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Abstract

Iodine electrochemistry plays a critical role in driving iodide-oxidation induced halide migration
in 3D halide perovskites. When subjected to light illumination or electrochemical bias, mixed
halide perovskites undergo halide segregation followed by iodine expulsion from the crystal
lattices. To mitigate such intrinsic halide ion mobility in 3D perovskites, lower-dimensional (2D)
perovskites are employed as barriers to stabilize the perovskite layers. Interestingly, 2D halide
perovskites also exhibit halide ion mobility that is dependent on the binding configuration viz.,
Ruddlesden—Popper (RP) and Dion—Jacobson (DJ) perovskites. Hybrid RP-DJ perovskites with a
mixed Br:I ratio of 50:50 show increased stability following a continuous photoirradiation.
Spectroscopic studies that probe iodine migration and expulsion in photoirradiated 2D films of
different configurations are presented here. The effective strategy of blending two different 2D
phases (RP-DJ) offers new opportunities to develop stable 2D/3D perovskite interfaces in solar
cells
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Introduction

Halide ion migration in halide perovskites remains a significant hurdle in developing stable
perovskite optoelectronics and further commercialization.!™ Under photoirradiation and
electrochemical bias, 3D halide perovskites undergo defect-mediated halide ion migration. One
interesting aspect of halide ion migration is the photoinduced phase segregation in the mixed halide
perovskites leading to the formation of Br- and I-rich domains.>™ Accumulation of holes at iodide
(I") sites has been shown to facilitate iodide oxidation to form iodine (I) interstitial and iodide
vacancies (Iv"), leading to iodide migration through these defect sites.>!%!! Although such halide
segregation is mostly reversible upon removal of short term illumination, continuous illumination
can accumulate holes and drive expulsion of iodine from crystal lattice.!®'* As such, these
sequential processes (viz., hole trapping, oxidation and expulsion of iodine) collectively accelerate
the degradation of perovskite device performance during operation.!*!6

To mitigate such instability issues of 3D halide perovskites, lower-dimensional 2D perovskites
with layered structures have been developed to create two-dimensional (2D)/three-dimensional
(3D) bilayer heterostructures or quasi-2D frameworks.!”° Compared to conventional 3D
counterparts, the reduced dimensionality of these layered structures is effective in suppressing
halide ion migration.®?!">* While the intercalated spacer cations in 2D perovskites have negligible
impact on the optoelectronic properties of 2D/3D architectures (e.g., bandgap), their chemical
structure offers different degree of stability. Specifically, the molecular descriptors of spacers
including molecular weight, aromaticity, glass transition temperature, surface dipole moment
introduced by heteroatom (S or F), and binding configuration motifs, etc. play a crucial role in
determining ion transport and structural stability.>>® Based upon binding configuration of spacer
cations, these 2D perovskites are further classified into two subgroups: 1) Ruddlesden—Popper (RP)
phase and 2) Dion—Jacobson (DJ) phase.?=3! The former is reliant on van der Waals interactions
of monodentate spacer cations such as butylammonium (BA") whereas the latter is constructed
with covalent interlayer linkage of bidentate spacers such as 1,4-butylenediamine (BDA?").

An overlooked fact in designing 2D/3D perovskite interfaces is the ease with which both cations
and anions (halides) migrate under photoirradiation. For example, under continuous
photoirradiation or thermal stress, 2D/3D interfaces drives the spacer cation exchange reaction due
to entropic-driven mixing.>*® Such spacer cation exchanges proceeds more readily in soft RP
perovskites than in rigid DJ counterparts.>>3*37. Covalently tethered DJ phases strengthen whole
2D lattice frameworks, thus maintaining the 2D lattice frameworks under external stimulus.?”-34!
Such molecular reinforcement strategy is oftentimes employed in rigidifying the entire perovskite
frameworks and suppressing a defect-mediated halide ion migration.?**>** Recent studies have
shown that synergetic incorporation of both RP-DJ spacer cations can improve vertical orientation,
narrow phase distribution, and device performance under thermal and humidity stress in quasi-2D
perovskites.’®*46 However, such mechanistic understanding beyond 2D spacer hybrid
engineering yet remains limited, particularly regarding how each phase influence stability of the
mixed halide phases.



We have now investigated how the binding configuration of spacer cations in 2D mixed halide
perovskites with a Br:I ratio of 50:50 influences the iodine stability. Under continuous
photoirradiation, these 2D perovskites, when in contact with a solvents such as dichloromethane
(DCM) or dichloroethane (DCE), undergo halide segregation followed by iodide expulsion into
the solvent.”2?**” By tracking the spectral changes, we can understand the kinetics of both
segregation and expulsion of iodine species from 2D perovskite lattices. Absence of halide
segregation in DJ phase prevent hole transfer and accumulation at I-rich domain, thus suppressing
iodide expulsion and degradation of the mixed halide phase (and simultaneously inducing electron-
hole recombination within mixed halide phases).”!*1>¥ Spectroscopic and structural analyses of
different phase compositions of 2D mixed halide perovskites (RP:DJ = 100:0 — 0:100) presented
in this study provide new insights into the role of spacer cations in dictating overall photostability.
These results, which provide fundamental insights into the design principles of phase-stable 2D
perovskites, offer new strategy for developing stable wide-bandgap perovskite optoelectronic
applications.

Results and Discussion

Photoinduced Segregation and Expulsion in 2D Perovskites. The spacer cations employed in
2D perovskites dictate rigidity of 2D perovskite frameworks, quantum and dielectric confinements,
interfacial energetics, and structural stability.*>° To investigate the effect of spacer binding motifs
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Figure 1. (A,B) Absorption (C,D) difference absorption spectra of (A,C) BA,PbBr:l, (RP-BA 100%)
and (B,D) BDAPbB:I, (DJ-BDA 100%) under 405 nm diode laser irradiation with light intensity of 25
mW/cm?. Insets of 1A,B show the digital photographs taken after 10 min irradiation of 405 nm diode
laser. (E) Corresponding kinetic traces and monoexponential fits for halide ion segregation followed by
expulsion. (F) Kinetic traces and fitting by tracking the mixed halide phase peak at 450 nm of 2D
perovskites with a ratio of Br:I = 50:50 using different spacer ligands during a 405 nm laser diode
irradiation with light intensity of 25 mW/cm?.



on the mixed halide stability in 2D perovskites, we prepared 2D perovskite films with the same
halide composition of Br:1 =50:50, based on different binding configurations of BA-RP and BDA-
DJ (see Experimental for details). Note that the spacer cations of BA and BDA have the same
carbon chain length (C4) with only different numbers of ammonium groups. Upon substitution of
Br with I, both BA-RP and BDA-DJ perovskite films exhibit similar halide-dependent bandgap
changes from 2.4(2.5) — 3.1 (3.2) eV (Figure S1).

As-prepared 2D mixed halide perovskite films, BA2PbBr:1> (RP) and BDAPbBr:I> (DJ), exhibit
pronounced band-edge absorption peaks at wavelengths of 445 and 450 nm respectively (Figures
1A,B). When subjected to a continuous wave (CW) 405 nm laser diode irradiation of 2D perovskite
film in contact with dichloroethane (DCE) solvent, they exhibit different photoinduced behaviors
(Figures 1A,B). For BA-RP-perovskites, the band-edge absorption continuously decreased from
0.8 to nearly 0 over 10 min irradiation, (Figure 1A). The difference absorption spectra (Figures
1C,D) further corroborates that BDA-DJ based 2D perovskites show enhanced stability compared
to BA analogues. During early period of first 2-3 min, new absorption bands arise at 400 nm and
500 nm, corresponding to Br-rich (~ 400 nm) and I-rich (~ 500 nm) domains (Figure 1B). These
absorption features correspond to halide segregation at early times. In contrast, the BDA-DJ
perovskites displayed relatively small changes at band-edge absorption of 450 nm (Figure 1D).
Digital photographs taken after photoirradiation as shown in insets of Figures 1A,B show the
robustness of DJ perovskite films compared to RP counterparts. The photoinduced transformations
in these 2D perovskites are described in the following equations (1-3) using BA,PbBrl, as an
example (Scheme 1).

Photosegregation: 2BA,PbBr21, (hv) — BA,PbBrs + BA,Pbl,4 (1)
Hole trapping and oxidation: BA,Pbls + 2h™ — Pbl, + 2BA* +1, (2)
Dissolution: BA,Pbls — Pbl, + 2BA™ +2I° 3)

By tracking temporal evolution of absorption changes at 404, 450 and 500 nm, one can elucidate
the kinetics of halide ion segregation as well as iodine expulsion (Figure 1E). Initially,
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Scheme 1. Schematic illustration of photoinduced iodide expulsion and iodine expulsion mechanism
seen in BA,PbBr:l> (BA 100%) film emersed in DCE solvent, including two steps (halide segregation
followed by iodide expulsion).



photosegregation of the mixed halide film is driven by the cascade of charge transfer and hole
accumulation at I-rich sites of the lower bandgap semiconductor.®!%*” Since the oxidation potential
of Br/Br is greater (E® =+1.08 V vs. NHE) compared to I/I> (E° =+0.62 V vs. NHE) the bromide
species are not readily oxidized (Figure 1E). Again, these observations suggest that BDA-DJ
perovskite films possess rigidized 2D frameworks with covalent interlayer linkage of spacer
cations.

To further validate our observation that DJ structures offer better photostability than RP structures
under photoirradiation, we repeated the experiments with two additional spacer cations, viz.,
phenethylamine (PEA) and 1,4-phenylenedimethylamine (PDMA). The changes in the absorption
spectra under photoirradiation are included in Figure S2. As can be monitored at band-edge
absorption peak of 440-450 nm, the kinetic traces with four different spacers (BA, PEA, BDA, and
PDMA) are compared in Figure 1F. The pseudo-first order rate constant (ksegregation),
corresponding to the disappearance of mixed halide composition, decreased from 1.1 x 1072 sec™!
(BA-RP) to 1.2 x 103 sec”! (PDMA-DIJ) by an order of magnitude. Although PEA-based mixed
halide perovskites are often reported as relatively resistant to photoinduced halide segregation,>!~
53 we observed significantly accelerated photosegregation. The previous studies with PEA spacer
cations were typically performed on solvent-free dry film, wherein the halide ion mixing can occur
reversible within the crystal lattices even under photoirradiation.’’>* However, under our
experimental conditions with DCE solvent, the forward process is accelerated through a two-step
pathway (Scheme 1) including the initial mixed halide segregation followed by irreversible iodine
expulsion into solvent. Generally, our recent studies have established the combined effects of
binding configurations (RP vs DJ) and van der Waals interactions (linear vs aromatic) in these
spacer cations. The binding configuration alteration between RP and DJ with the same carbon
chain of spacer cations is the most effective strategy by suppressing such photoinduced
segregation.’!*>** By employing the DJ spacer ligands, either BDA or PDMA, we can suppress
halide segregation and subsequent halide expulsion, consistent with earlier reports.?>>>>> The
tightly bound DJ architecture slows the halide ion migration. In addition to binding motif,
introduction of aromatic ligands in spacer ligand molecules may also enhance the stability by
adding extra van der Waals interactions through n-x stacking of phenyl rings.’®>°

Construction of RP-DJ Hybrid Perovskites. Even though DJ spacers provide greater stability
than RP counterparts, many perovskite optoelectronics still rely on the RP spacer cations due
mainly to facile processing conditions with increased solubility.!®?”#*! Therefore, a strategy to
mitigate the intrinsic limitation of volatile RP spacers prompted us to examine systematic blending
of BA and BDA spacer cations in 2D perovskite films. This approach allowed us to synergistically
enhance stability of hybrid RP-DJ phase compositions. Mixed RP-DJ perovskite films were
fabricated through stoichiometric blending of BA-RP (n = 1) and BDA-DJ (n = 1) perovskites in
the precursor solution. By varying the volumetric ratio of RP:DJ from 100:0 (pure BA) to 0:100
(pure BDA) we were able to compose five different compositions in the film. Corresponding
crystal structure changes with varying the RP-DJ phase composition were investigated by X-ray



diffraction (XRD) as shown in Figures 2A,B. Note that unlike the 3D mixed perovskites wherein
the halides are homogeneously distributed at the unit cell level, the 2D mixed halides exhibit
preferential occupation of Br and I due to different ionic radii. The larger I (216 pm) preferentially
occupies the apical position while the smaller Br- reside (195pm) along equatorial sides.®® The
recorded XRD patterns show periodic repeating along (001) planes of pure 2D perovskites with
100% BA and 100% BDA, determining interlayer spacing of 1.4 nm (BA) and 1.0 nm (BDA)
(Figures 2B and S3).213%6! At the mixed RP-DJ composition of 50:50, decreasing the portion of
BA fraction or increasing the BDA fraction led to disappearance of BA phase at 6.4° (002 plane)
and concurrent appearance of BDA analogues at 8.2° (002 plane) (Figure 2B). These results reflect
that the BA and BDA spacers form separate crystallographic domains while maintaining own
interlayer spacing distances (Figure 2A).2>

The binding energies of Pb-X bonds were further investigated for the mixed RP:DJ perovskites
using X-ray photoelectron spectroscopy (XPS), further supporting the distinctive crystallographic
domain formation in BA-RP and BDA-DJ films (Figure 2C). The binding energy of Pb 4f7»
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Figure 2. (A) Schematic illustration of crystal structure changes in mixed RP:DJ hybrid compositions.
(B,C) Evolution of XRD patten (B) and XPS (C) with varying the ratio of BA,PbBr2]; and BDAPbBr:1>
perovskites ranging from BA:BDA = 100:0 to 0:100. (D,E) Absorption (D) and difference absorption
(E) spectra recorded for BA;BDA sPbBrl, perovskites (BA:BDA = 50:50) during CW 405 nm diode
laser irradiation with intensity of 25 mW/cm?. (F) Kinetic traces and fitting at tracking the mixed halide
phase (at 440-450 nm) for mixed RP-DJ perovskites.



observed in 2D perovskite films was determined to be 137.8 (pure BA) and 137.3 eV (pure BDA),
indicative of decreased binding energy in DJ perovskites with -0.5 eV relative to RP ones (Figure
2C). The decreased binding energy of Pb 4f atom is associated with incorporation of divalent
BDA?*, withdrawing the electron density over Pb-X bonds (X= Br and I). Therefore, the same
trend of binding energy shift in I 3d and Br 3d were observed for BA-RP and BDA-DJ films. Once
again, these results corroborate the tighter binding nature of DJ perovskites (Figure S4 and Table
S1). In the case of mixed RP-DJ hybrid, two different domain peaks of Pb 4f7, spectra were found
(Figure 2C). For BA:BDA = 50:50, the broadened XPS spectra of Pb7» and Pbs» seen in this
sample were spectrally deconvoluted to assign each contribution from BA and BDA perovskites,
confirming similar contribution from BA (36-45 %) and BDA (55-64 %) (Figure S5). Additionally,
the formation of Pb® also significantly decreased in DJ perovskites, suggesting another evidence
of stabilizing the Pb-X bonds.5>-64

Additionally, the photoluminescence (PL) emission and infrared (IR) vibrational analyses were
carried out to elucidate the structural transformation in these hybrid RP-DJ perovskite films
(Figure S6). The PL emission of BA;PbBr21, film exhibits two pronounced emissions centered at
470 nm and 510 nm. The longer-wavelength emission is attributed to segregated I-rich domain
upon the measurement of PL emission spectra under white light illumination, consistent with
earlier report.’?> Upon increasing the fraction of BDA-DIJ, overall PL emission progressively
decreased and quenched. The suppressed PL emission intensity observed in DJ-rich composition
arises from more dominant nonradiative recombination that resulted from stronger interlayer
electronic coupling and reduced exciton confinement, in good agreement with earlier report.®
Consistent trends are observed in the IR spectra, which display a systematic increase in the
intensity of the —-NHs" stretching vibrations with increasing BDA content. This behavior reflects
the incorporation of the diammonium spacer, where the dual ammonium in BDA amplifies
hydrogen-bonding interactions with the inorganic framework, thereby strengthening the
corresponding vibrational modes.

The photoirradiation experiments were repeated with mixed RP-DJ films with phase compositions
of RP:DJ ratio of 75:25, 50:50, and 25:75, respectively (Figure S7). The representative examples
of absorption and difference absorption spectra recorded with RP:DJ = 50:50 during
photoirradiation are shown in Figures 2D,E. The absorption corresponding to excitonic band
decreased with continued irradiation using CW 405 nm diode laser. Interestingly, the formation of
segregated halide phases at 400 (Br-rich) and 500 nm (I-rich) was significantly suppressed
compared to BA-RP (100% BA) perovskite film. These observations were corroborated by digital
photograph taken after 10 minutes of photoirradiation (Insets of Figure 2D). Figure 2F compares
the absorption decay and monoexponential kinetic fits recorded for different RP:DJ compositions
by tracking the mixed halide compositions at 440-450 nm for all five mixed RP-DJ hybrids. The
pseudo-first order rate constants (ksegregation) decreased from 1.1 x 102 sec™! for BA-RP (100% BA)
to 1.4 x 103 for BDA-DJ (100% BDA) perovskite films. The dependence of rate constant on the
fraction of BDA in the RP-DJ hybrid perovskite film is shown in Figure S8. As the fraction of DJ



perovskites within the mixed RP-DJ hybrid is increased, 2D frameworks become more rigidized,
resulting in the suppression of the halide ion migration. This rigidification achieved through the
introduction of DJ-phase in the RP:DJ hybrid film in turn makes the photo segregation and halide
expulsion less favorable.%

An attempt was made to visualize morphological changes that occur during photoirradiation of
three representative films, BA2PbBr2l2, BAIBDAo.sPbBr2l2, and BDAPbBr:I2, using scanning
electron microscopy (SEM). The SEM images of these three films with RP-DJ phase compositions
of RP:DJ ratio, 100:0, 50:50, and 0:100 are shown in Figure 3. For pristine 2D perovskite films
with 100% BA and 100% BDA, the average grain sizes were determined to be 70 £ 20 nm and
210 £ 40 nm respectively. The mixed RP-DJ films, however, show two different sizes of
crystallographic domains as indicated by red (BA-RP) and yellow circles (BDA-DJ) in SEM
images (Figures 3A-C). It is worth mentioning that during nucleation and growth stage of spin-
coating, we observed slower color change in BDA-DJ films as compared to BA-RP counterparts
suggesting difference in the crystallization process of the two films. Such slowed kinetics is
expected to promote the larger grain size in BDA-DIJ films. The difference in binding ability of
monodentate BA and bidentate BDA spacer cations to Pb** monomer in the precursor solution is
likely to influence nucleation and growth kinetics of RP and DJ perovskite phases. SEM images
of these films recorded after 405 nm irradiation (25 mW/cm?) for 10 minutes are shown in Figures
3D-F. SEM images taken for BA-RP perovskite film revealed the creation of numerous pinholes
and defects due to photoinduced halide expulsions (Figure 3D). In contrast, the mixed RP-DJ
perovskites with a BA:BDA ratio of 50:50 (Figure 3E) and BDA-DJ films (Figure 3F) exhibit
significantly reduced pinhole formation compared to BA-RP perovskite films. These observations

BA-RP BA-BDA BDA-DJ
| pristine . % = | pristine
’ B“ T ® f$ & & -
P e ®

R | | l'2 ian? R 4
Figure 3. (A-F) SEM images of (A,D) BA;PbBr:l; (pure BA 100%), (B,E) BA|BDAsPbBrl»
(BA:BDA =50:50), and (C,F) BDAPbBm:I, (pure BDA 100%), respectively, before (A-C) and after (D-
F) a CW 405 nm diode laser irradiation for 10 min. Inset of each panel display the digital photograph of
these films taken after 10 minute irradiation.



are consistent with the degradation trend seen in spectroscopic observations (Figure 1). As
discussed in the previous section, XRD and XPS studies of mixed crystallographic domains with
RP-DJ phases decreased the susceptibility to photoinduced iodide expulsion.

Excited State Charge Carrier Dynamics. To further elucidate the primary photochemical events
leading to iodine migration and expulsion, we probed the excited-state charge dynamics of 2D
mixed halide perovskite films using ultrafast pump-probe spectroscopy. Transient absorption (TA)
spectra were recorded using the excitation at 400 nm pump laser (fluence of 32 pJ/cm?) and probe
delay times of 1-700 ps (Figures 4A-C). For probing the excited-state events during the halide
segregation, the 2D perovskites films were continuously irradiated with a CW 405 nm diode laser
with intensity of 50 mW/cm? (see insets of Figures 4B,C). It should be noted that the pulsed laser
excitation does not bring about halide phase segregation.

The TA spectra recorded with BA-RP perovskite film without continuous irradiation in shown in
Figure 4A. The TA spectra of partially (5 min irradiation) and fully segregated (10 min irradiation)
BA-RP films are shown in Figures 4B,C. The pristine BA film was characterized by single ground
state bleach at 460 nm representing depopulation of the excitonic band as excited with pump-
excitation (Figure 4A). For the segregated films after a 405 nm laser irradiation of 5 minutes, an
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Ao BA,PbBr,, Boo BA,PbBr,, — Coo BA,PbBr,l, __

Pristine =ee Partially Segregated o4 b Fully Segregated  (b)4ps

~—(c) 40 ps. ——(c) 10 ps (c)10 ps
——(d) 100 ps ¢ ——(d) 80 ps f

——(d)60 ps

—— (€) 700 ps 1w f e —(€) 230 ps| | “—— (e) 250 ps’
” ” 0.00 () 650 ps, ” 0.00 ' (f) 700 ps
Ke) o] o]
< < P CW laser < P CW laser
< Pump < (405 nm) < ) (405 nm)
h & (387nm) -0.014 / Pump -0.014 / Pump
i orch _ (400 nm) M (400 nm)
‘(V’:hi:e light) ) ~~ Probe | « Probe
® (White light) > (White light)
-0.02 T T T T T -0.02 T T T T T -0.02 T T T T T
450 500 550 600 650 700 450 500 550 600 650 700 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
BDAPbBT,|
D F 0.2 bBrl,
E at l-rich (515 nm) .
o 0-007 o 0.00 -3 o-eot-0-0 8 0.0
o o N
[= c = -02
8 g gy
= = = -0.44
[e] o] o
2 001 8-o01 Z 06 §
< < »
< o (a) BA-pristine < @ (a) BA-pristine 2 -0.84 |
o (b)Partially seg o (b) Partially seg o (a)Pristine BDA
4 9 (c)Fully seg @ (o) Fully seg < -1.04 @ (b) Irradiation for 10 min
-0.021- - . . . -0.02 L . . . .
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Time (ps) Time (ps) Time (ps)

Figure 4. (A-C) Time-resolved difference absorption spectra recorded following 400 nm laser pulse
excitation (32 pJ/ecm?) of BAoPbBrlh: (A) pristine, (B) partially segregated (5 min), and (C) fully
segregated film (10 min) under CW 405 nm diode laser intensity of 50 mW/cm?, respectively. (D,E)
Bleach recovery kinetics and fitting by tracking the (D) mixed halide phase peak (at 455 nm) and (E) I-
rich domain peak (at 515 nm) using pristine, partially segregated, and fully segregated BA,PbBr:l; films
as shown in panels A-C. (F) Bleach recovery kinetics and fitting of BDAPbBrI, film before and after
irradiation using 405 nm diode laser with light intensity of 50 mW/cm? for 10 min.
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4B). This absorption bleach further increased in the fully segregated film along with decreased
contribution from the parent bleach (Figures 4C). The increased population of I-rich domains as
part of segregation in mixed halide BA-RP perovskite contributes to the bleach at 510 nm. The
progressive response of iodide phase and decrease of parent mixed halide phase with increased
continuous light irradiation time further highlights the changing composition and related excited
behavior of segregated BA-RP films during halide phase segregation. It should be noted that
spectral overlaps between the pump wavelength and Br-rich domain peak (at 400 nm) did not allow
probing of Br domain in the halide segregated film and its recovery kinetics.

We followed the excited state deactivation by monitoring the bleach recovery of the mixed halide
peak (455 nm) for these BA-RP films with varying degree of segregation. The bleach recovery
traces were fitted using biexponential kinetic expression (See Table S2 for parameters of the
kinetic fits). The average lifetimes of bleach recovery were 166 ps (without segregation), 100 ps
(partially segregated), and 4.4 ps (fully segregated) (Figure 4D). In the case of unsegregated film,
exciton and charge carrier recombination dominate the excited state deactivation within the parent
mixed halides. On the other hand, in the segregated films the charge carriers from mixed halide
perovskite phase are funneled to iodide rich phase, thus accelerating the excited state deactivation.
The bleach recovery kinetics at I-rich domain, thus, provide direct evidence of excited state
interactions and charge transfer. As anticipated, the pristine film does not exhibit a bleach at I-rich
domain (indicative of no segregation), whereas both partially and fully segregated films displayed
bleach signals at 515 nm (corresponding to I-rich domain) under a CW 405 nm laser diode
irradiation. The bleach recovery kinetics at I-rich domain were determined to be 47 ps (for partially
segregated) and 21 ps (for fully segregated). The continuous hole injection for partially segregated
films elongated the bleach recovery kinetics whereas the almost I-rich domain at fully segregated
film undergoes intrinsic e-h recombination with decreased hole transfer from the mixed halide
phase. (Figure 4E).

The TA experiments were repeated using BDA-DJ perovskite films while keeping the film
irradiated with a CW 405 nm diode laser using same irradiation conditions (Figures 4F, S9, and
Table S3). It is also important to note that inherently, there is a difference in average lifetime of
bleach recovery between BA-RP and BDA-DJ films before halide segregation. The extracted
average lifetime was determined to be 166 ps (BA-RP) and 9 ps (BDA-DJ). It is well known that
enhanced electronic coupling of inorganic layers along out-of-plane direction with reduced organic
spacing distance in DJ perovskites facilitate exciton delocalization across adjacent inorganic layers
with reduced quantum confinement.%> This behavior aligns with the suppressed PL emission
intensity observed in the PL measurements for the hybrid RP-DJ films. All films showed a single
bleach corresponding to the parent mixed halide exciton band. The bleach recovery traces
remained unperturbed as we continued the laser irradiation of the films. These observations agree
with the steady-state absorption measurements discussed in the earlier section and indicate the
suppression of halide segregation in BDA-DJ perovskite films.
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Mechanistic Understanding of Underlying Iodine Explusion. It is obvious from previous
discussion that BDA?* spacer cation suppresses the halide migration in BDA-DJ perovskite films.
We further probed its role in suppressing halide segregation followed by expulsion in hybrid RP-
DJ 2D perovskite films. The RP-DJ films with different BA:BDA compositions were immersed in
dichloroethane (DCE) and were subjected to 405 nm continuous irradiation. The expulsion of
iodine was quantified by monitoring the formation of I3™ in solvent. As discussed previously, 2D
perovskite film is in contact with DCE solvent, continuous photoirradiation drives sequential
iodide oxidation, migration, and ultimately iodide expulsion into DCE.!5*?%” Figures 5A,B show
the time-dependent evolution of I3” in DCE with distinct absorption band at 295 and 365 nm, as
we irradiate BA-RP and BDA-DIJ perovskite films. (Note that expelled I» from the perovskite film
complexes with dissolved iodide ion to form I3"in DCE.) Since BDA-DJ perovskite with covalent
interlayer linkage are effective in maintaining the mixed halide phase, we observe relatively less
expulsion of > into the solution (equation 2). The effect of BDA in decreasing the rate of I
expulsion can also be seen in mixed RP-DJ perovskites. Increasing the fraction of DJ perovskites
in mixed RP:DJ compositions progressively suppressed the formation of I3 species (Figure S10).

The kinetics of iodine expulsion from irradiated perovskite films were analyzed by tracking the
formation of I3~ species in solutions. The absorption changes at 295 nm which represent I3
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Figure 5. (A,B) Absorption spectra evolution of DCE solution containing (A) BA,PbBr:L; (pure BA
100%) and (B) BDAPbBII, (pure BDA 100%) film under a CW 405 nm diode laser irradiation (25
mW/cm?). (C) Kinetic traces and fitting by tracking the 295 nm corresponding to I;” with varying
BA:BDA ratio from 100:0 — 0:100 (D) Correlation of rate constant of disappearance of mixed halide
peak (at 440-450 nm) and that of I3 formation. (E) Quantum efficiency of I3~ generation given injected
photon using different mixed RP-DJ perovskite films. (F) Quantum efficiency plot with 5 min
photoirradiation with varying the fraction of BDA in mixed BA-BDA phase compositions.
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formation, at different irradiation times are plotted in Figure 5C. The pseudo-first order rate
constants (kexpuision) decreased from 5.1 x 103 sec! (BA-RP) to 2.3 x 107 sec”! (BDA-DJ) films.
The rigidifying strategy achieved here through bidentate spacer cation is similar to A-site
engineering strategy employed in 3D perovskite films (e.g., incorporating inorganic Cs" as A-site
cations).?3-2468

Correlation between kinetic rate constant (kexpuision) 0f I3” formation and that of disappearance of
mixed halides (ksegregation) Was established in Figure 5D. As expected, the I3~ formation kinetic rate
constant decreased exponentially, shifting from BA-RP to BDA-DJ perovskites due to reinforced
2D frameworks with DJ spacers. Quantum efficiency of iodine expulsion during irradiation was
calculated using the following equation (4)

3nlz—

Q.E. (%) = 100 x

4

2NMphoton ( )
wherein np3” (umole) is number of I3 species generated during photoirradiation and nphoton ((imole)
is number of photons incident on the perovskite film at a given irradiation time (Figure S11). Note
that conversion factor of 3/2 was used since one mole of I3” corresponds to three iodide species
that are expelled following absorption of two photons (equations 2-3).

At a fixed irradiation time, increasing the DJ fraction in the mixed RP-DJ phase compositions led
to reduction in iodide expulsion Q.E. due to lower formation of I3 species. These reflect that under
photoirradiation, the more robust DJ perovskites in which halide segregation does not occur,
exhibiting significantly reduced iodide expulsion efficiency (Figure SE). When plotting the Q.E.
at 5S-minute irradiation versus BDA fraction, the Q.E. gradually decreased from 10.4 (BA-RP) to
5.1 % (BDA-DJ) (Figure S5F). Therefore, halide segregation and segregated phases can accelerate
the iodine expulsion in DCE solvent due to hole accumulation at I-rich domain across the
segregated domains.

Based on these observations using steady- and excited-state absorption spectra monitoring the 2D
perovskite films or solvent containing I3” under continuous photoirradiation, we can propose the
halide expulsion mechanism in BDA-DJ and BA-RP perovskite films (Scheme 2). Continuous
irradiation of mixed halide perovskite films facilitates the halide segregation and subsequent iodide
expulsion in BA-RP perovskites due to weaker attachment of RP layer through van der Waals
interactions. The segregated halide domain with favorable energetics induces the hole transfer and
confinement at I-rich domain. Hole-induced oxidation of iodide (I') to monomolecular iodine (I-)
or bimolecular iodine (I2) species accelerate dissolution and expulsion of I' from the 2D lattices in
solution with generation of I3” species. In contrast, covalently tethered BDA perovskites prevent
the octahedral lattice distortion, defection formation, halide ion migration, and segregation under
the same photoirradiation.>!%%7® Importantly, the maintenance of mixed halide phase under
photoirradiation just induces electron-hole recombination within mixed halide phase, instead.
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Scheme 2. (A,B) Schematic illustration of photoinduced iodide expulsion including two steps (halide
segregation followed by iodide expulsion) and one step (direct iodide expulsion) seen in BA,PbBrl»
(BA 100%; A) and BDAPDbBrI, (BDA 100%; B) films, respectively. Corresponding energy diagram of
mixed and segregated halides in contact with DCE solution demonstrating the possible excited state
charge carrier dynamics.

However, exposure to DCE solvent allow for direct photooxidation of DJ perovskites with iodide
expulsion with a significantly reduced kinetics (Scheme 2).

In summary, binding configuration of spacer ligands (RP vs DJ) even with the same backbone of
the carbon chain (e.g. Cs in n-butylamine and 1,4-butylenediamine) incorporated into the 2D
mixed halide perovskite frameworks govern iodine stability under photoirradiation. Stoichiometric
blending of RP-DJ hybrid composition influences the stability of 2D perovskite films. Although
the halide segregation is reversible in the dark when irradiated for a short time, extended period of
photoirradiation causes expulsion of iodine resulting in irreversible transformations. Through
synergetic incorporation of mixed RP-DJ spacers with enhanced structural stability can improve
both processability and stability (and water-repellant hydrophobicity), thus allowing for
optimizing the performance and stability of perovskite optoelectronics. Recently, phase
engineering through blending different 2D phase (RP-DJ) is effective in balancing the performance
and stability of optoelectronic devices such as perovskite solar cells and light-emitting
diodes.®>7!""2 This strategy can enable synergistically improve the charge carrier dynamics with
improved structural integrity through precisely tuning the structural phases. This study offers a
significant insight into degradation of halide perovskites through halide ion migration and

expulsion as well as strategical methods for developing more stable and efficient 2D/3D perovskite
solar cells.
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