, as previously observed in litera-
ture with a preferred (010) orientation (see SI Figure S8(b)).*

In samples prepared from precursor solutions containing a
mixture of methylammonium and up to 20% guanidinium ions,
PXRD showed peaks attributable exclusively to the 3D perov-
skite structure with only small Pbl, impurity peaks coming from
incomplete conversion during fabrication. At compositions
above 20% guanidinium ions, the 3D mixed perovskite phase
was still present alongside other lower-dimensional perovskite
phases (see SI Figure S7). The 3D phase remained the majority
phase through precursor solution compositions up to 30% guan-
idinium ion. Some of this 3D phase remained through compo-
sitions containing 80% guanidinium ions. PXRD peaks attribut-
able to the 3D phase was not observed in samples from precur-
sor solution compositions with 90% guanidinium ions. The
sample with 100% guanidinium ions had 1D and 2D perovskite
structures, as previously observed in literature (see SI Figure
9).46-48

Photographs of the samples with mixed A-cation composi-
tions are included in SI Figure S10. A majority of the samples
have the same black-brown color as the MAPbI; control, even
in compositions with higher percentages of the larger ion where
we observed that other phases coexist with the 3D perovskite in
PXRD. As the ion substitution increased, the samples have a
fainter brown color. The 100% substituted samples were pale
yellow for dimethyl ammonium and imidazolium perovskites
and bright yellow for the guanidinium perovskite.

The amount of a particular ion that can be incorporated into
the lattice before any measurable quantity of secondary phases
are formed did not appear to decrease with increasing size. The
smallest ion, imidazolium, formed 3D perovskite up to 10% in-
corporation whereas the largest ion, guanidinium, formed pri-
marily 3D perovskite up to 20% incorporation. Dimethylammo-
nium ion, which is of intermediate size, fell in the middle at
15%. However, all three ions showed the homeotypic 3D per-
ovskite phase as the majority phase up to a similar percentage
(20% for dimethylammonium, and 30% for guanidinium and
imidazolium ions). We surmise that the formation of secondary
phases may be more strongly related to the formation energy
and stability of these lower-dimensional secondary phases than
the instability of the 3D perovskite structure.*4



A comparison of the PXRD patterns of samples containing
0%, 50%, and 100% dimethylammonium ions is shown in SI
Figure S11. For samples containing 20-80% of dimethylammo-
nium ions, every peak can be attributed to either the 3D tetrag-
onal perovskite or 1D chain perovskite phase, suggesting these
two phases coexist. Perovskite samples containing imidazolium
ions also behaved similarly. Guanidinium-containing perov-
skites, however, have more than one phase present at 100% sub-
stitution and have peaks in the mid-range substitution percent-
ages, which cannot be attributed to either the 100% phases or
the 3D tetragonal phase.

We also observed shifts of the (110) and (220) peaks to lower
20 angles in the PXRD patterns of the substituted hybrid or-
ganic-inorganic perovskites, indicating an increase in lattice
size (Figure 2a). This increase was roughly correlated to size,
as larger ions led to a larger shift. Samples containing dime-
thylammonium ions did show a larger shift at lower substitution
percentages (up to 20%) compared to samples with guani-
dinium ions, but these ions are much more similar in size (0.06
A difference in ionic radius) than methylammonium or imidaz-
olium is to either of them. Guanidinium-containing perovskites
showed a larger shift than dimethylammonium containing per-
ovskites at substitution percentages of over 30%. An example
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of the (110) peak shift in MAPDI; and the 20% substituted sam-
ples is shown in Figure 2. The peaks shifted further to lower 26
with increasing substitution percentages for all three ions; the
diio versus substitution percentage is shown in Figure 2. The
spacing between these planes increased with increasing substi-
tution for all three large ions —until ~15-20% incorporation for
imidazolium and dimethylammonium and 40% incorporation
for guanidinium — at which point it leveled out to a relatively
constant value.

The increase in lattice size, which trends with both ionic size
and increasing substitution percentage, indicates that the large
ions are incorporated into the A-site of the 3D lattice and not
merely present in grain boundaries or on the surface. Addition-
ally, the lattice size stays relatively constant even at high sub-
stitution percentages where we know that the lower-dimen-
sional perovskite phases coexist with the 3D perovskite phase.
This indicates that larger ions are not excluded in favor of a
mixed 3D perovskite with lower substitution percentage even
when other crystal structure pathways are present for the large
cations. Thus, for ensuing discussions, we surmise that a de-
fined fraction of the methylammonium ion has been substituted
with the large organic cation.

The lattice parameters and increase in unit cell volume for all
substituted compounds up to 20% were calculated based on
PXRD data, shown in Figure 2 and detailed in SI Table S1. As
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Figure 2. (a) Shift of the (110) peak in MAPDI; (top) and hybrid organic-inorganic perovskites substituted with 20% imidazolium (IA),
guanidinium (GA), and dimethylammonium (DMA). The peak shift to lower angles indicates an increase in lattice size, which generally
trends with ionic size. Dimethylammonium (DMA) and guanidinium (GA) are switched as guanidinium (GA) is slightly larger, but the dif-
ference in dimethylammonium (DMA) and guanidinium (GA) ionic radii (0.06 A) is much smaller than the gap between these two ions and
methylammonium (MA) or imidazolium (IA) ions. (b) (110) planes in MAPDIs. (c) d-spacing between the (110) planes versus increasing
substitution percentages. Spacing between these planes increases along with substitution percentage to a point, after which it levels out. For
imidazolium (IA) and dimethylammonium (DMA), this happens at ~15-20%, with the larger dimethylammonium (DMA) settling at a larger
d-spacing value than the smaller imidazolium. Guanidinium (GA), the largest ion, starts out with a relatively small d-spacing compared to
dimethylammonium (DMA) or imidazolium (IA) but eventually increases to approximately equal to/slightly larger than dimethylammonium
(DMA) at ~30%. (d) Increase in unit cell volume with increasing substitution percentage.
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Figure 3. (a) Area of (110) PXRD peak vs time exposed to light for hybrid organic-inorganic perovskites with varying percentages of
dimethylammonium (DMA). Hybrid organic-inorganic perovskites substituted with all three ions showed these “S”-shaped curves, indicat-
ing an autocatalytic degradation reaction mechanism. (b) Schematic of the phases of the autocatalytic reaction which give rise to the “S’-
shaped curves and equation fitting these curves. We extract a rate coefficient k for the degradation reaction from the fitting for each of these

samples.

expected from the (110) and (220) peak shifts, the volume of
the unit cell increased with increasing substitution percentage
to accommodate the larger ions. The trends for dimethylammo-
nium and imidazolium ions seem to correlate to their size, as
both increases at similar rates, but imidazolium ion gave a
smaller unit cell volume than dimethylammonium ion. Guani-
dinium ion, however, increased in unit cell volume much more
slowly than dimethylammonium or imidazolium ion at low sub-
stitution percentages but eventually reached a volume greater
than imidazolium and similar to dimethylammonium ion.
MAPbDI; gave a unit cell volume of 985 A3, In samples with 20%
of the large cations, we obtained a unit cell volume of 1002 A3
(1.7% increase) with for imidazolinium, 1004 A3 (1.7% in-
crease) for guanidinium, and 1005 A® (2.3% increase) for dime-
thylammonium ions. Lattice parameters were only refined up to
20% substitution, but based on the peak shifts for 30-40% guan-
idinium ion, it is likely that the lattice of guanidinium-based
perovskites continues to expand to the largest overall value after
dimethylammonium and imidazolium ions volumes become
constant.

UV-vis spectra were recorded for all of the substituted com-
pounds up to 20%, and the band gaps were calculated from Tauc
plots of this data, shown in SI Figure S12. While the samples
showed a slight increase in absorption from 350-550 nm and a
slight decrease in absorption from 550-750 nm, the overall ab-
sorption profile remained very similar for all substituted com-
pounds. The calculated band gaps varied by <1% for all substi-
tuted compounds and did not show any significant trend. The
calculated band gaps are listed in SI Table S2. This maintenance
of the band gap of MAPDI; in the substituted hybrid organic-
inorganic perovskites, which is well-suited for photovoltaic ap-
plications, is promising for the viability of these new com-
pounds.

Light-Induced Degradation Kinetics. We hypothesized
that substituting the methylammonium ion in MAPbI; with
larger imidazolium, dimethylammonium, and guanidinium cat-
ions would improve the stability of these compounds under
light. To test our hypothesis, we exposed the 0-100% substi-
tuted thin films to a very bright (~ 5 Sun) LED light for 24 h
under ambient conditions and monitored their degradation. The

high brightness was chosen in order to (1) accelerate the degra-
dation reaction so that we could observe the entire degradation
over the 24 h period and (2) ensure that light was the primary
stressor in causing degradation over other environmental fac-
tors such as heat or humidity since the experiments were carried
out in ambient air. Control samples were kept in the dark in the
same ambient conditions as the degraded samples to determine
whether other conditions such as temperature or humidity did
cause any degradation over the 24 h period. These samples did
not show any degradation by PXRD analysis over the 24 h pe-
riod, indicating that the degradation measured in the primary
samples is light-induced (SI Figure S13). Photographs of the
samples before and after the 24 h light exposure, as well as the
dark control samples, are included in SI Figure S10. After com-
plete degradation, all of the films turned yellow. This color
comes from a mix of bright yellow Pbl,, the primary degrada-
tion product of MAPDI;, and the lower dimensional perovskites
(imidazolium and dimethylammonium lead triodides are pale
yellow compounds whereas guanidinium lead triodide is bright
yellow). Images of the set-up for the light degradation experi-
ments, the spectrum of the LED light, and the variations in the
intensity and temperature over time are included in SI Figures
Sland S2. The intensity and temperature were reasonably con-
stant over experiment time.

We used PXRD to track the light-induced degradation of the
3D perovskite structure by measuring the samples every 4 hours
through a 24 h period and calculated the decrease in (110) peak
area (the most intense peak of the 3D perovskite phase). Using
this peak area vs. time data, we were able to rule out simple
zero-, first-, and second-order kinetic mechanisms (shown in SI
Figure S14). We noticed a characteristic "S"- sigmoidal shape
of all of the peak area versus time plots, an example of which is
shown in Figure 3.%-! This shape is characteristic of an auto-
catalytic reaction, where one of the reaction products acts as a
catalyst to speed up the reaction. Autocatalytic decomposition
in solid-state systems can be fit to Equation 2 below*3!:

a
= Toke ©

Where a = area of (110) peak, ay = area of (110) peak at time

zero, k = composite rate coefficient, ¢ = time (hours), and ¢. =
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Figure 4. (a) Normalized rate coefficients (k) for the autocatalytic light-induced degradation reaction of the substituted hybrid organic-
inorganic perovskites. All three of the ions at every substitution percentage showed slower light-induced degradation than MAPbI;. 5%
guanidinium (GA) showed the slowest degradation, a 62.48% decrease in rate coefficient from MAPbI;. (b) Normalized rate coefficients (k)
for formation of Pblz during the light-induced degradation reaction. Increasing percentages of guanidinium (GA) and dimethylammonium
(DMA) formed Pbl> more slowly than MAPbI3, as expected from their slower degradation. Imidazolium (IA), however, showed faster Pblz

formation than MAPbI; despite degrading more slowly.

critical point. Using this to fit our peak area versus time data,
we were able to obtain a composite rate coefficient &k for the
light-induced degradation reaction of each of the substituted de-
rivatives. A schematic of how this reaction mechanism and
equation lead to the observed "S"-shaped sigmoidal curve is
shown in Figure 3. Rate coefficients were only calculated up to
20% substitution, as many of the higher substitution percent-
ages degraded before 24 h and thus had fewer data points. All
of'the calculated rate coefficients and their percent change com-
pared to MAPbI; can be found in SI Table S3. This complex
rate coefficient may capture more than one degradation path-
way, as discussed below, but it offers a useful tool for compar-
ing the relative degradation rate of the materials with one an-
other.

We found that every one of the substituted derivatives up to
20% had a smaller kK — corresponding to a slower light-induced
degradation reaction — compared to MAPbI;. The & numbers
as a function of large cation substitution percentage normalized
to their MAPDI; control are shown in Figure 4a. All three cati-
ons showed a steep initial decrease in k& from ~0-5% substitu-
tion, after which they either leveled out or increased slightly.
However, none ever went back up to the level of MAPbI;. Di-
methylammonium containing compounds showed the smallest
decrease in rate coefficients compared to MAPbI;, with a max-
imum decrease in k of 37% at 20% dimethylammonium substi-
tution. The maximum decrease in & for imidazolium containing
perovskites was 51% at 7.5% imidazolium substitution. Guani-
dinium containing perovskites showed the largest decrease in k&
of all of the large cations, with a maximum decrease of 62.48%
with 5% guanidinium substitution. Even the smallest decrease
in k—14.6% for 2.5% dimethylammonium substitution—repre-
sents significantly improved light stability compared to
MAPDI;. This is strong evidence supporting our hypothesis that
substituting any of the three larger imidazolium, dime-
thylammonium, and guanidinium cations for methylammonium
ions would lead to more stable hybrid organic-inorganic perov-
skite compounds.

Interestingly, the decrease in £ did not directly correspond to
an increase in ionic size. The largest ion, guanidinium, led to

the most stable compounds at nearly all substitution percent-
ages. However, the smallest of the three ions, imidazolium, led
to more stable compounds than the larger dimethylammonium
ion. This indicates that factors beyond size must be considered
in evaluating the impact of new organic cations on stability un-
der light.

Guanidinium-containing perovskites exhibited behavior that
deviated from expected size trends both in initial structure and
degradation kinetics. Guanidinium ion differs from the other
ions in that it has no dipole and has several more potential hy-
drogen bonding sites.”> The decrease in k did trend with the
number of amine functional groups capable of hydrogen bond-
ing. Dimethylammonium (least decrease in k) has one, imidaz-
olium (middle) has two, and guanidinium (largest decrease in k)
has three. Size undoubtedly plays a role, however. Although di-
methylammonium and methylammonium ions have the same
number of amine functional groups, the amine group on the me-
thylammoninum ion is less sterically hindered; thus, the ammo-
nium group on the methylammonium ion can form stronger hy-
drogen bonds than dimethylammonium. Therefore, if only hy-
drogen bonding were responsible for the increase in stability,
dimethylammonium substituted compounds would likely be
less stable than MAPbI;. The strength of hydrogen bonds in
these materials is difficult to quantify,*® as factors such as ge-
ometry, rotational freedom, polarizability, and potential for
concerted hydrogen bonding could all play a role.

Since Pbl, is the primary degradation product of MAPDI;,
and we know that the substituted samples degrade more slowly
than MAPDI3;, we might expect that the rate of Pbl, formation
would decrease with increasing large cation substitution. The
rate of Pbl, formation shown in Figure 4b was calculated based
on fitting the area of the (001) peak versus time plot (which
showed the same unique S-shape) and is shown as a function of
organic cation substitution. This does seem to be the case for
dimethylammonium and guanidinium. Both showed slower
Pbl, formation than MAPDI;, and the rate decreased more in
guanidinium than dimethylammonium, which was consistent
with trends in degradation rate. Samples with imidazolium ions,
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Figure S. Normalized area of (110) peak in MAPbI3 and hybrid
organic-inorganic perovskites substituted with 7.5%, 10%, and
12.5% imidazolium (IA) (a), guanidinium (GA) (b), and dime-
thylammonium (DMA) (c). The first point is initial value, the sec-
ond is after 4 h of light-induced degradation, and the third is after
24 h of resting in the dark. MAPbI; degraded more than any of the
substituted samples in 4 h. However, MAPbI; degradation was par-
tially reversible, while the substituted hybrid organic-inorganic
perovskites either stayed the same or degraded slightly more.

however, showed the opposite behavior, with the Pbl, for-
mation rate increasing as a percentage of imidazolium substitu-
tion.

Rate of Pbl, formation does not give a complete picture of
degradation products, however, as alternative lower-dimen-
sional degradation products can also form when these larger cat-
ions are introduced. Differences in the formation energy and
stability of these alternative products could influence the rates
of formation of Pbl, in addition to the overall degradation rate.
We were unable to quantify the rate of formation for these 1D
products since for the majority of the lower percent substitution

samples, this peak did not appear at all or did not appear until
very late in degradation (values listed in SI Table S4). We also
note that if amorphous products form during the degradation,
then PXRD will not be useful to quantify their rates of for-
mation. General observations point to differences in 1D product
formation between the three ions. Additionally, amorphous
forms of these materials present in the original sample or as a
product of degradation could play a role, which we could not
quantify due to the limitations of PXRD. Analysis of the role of
these amorphous materials will be the subject of future study.

We observed no evidence of the most intense (110) peak
from the 1D imidazolium perovskite phase in imidazolium sam-
ples up to 10% substitution. 12.5% - 20% imidazolium substi-
tution had this peak, but its area did not change with time of
light exposure and did not strongly correlate to the percent of
imidazolium substitution. Samples with 0-15% dimethylammo-
nium ions did not show any evidence of the most intense (010)
peak from the 1D dimethylammonium phase, except for a very
small peak that appeared at 12-16 h and disappeared at 20 h.
Samples containing 20% dimethylammonium ion, however,
showed a 1D peak, which degraded with increasing light expo-
sure time. None of the 0-20% guanidinium containing samples
showed the most intense (120) 1D guanidinium phase peak at 0
h.3%35 The 0-5% guanidinium containing samples never showed
this peak through the degradation, but it appeared for the 20%
sample at 4 h, the 10, 12.5, and 15% samples at 8 h, and the
7.5% sample at 12 h. Additionally, unlike the 1D peaks in im-
idazolium or dimethylammonium containing samples, the area
of the 1D peaks for all of the guanidium-containing samples in-
creased with both increasing degradation and increased guani-
dinium substitution percentage. This may point to a lower for-
mation energy of 1D guanidinium degradation products com-
pared to Pbly which seems to be favorable given that guani-
dinium shows the largest increase in stability.*®

To gain further insight into the mechanism of light-induced
degradation, the reversibility of this reaction was investigated.
Samples of MAPbI; and 7.5%, 10%, and 12.5% large cation
substituted hybrid organic-inorganic perovskites were meas-
ured by PXRD, exposed to light for 4 h and measured again,
then placed in the dark for 24 h and measured a final time (Fig-
ure 5). After the 4 h light degradation, MAPDI; (black curve in
Figure 5a, b, and c¢) degraded to 79% of its initial value, signif-
icantly more than any of the substituted samples, as expected.
After resting for 24 h in the dark, MAPbI; recovered to 87% of
its original value, indicating the partial reversibility of this re-
action, as observed in previous studies.”* However, none of the
substituted samples showed any reversibility in their degrada-
tion, either staying constant or degrading slightly more. This
points to a combination of both reversible and irreversible deg-
radation factors that affect the substituted hybrid organic-inor-
ganic perovskites differently than MAPbI;.

Light-activated ion transport could act as a reversible degra-
dation mechanism.?* 2 2-31.36 The more stable substituted sam-
ples may show less ion migration out of the lattice compared to
MAPDI; because of increased hydrogen bonding with the inor-
ganic lattice, increased steric hindrance for methylammonium
ions, increased activation energy for the movement of larger
cations, or passivation of grain boundaries as a path for ion
movement. However, by the same argument, after the light is
turned off, the ions which moved out of the structure may not
be able to diffuse back into the structure. This would lead to a



lack of recoverability compared to the smaller, more mobile
methylammonium ion in MAPbI; samples.

Chemical reactions could act as irreversible degradation
mechanisms, and, logically, these different molecules would
have different reactivities. One study conducted by Pont et al.
observed autocatalytic degradation of mixed halide hybrid or-
ganic-inorganic perovskites under light in ambient air.>” They
ruled out oxygen diffusion through the film as the cause for the
delayed onset of light-induced degradation, instead hypothesiz-
ing that one of the degradation reaction products was acting as
the catalyst. They noted, however, that films with bromide were
much more light-stable than those with iodide. L, is a common
reactive species invoked in hybrid organic-inorganic perov-
skites, but there is disagreement on how it is formed and how it
reacts. 62

Fu et al. identified an autocatalytic light-induced degradation
reaction in FA\MA .\Pb(IyBr.y); hybrid organic-inorganic per-
ovskite photovoltaic devices and assigned I, as the catalyst in
their systems.®? They observed that their encapsulated devices
ruptured from the built-up pressure of I, after a certain amount
of light-induced degradation, while bare films showed signifi-
cantly increased stability. They measured the gases which
evolved from their system and found I, and CH;l. However, the
reaction where I" displaces NH3 may not be able to proceed sim-
ilarly with all the compounds we used in this work. Dime-
thylammonium ion could potentially react similarly with
CH;NHj; as the leaving group rather than NHs. Imidazolium and
guanidinium ions, however, are unlikely to react with I" ions via
a substitution reaction.

On the other hand, Wang et al. proposed that I, could form
I~ under light, which would react with CH3;NH;3" to form
CH;NH,, 1o, and H,.%' All of the species used in this work have
protons which could be removed. We examined the pKa values
for the ions used in this work. In order from most to least acidic
were imidazolium (6.95), methylammonium (10.6), dime-
thylammonium (10.8), and guanidinium (12.5) ions. This does
not exactly follow the degradation trends, as imidazolium sub-
stituted samples degrade more slowly than MAPbI;. However,
it does trend with the rate of Pbl, formation, so deprotonation
may be involved in the pathway of the degradation reaction,
which forms Pbl, as a product.

Light is a primary driving factor for the accelerated autocata-
Iytic degradation observed across these studies, in hybrid or-
ganic-inorganic perovskites with both mixed cations and mixed
halides. Fu et al. conducted their work in an N, atmosphere un-
der high heat (80 °C) and noted that the degradation would not
proceed without light, but that even a low-intensity light would
trigger it. Pont et al. observed the same autocatalysis, but at
room temperature under ambient conditions with a very low-
intensity fluorescent light (~2 mW cm™? intensity at 550 nm).
We conducted our studies in ambient air at 35 °C, and 35-45%
RH with a very intense LED light and observed this same auto-
catalytic degradation, and did not observe any degradation un-
der these same conditions in the dark. Therefore, we surmise
that the visible light is a necessary factor that initiates autocata-
Iytic decomposition.

The influence of light on hybrid organic-inorganic perov-
skites that leads to degradation is complex and multifaceted, but
the increased stability of these new hybrid organic-inorganic
perovskite derivatives substituted with imidazolium, dime-
thylammonium, and guanidinium ions provides some new in-
sights. There are both reversible and irreversible components to

the degradation. The substituted hybrid organic-inorganic per-
ovskites appear to degrade by the irreversible mechanism, but
the effects of the reversible mechanism are substantially re-
duced. Reactive iodide species may be formed under light, and
finding organic cations which do not undergo these irreversible
reactions — either because of steric hindrance, increased pKa, or
different molecular geometries — should increase stability. All
of the cations tested here could undergo chemical reactions to
some extent, but the low pKa of dimethylammonium and guan-
idinium ions may be contributing to their increased stability.
Chemical reactions do not seem to be the only source of degra-
dation in MAPDI;, however, as a distinct reversibility is ob-
served in these samples which is not present in the substituted
derivatives. This reversible degradation seems to be the primary
pathway that is avoided in the substituted hybrid organic-inor-
ganic perovskites. Increased activation energy for ion transport
with the larger ions may lead to this decrease in reversible light-
induced degradation; this will be investigated in future works.

CONCLUSIONS

We successfully fabricated hybrid organic-inorganic perov-
skites with 0-100% substitution of the methylammonium (MA)
cation in archetypical MAPbI; with the larger imidazolium, di-
methylammonium, and guanidinium compounds. These substi-
tuted hybrid organic-inorganic perovskites maintained a
MAPbDI;-like 3D tetragonal perovskite structure as a primary or
secondary phase up to high substitution percentages, despite
predictions that these cations were too large to fit into the me-
thylammonium ion lattice site. These compounds showed in-
creasing lattice size with increasing substitution percentage as
well as with increasing ionic radius, suggesting their integration
into the lattice itself. We also do not see any evidence that the
largest ion we tested, guanidinium (2.78 A), represents the up-
per limit of the size of ion that can be incorporated into the 3D
lattice. Therefore, it is possible that ions even larger than guan-
idinium could be substituted for the methylammonium ion to
create new hybrid organic-inorganic perovskite derivatives.
The band gaps of these compounds remained constant at the
same value as MAPbI3, which is well-suited for the desired pho-
tovoltaic applications. After characterizing their degradation
under illumination, we found that every one of the hybrid or-
ganic-inorganic perovskite derivatives up to 20% substitution
showed increased stability compared to MAPbI;, with a maxi-
mum decrease in the degradation rate of 62% for 5% guani-
dinium ion substitution. We observed a unique autocatalytic
mechanism of this light-induced degradation, which will pro-
vide important insights into further understanding of how these
cations improve hybrid organic-inorganic perovskite stability
and how to design even more stable materials. We also noted
how characteristics of the larger cations other than size, such as
dipole and hydrogen bonding, may play a role in stability. This
was especially noticeable for guanidinium ion, the only ion with
no dipole and three amine sites, which showed noticeable devi-
ations from size trends in both structure and degradation kinet-
ics. Overall, we have confirmed our hypothesis that substitution
of imidazolium, dimethylammonium, and guanidinium ion for
the methylammonium ion in MAPbI; hybrid organic-inorganic
perovskites yield compounds with improved light stability
which are promising alternatives for use in hybrid organic-inor-
ganic perovskite photovoltaic applications.
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Increasing Stability Under Light

il
HyC MH,
. T - 2
HaC—NH} g AN TSNH i
HyC e/ HH MiH,
.=
of
g =y .
£ we | Autocatalytic
= | Degradation r
\;l * l i 6 i 12 [ f - 4

Hasri

Hybrid organic-inorganic perovskite materials where the prototypical methylammonium cation was substituted for varying per-
centages of larger organic cations (imidazolium, guanidinium, and dimethylammonium) were synthesized. These new materials ex-
hibited increased stability under light, with degradation rates up to 62% slower. When degraded under light, the materials revealed a
unique autocatalytic degradation mechanism. The results show that substitution of these larger cations could be a promising strategy
for designing more light-stable hybrid perovskite materials
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