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SUMMARY
2D lead halide perovskites are used to improve device operational stability due to increased environmental
stability and reduced ion migration compared to 3D perovskites. However, the relationship between the 2D
perovskite stability under illumination and spacer cation is still not well understood. Thus, we examine photo-
induced halide segregation (PHS) in different 2Dmixed-halide perovskites and show that PHS is suppressed
in the materials which have photostable bromide halide phase. As the spacer cations provide the barrier to
ion migration in 2D perovskites, PHS would be facilitated by the loss of spacer cations through their interac-
tions with various mobile oxidized halide species, resulting in organic ammonium deprotonation and spacer
cation vacancy formation. The existence of a photostable A2PbBr4 phase, which does not exhibit spacer
cation loss, results in the suppression of PHS in 2Dmixed halide perovskites due to reduced spacer vacancy
formation and consequently reduced halide ion migration under illumination.
INTRODUCTION

2D lead halide perovskites have been commonly proposed to

improve the stability of 3D lead halide perovskites APbX3, where

A is a small organic cation or Cs+ and X is halide anion.1–6 These

materials can be described with a formula C2An-1PbnX3n+1 for

commonly used Ruddlesden-Popper perovskites, where C is

the bulky organic spacer cation which separates the perovskite

octahedral layers, while n is the number of layers.1 They are

commonly assumed to exhibit increased stability when exposed

to humidity and/or elevated temperature, and to suppress ion

migration,1,2,5 and they have resulted in device stability improve-

ments both for quasi-2D (n > 1) and 3D/2D (n = 1) perovskites.4–6

The suppression of ion migration in 2D perovskites is particularly

interesting for improving device operational stability, and it is

commonly attributed to increased barrier to out-of-plane ion

migration1,2,5 caused by the presence of bulky spacer cations

between the layers,1,5 and reduced concentration of halide and

small cation vacancies for in-plane ion migration.5 These factors

also suppress photoinduced halide segregation (PHS),5

although in this case preferential distribution of Br and I sites
iScience 28, 112154, A
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within 2D perovskite could also play a role in the suppression5,7

since I� and Br� exhibit different preferences for occupation of

axial and equatorial sites.7,8

To date, PHS and/or ion migration have been investigated in

different 2D and/or quasi-2D perovskites both experimen-

tally3,9–21 and theoretically.22,23 In general, halide diffusion was

more significant in quasi-2D (n > 1) than 2D (n = 1) mate-

rials,12,16,17,20,21 but there is very pronounced difference in

behavior of 2D perovskites with different spacer cations. Signif-

icant PHS in 2D perovskites has been reported for some spacer

cations,9–11,19 while for others, such as phenethylammonium

(PEA),10,11,16,20 negligible photoinduced segregation is observed

over similar timescales. For some spacer cations, such as

commonly studied butylammonium (BA), not only there was a

significant photoinduced segregation in BA2PbI2Br2 but also

expulsion of both I� and Br� into the solution was observed un-

der illumination and bias.9,24 The instability of some 2Dmaterials

under illumination,9 as well as the evidence of migration of both

anions and cations (including bulky spacer cations) in this class

of materials,24–27 has resulted in questioning of the use of 3D/2D

approach to stability improvements in the perovskite devices.9 It
pril 18, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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is therefore imperative to improve our understanding of ion

migration and/or photoinduced segregation in 2D perovskites

to facilitate rational selection of 2D capping layers for improved

device stability.

Efforts have been made to elucidate which properties of the

spacer cation are responsible for the suppression of halide ion

migration.3,12,14,16,20,22,23,25 These studies generally agree that

bulkier p-conjugated spacers can inhibit halide diffusion more

compared to short chain aliphatic spacers.3,12 Increased stabil-

ity and reduced ion transport were linked to increased length of

the spacer cation,22 increased interactions between spacer cat-

ions,25 and increased lattice rigidity,12,14 as bulkier and stiffer

cations would result in higher energy for halide vacancy forma-

tion, which in turn would result in slower halide diffusion.14 In

contrast, increased ligand polarization was proposed to increase

ion transport.22 In addition, the suppression of halide diffusion

was also attributed to non-binomial halide distribution20 and to

reduced charge separation and consequently lower halide

mobility16 in 2D perovskites. Computational attempts to explain

ion transport in 2D perovskites include diffusion coefficient cal-

culations (calculated analytically and estimated from kinetic

Monte Carlo simulations),3 thermodynamic calculations,23 and

molecular dynamic simulations.12,22 However, these models do

not take into account redox reactions which occur in halide

perovskite materials (both 3D and 2D) under illumination.

Furthermore, the number of spacer cations considered in the

same study (to eliminate variations due to differences inmethods

among different studies) is much smaller for experimental (up to

four)3 compared to computational (up to seven)22 studies, which

hinders comparisons between experiments and theoretical pre-

dictions. Consequently, the mechanism of halide segregation as

well as cation migration in 2D perovskites is still not well

understood.25

It should be noted that PHS phenomenon has been investi-

gated more comprehensively in 3D perovskites28–40 compared

to 2D perovskites. Various explanations have been proposed

to clarify the PHS in 3D perovskites,28–38 including processes

involving defects/charge trapping through various mecha-

nisms,28–31 polaron formation,37,38 and photogenerated carrier

funneling.32–34,36 Consequently, different mathematical models

of driving forces for halide segregation, namely miscibility gap

model (internal lattice strain), polaron-assisted lattice strain,

and photocarrier energy model were proposed.35 In recent

years, however, the role of photo/electrochemical redox reac-

tions in PHS and ion migration has been gaining more recogni-

tion.39–41 It should be noted that this explanation is fully consis-

tent with the recognized roles of defects in the process,28 as

defects are generated in the electrochemical redox reactions,

as well as I2-induced photoinstability,30,31 as I2 is a product of

I� oxidation by photogenerated holes.35,40 Due to differences

in redox properties (iodide is more readily oxidized than bromide

and the oxidation forms highly mobile oxidized species)40,41 and

bandgaps (charge carrier funneling to lower bandgap iodide-rich

domains occurs),40 the photo/electrochemical redox processes
Figure 1. In-situ absorption spectra of 2D mixed halide perovskite und

In-situ absorption spectra recorded at different times during the photoinduced

perovskite A2PbBr2I2, where A denotes the following spacer cations (A) BZA (B)
offer a possibility to provide a unified explanation of different

experimental observations under illumination and/or bias. The

important difference compared to other models is that photo/

electrochemical redox reactions take into account continuous

generation and annihilation of defects under illumination or

bias, and the fact that oxidized halide species is not restricted

to vacancy hopping mode of transport as oxidized halide spe-

cies, such as interstitial iodide and I2, are highly mobile.41 Conse-

quently, these processes are expected to play an important role

in all types of perovskite materials, and need to be considered

when investigating PHS in 2D perovskites.

RESULTS AND DISCUSSION

Here, we examined PHS in 2D lead halide perovskites under

simulated solar illumination using in-situ absorption measure-

ments, as shown in Figure 1. In addition to commonly studied

BA-based and PEA-based perovskites, we considered 6

additional spacer cations, namely benzylammonium (BZA),

hexylammonium (HA), 2-thiophenmethylammonium (TMA),

2-thiophenethylammonium (TEA), 4-fluoro-phenethylammonium

(4FPEA), and iso-butylammonium (i-BA). We can observe that

for some spacer cations, 2D perovskite readily segregates, while

others exhibit good photostability. The obtained results for

the two commonly studied 2D perovskites, BA2PbI2Br2 and

PEA2PbI2Br2, are in agreementwith previous reports of significant

segregation for BA9–11 and negligible segregation for PEA,10,11,20

aswell as the report of onemagnitude slower halide ionmixing for

PEA compared to BA.14 It is also interesting to note that slower

PEA cation migration compared to BA cation migration was

also observed.24 Perovskite with TEA spacer exhibited similar

behavior to PEA, in agreement with similarity in ion transport for

these two spacers, which exhibited much slower ion transport

compared to BA-based perovskites in lateral diffusion experi-

ments.12 Thus, reported trends in the literature, with BA exhibiting

significant PHS and PEA and TEA having improved photostabil-

ity9–11,14,20 are in excellent agreement with our results. Neverthe-

less, it should be noted that direct comparisons between different

studies of PHS could be affected by light source and light intensity

used, as well as the film quality (grain size, crystallinity, and native

defect concentrations). However, when materials studied exhibit

such pronounced difference in behavior, as observed for BA

and PEA, it is expected that the same trends are observed across

different reports and this is indeed the case. One significant

observation from these experiments is that while significant ion

transport and consequently PHS is indeed observed for short

aliphatic chain spacers in agreement with expectations,3,15 we

observe varied response in p-conjugated spacers, which are ex-

pected to exhibit suppression of ion transport.15 From a previous

experimental observation of PHS in 2Dperovskitewith phenylpro-

pylammonium (PPA) spacer,19 it is obvious that perovskites with

p-conjugated spacers can indeed segregate, but the mecha-

nisms responsible for fast segregation for BZA and suppressed

segregation for PEA and 4FPEA are not fully clear.
er illumination

segregation under 100 mW/cm2 simulated solar illumination for mixed halide

PEA (C) BA (D) 4FPEA (E) HA (F) TEA (G) i-BA (H) TMA.
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Figure 2. Helmholtz compositional energy and absorption change of BZA2PbBr2I2 and PEA2PbBr2I2 mixed halide perovskite
(A) Helmholtz compositional energy of BZA2PbBr2I2 and PEA2PbBr2I2. Dotted vertical lines serve to guide the eye.

(B and C) Changes in the absorption at peak wavelengths corresponding to Br, Br/I, and I peaks vs. illumination time at 25�C for (B) BZA2PbBr2I2 and (C)

PEA2PbBr2I2.
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Thus, we have selected BZA and PEA as model materials for a

more detailed investigation, since the two spacers have very

similar structure, differing only in the length of the alkyl chain

on the phenyl ring (one and two carbon atoms for BZA and

PEA, respectively). The X-ray diffraction (XRD) patterns of

BZA-based and PEA-based perovskites are shown in Figure S1

and SEM cross-section of the films is shown in Figure S2,

showing that in both cases thin films with similar thickness are

obtained. To first examine the thermodynamic stability of these

mixed perovskites, we calculated Helmholtz compositional en-

ergy23 DF0 for PEA2PbBr2I2 and BZA2PbBr2I2, as shown in Fig-

ure 2A. Helmholtz compositional energy as a function of temper-

ature T is defined as:23 DF0ðTÞ = DU � TDSðTÞ, where DU is

the mixing enthalpy and DS is the mixing entropy (calculations

are described in more detail in STAR Methods). We can observe

that BZA2PbBr2I2 is unstable (DF0 > 0) for temperatures up to

�150�C, while PEA2PbBr2I2 is stabilized by entropic effects

already at low temperatures and is extremely stable at around

room temperature. We have then examined PHS at low illumina-

tion power (6.5 mW/cm2) where Helmholtz compositional energy

dominates over photocarrier free energy. We can indeed

observe significant segregation for BZA and suppressed segre-

gation for PEA over entire temperature range, as shown in

Figures S3 and S4. From the experimental data on the change

of absorption for Br-rich, I/Br mixed region, and I-rich region,

as shown in Figures 2B and 2C, we can observe a significant dif-

ference in the behavior of Br-rich region for BZA and PEA, since

no Br-rich region forms for PEA. This difference between BZA

andPEApersists at different temperatures, as shown in FigureS5

illustrating the change in the absorption at 85�C.
As the film preparation for each spacer cation has been opti-

mized to achieve well-mixed starting film and consequently

optimal annealing temperature differ, we have also performed

PHS experiments for BZA2PbBr2I2 films annealed at different

temperatures, since films without secondary phases could be

obtained over a wider range of temperatures compared to

PEA. From Figure S6, we can observe that segregation occurs

for all annealing temperatures, indicating that the observed dif-

ferences can be attributed to the spacer cation used and not

film annealing temperature. In addition, photoluminescence

(PL) measurements were performed to confirm observed

behavior differences between BZA2PbBr2I2 and PEA2PbBr2I2.
4 iScience 28, 112154, April 18, 2025
As shown in Figure S7, significantly larger red shift is obtained

for BZA-based perovskite compared to PEA-based perovskite.

However, it should be noted that PLmeasurements have a draw-

back in characterizing PHS phenomenon, as the emission typi-

cally occurs from the lowest bandgap I-rich phase,9,34,40 which

was reported to account only for 1–2% of the mixed halide

perovskite film.34 In contrast, XRD and absorption spectroscopy

probe all compositions in the film,34 which makes absorption

spectroscopy more suitable for comprehensive investigations

of PHS.

Reversibility of PHS was investigated by maintaining the pre-

viously illuminated samples in the dark for a set period of time

and performing absorption measurements. To examine the

possible effects of the loss of volatile degradation products,

both samples illuminated in inert environment without encapsu-

lation are examined. Obtained results are shown in Figures S8

and S9. We can observe that encapsulation is necessary to

ensure the reversibility of the process, in agreement with a pre-

vious report.11 However, remixing process at room temperature

for both BZA2PbBr2I2 and PEA2PbBr2I2 is very slow, with segre-

gation persisting up to 48 h, different from a previous report on

BA2PbBr2I2 which exhibited complete remixing9,11 on the time-

scale around one order of magnitude longer compared to time

needed for PHS.9 Possible reasons for the observed difference

could be the use of different illumination source and different

filmmicrostructure (as the initial films exhibited very weak photo-

luminescence, as well as very fast PHS), as well as different

spacer cation used. For PEA2PbBr2I2, dark recovery was found

to be incomplete16 or absent,20 which was attributed to nonbino-

mial halide distribution in PEA2PbBr2I2, which results in addi-

tional energy barrier for Br�/I� to move into I/Br-rich octa-

hedra.20 Thus, very long time needed for remixing observed is

in agreement with previous studies using the same spacer

(PEA),16,20 and likely due to the preferential halide distribution

in axial and equatorial positions (see STAR Methods). When

the samples are encapsulated and heated dark remixing occurs,

as shown in Figure S9B and S9D, in agreement with observation

of remixing at elevated temperature only for quasi-2D perovskite

with PEA spacer cation.20

To explain significant differences in the emergence of Br-rich

region in BZA and PEA, let us consider how PHS occurs. Halide

segregation in both 3D and 2D perovskites involves iodide



(legend on next page)
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oxidation by photogenerated holes as an initial step, with subse-

quent formation of interstitial iodine and iodide vacancies, fol-

lowed by halide migration, which then results in halide segrega-

tion and/or loss of iodide.25,39,41 The photo/electrochemical

nature of the reactions involved in PHS was confirmed by iodide

expulsion experiments into the solution under illumination and/or

bias, with the detection of oxidized iodide species (I2 and I3
�) in

the solvent.9,40 In addition, the critical role of organic cations in

the degradation of 3D perovskites initiated by photogenerated

or injected holes through photo/electrochemical processes has

been elucidated recently.39,42,43 It was found that perovskite

decomposition occurs when both organic cations and lattice ha-

lides participate in electrochemical redox reactions,42 and that

organic ammonium cations are readily deprotonated by I3
�,43

which is a product of iodide oxidation. These processes include,

but are not limited to, the following processes involving iodide (as

there can be secondary reactions between different reaction

products):39–43 I�+h+/Ii
0+VI, Ii

0 + h/ Ii
+, I2+ I�4 I3

�, Ii
+ + Ii

+

4 I2, I
� + 2h+/Ii

++VI
+, Ii

0+e�/ Ii
�, Ii

�+VI
+ / I�, Ii

++VI
+ + 2e�

/ I�, as well as reactions between oxidized halide and organic

cation, such as I3
�+MA+ /MA + HI3, where Ii denotes iodine

interstitial and VI denotes iodine vacancy, MA+ denotes

CH3NH3 cation and MA denotes corresponding amine CH3NH2.

In contrast with 3D Perovskites, the PHS and ion migration are

not as well understood in 2D perovskites. While it is known that

the degradation of BA2PbBr4 under illumination involves the loss

of BA cations,44 and similar observation is made for BA2PbI4 and

PEA2PbI4,
45 the role of cation loss in the photoinduced halide

segregation and/or ion migration in 2D perovskites has not

been investigated. As both PHS and instability of both mixed

and pure halides under illumination are related to the trapping

of holes on the halide, followed by the halide expulsion,9 we

investigated the photostability of pure bromide and iodide 2D

perovskites. The stability tests were performed in dry air to

accelerate the degradation due to the fact that oxygen serves

as an electron scavenger, resulting in an excess of photogener-

ated holes40 which then result in oxidation of iodide, triggering

the chain reactions of perovskite decomposition.25 From the ab-

sorption spectra of the 2D perovskite films illuminated in dry air

shown in Figure 3, we can observe significant degradation for

both BZA2PbBr4 and BZA2PbI4. Corresponding Fourier trans-

form infrared spectroscopy (FTIR) spectra indicate clear loss of

the organic cation, based on the weakening of various peaks

corresponding to CHx and NH3 vibrations.44 In contrast, while

degradation is observed for PEA2PbI4 under illumination, in

agreement with the literature,5 PEA2PbBr4 exhibits good photo-

stability and there is no weakening of organic cation vibration

peaks in the corresponding FTIR spectra. This finding is in agree-

ment with the lack of emergence of Br-rich region for

PEA2PbBr2I2 observed in our investigation, as well as previous

report that PEA2PbBr4/PEA2PbI4 lateral heterostructures re-

mained stable under UV illumination, while in quasi-2D n = 2

and n = 3 heterostructures loss of I occurred, followed by migra-

tion of Br into I-rich region.21
Figure 3. Absorption and FTIR spectra of 2D Br-based or I-based pero

Absorption spectra of perovskite films illuminated under simulated solar illuminatio

BZA2PbI4, (C) PEA2PbBr4, and (D) PEA2PbI4; corresponding FTIR spectra of for

6 iScience 28, 112154, April 18, 2025
For other spacer cations investigated, we can observe a

similar pattern, namely illumination in dry air leads to degradation

of both endpoint halides (Figures S10–S13) for those spacers

which exhibit significant PHS for mixed halide A2PbBr2I2 perov-

skite (as shown in Figure 1). From absorption spectra and XRD

patterns, we can observe that bromides are generally more pho-

tostable than iodides, and that stable bromide perovskite effec-

tively suppresses segregation. In the case of bromides, we

observe that PEA-, 4FPEA-, and TEA-based materials exhibit

only a very small decrease on XRD intensity, without appearance

of any new phases while the decrease in intensity is quite pro-

nounced in the case of BA-, BZA-, HA-, and i-BA-based bromide

perovskites. Different from bromides, in the case of iodides we

observe significant decrease in the absorption peaks after illumi-

nation in almost all spacer cations (except for TEA). In addition to

a decrease in intensities, low intensity peaks belonging to PbI2
appear in XRD patterns of iodides (as well as other phases in

the case of PEA, i-BA, and TMA). The observed lack of photo-

stability in BA2PbBr4, and BA2PbI4 is in agreement with previous

work, which showed that BA2PbI2Br2, BA2PbBr4, and BA2PbI4
are unstable under illumination and bias, with expulsion of both

I� and Br� detected.9

PHS in both 3D and 2D perovskites has been commonly ex-

plained considering the oxidation of halides by photogenerated

holes, predominantly iodide as it has lower oxidation poten-

tial,25,42,46 as well as lower bandgap resulting in hole accumula-

tion in iodide-rich phase.25 While both Br and I can be trans-

ported through the lattice by vacancy hopping, the preferential

oxidation of lattice iodide resulting in iodine interstitials creates

an imbalance in iodide and bromide transport.46 However, pho-

toelectrochemical reactions involve both oxidation and reduc-

tion reactions, and the involvement of organic cations in these re-

actions is evident from the cation movement across 3D/2D

interfaces under illumination.25,26 Thus, we propose that PHS

in 2D perovskites involves both oxidation of halide by photogen-

erated holes, and reduction/deprotonation of organic cation by

photogenerated electrons or oxidized halide species. Oxidized

halide species, such as iodine interstitials (Ii, Ii
�, and Ii

+), molec-

ular iodine (I2), and triiodide (I3
�), participate in various secondary

reactions, which have been shown to include deprotonation of

organic ammonium cations in 3D perovskites.43 Deprotonation

of organic cation would lead to the formation of cation vacancy,

and spacer cation vacancies would lower the barrier for halide

ion transport since spacer cations are responsible for suppres-

sion of ion migration in 2D perovskites.3,5 If the spacer cations

can react with oxidized halide species for both iodides and bro-

mides, then a large number of spacer cation vacancies could

readily form. On the other hand, the lack of reaction between

spacer cation and oxidized bromide species, implied from pho-

tostability of A2PbBr4 perovskite, would lead to fewer vacancies

of the spacer cations, which in turn inhibits the halide transport

across the layers. The schematic diagram of the process for

two types of 2D perovskites (with unstable and stable A2PbBr4
phases) is illustrated in Figure 4A.
vskite under illumination

n (100mW/cm2) for different times in dry air environment for (A) BZA2PbBr4, (B)

(E) BZA2PbBr4, (F) BZA2PbI4, (G) PEA2PbBr4, and (H) PEA2PbI4.



Figure 4. Schematic diagram and EDX

measurent results

(A) Schematic diagram of photoelectrochemical

reactions in the perovskites with both bromide and

iodide phases susceptible to photooxidation (left)

and only iodide phase susceptible to photooxi-

dation (right); normalized halide:Pb ratios ob-

tained from EDX measurements for different 2D

perovskite films subjected to bias and illumination.

The values have been normalized by halide con-

tent in the starting samples sincewe consider both

A2PbI4 and A2PbI2Br2.

(B) I:Pb.

(C) Br:Pb.
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The proposed lack of interaction between oxidized bromide

species and organic cation in photostable perovskites is also

consistent with the fact that only iodide expulsion is observed

from MAPbBrxI1-x, where MA denotes methylammonium,40

where MAPbBr3 has good photostability.47,48 Due to differences

in crystal structure (the lack of spacer cation barriers to ion trans-

port1,2,5 present in layered structures and the lack of different

preferential occupation of axial and equatorial sites for Br� and

I� which occurs in 2D perovskites7,8), PHS still occurs despite

stable bromide perovskite for 3D materials. In contrast, for BA

2D perovskites both I� and Br� expulsion was detected,

although slower rate was observed for Br�,9 in agreement with

the proposed mechanism and the instability under illumination

for both BA2PbI4 and BA2PbBr4 (Figures S10–S13). The involve-

ment of an organic cation in the photo/electrochemical reactions

leading to PHS and ion migration is also confirmed by the fact
that no iodide expulsion in the solution

is observed for Cs-based 3D perov-

skite,49 where Cs+ could be reduced by

photogenerated electrons but cannot be

deprotonated by oxidized iodide species.

From the proposedmechanism, it follows

that more significant segregation would

be observed for higher iodine content

for PEA2PbBrI3, as can indeed be

observed in Figure S14, different from

thermodynamically predicted higher sta-

bility for higher iodine content.23 In all

cases, BZA2PbBrxI1-x shows significant

segregation, also shown in Figure S14.

Finally, to further test the hypothesis of

photo/electrochemical reactions, we pre-

pared devices containing BZA- and PEA-

based perovskite (pure Br, pure I, and Br:I

1:1) and subjected them to electrical bias

or illumination without encapsulation and

compared X:Pb (X = I, Br) ratio in fresh

and aged perovskite films after removal

of electrode and electron transport layer.

Starting stoichiometry of the samples ob-

tained from energy dispersive X-ray

spectroscopy (EDX) measurements is

shown in Table S2. Obtained results,
shown in Figures 4B and 4C, clearly show same trends across

different materials, although amount of halide loss for the same

material varies on the stress type (bias, illumination). In BZA-

based materials, both loss of iodide and bromide are detected

for all compositions. For PEA-based samples under illumination,

we observe significant loss of iodide for pure PEA2PbI4 only,

while the loss of both bromide and iodide is negligible for

PEA2PbBr2I2, and the loss of bromide is negligible for pure

PEA2PbBr4.

We have also examined the expulsion of halide into the toluene

solution under illumination, as shown in Figure 5. Both films

exhibit good stability in toluene without illumination for 1 h. For

BZA2PbBr2I2, we observe similar behavior as previously re-

ported for BA2PbBr2I2 in dichloromethane, namely disappear-

ance of the mixed halide and I-rich phase peaks, with pure bro-

mide phase peak persisting for some time after disappearance of
iScience 28, 112154, April 18, 2025 7



Figure 5. Absorption spectra of perovskite films and toluene solutions

(A and B) Absorption spectra of (A) BZA2PbBr2I2 and (B) PEA2PbBr2I2 films before and after immersion in toluene for 1 h in the dark and under illumination.

(C) Absorption spectrum of toluene solution after the immersion of 2D perovskite films under 1 Sun illumination for 1 h.

iScience
Article

ll
OPEN ACCESS
mixed and I-rich phase.9 In the case of PEA2PbBr2I2, we can

observe some loss of iodide phase, with illuminated films exhib-

iting clear mixed phase peak, as well as a smaller pure bromide

peak, which can be attributed to the loss of iodide. From the

absorption spectra of the toluene solutions after perovskite film

immersion and illumination, Figure 5C, we can observe that

expulsion of iodide is much smaller in the case of PEA-based

perovskite, consisted with the changes in the absorption of films

and overall observed behavior of PEA-based perovskite under

illumination and bias.

From the obtained results, we can conclude that perovskites

alkyl chain spacer cations generally have lower photostability.

The presence of a ring (phenyl or thiophene) is not sufficient

ensure photostability. There is a trend with respect to the length

of alkyl chain attached to the ring, with spacer cations containing

two carbon atoms chain (PEA, FPEA, and TEA) exhibiting good

photostability, while those with one carbon atom (BZA and

TMA) are susceptible to PHS and photoinduced degradation.

As the spacer cations with three carbon atoms chain are also

susceptible to PHS,19 and the length of the alkyl chain affects

the packing of the spacer cations and consequently their interac-

tions, it is possible that ethyl chain attached to a phenyl or thio-

phene ring could lead to favorable conformal arrangements

which would result in enhanced photostability. Alternatively,

the length of the alkyl chain could affect the likelihood of depro-

tonation of the terminal ammonium group, which would also

affect the photostability. In the absence of more comprehensive

theoretical investigations looking into the effect of spacer cation

structure and ordering on the 2D perovskite photostability, the

photostability of pure bromide perovskite represents a good

experimental predictor of the susceptibility of mixed halide

perovskite to PHS and vice versa.
Conclusions
Thus, we show that PHS is suppressed in A2PbBr2I2 2D perov-

skites which exhibit photostable A2PbBr4 phase. From the

known ability of triiodide I3
� to deprotonate organic ammonium

cations,32 leading to desorption of organic amine and creation

of organic cation vacancy, and the finding that most of the 2D io-

dide perovskites degrade under illumination, we propose that

the lack of reaction between the spacer cation and oxidized bro-

mide species is responsible for the suppression of PHS in

A2PbBr2I2 2D perovskites with photostable A2PbBr4 phase.
8 iScience 28, 112154, April 18, 2025
This results in fewer spacer cation vacancies compared to 2D

perovskites where organic cation can react with both oxidized

bromide and iodide species, leading to the desorption of amine

and facilitation of interlayer ion transport.

Limitations of the study
We have considered eight different organic ammonium spacer

cations which form 2D Ruddlesden-Popper organic lead halide

perovskites to investigate their photoinduced halide segrega-

tion and photostability. While this is more comprehensive

compared to other investigations in the literature and selected

cations have different structures to ensure that general conclu-

sions could be reached, there is a huge number of possible

organic ammonium cations so that an exhaustive investigation

of all possibilities is not practically feasible. Nevertheless, we

believe that selected cations are sufficiently representative

to ensure valid conclusions for the photostability of 2D

Ruddlesden-Popper halide perovskites. However, the conclu-

sions apply for the case where 2D perovskite is formed across

all compositions; the discussion of ion migration barriers would

not necessarily apply to any non-perovskite structures formed

(for some spacer cations, it is possible that perovskite struc-

tures would form only for certain values of x in A2PbBrxI1-x, for

example for tert-butylammonium).
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Chemicals, peptides, and recombinant proteins

N,N-dimethylformamide (DMF, anhydrous, 99.9%) Thermo Scientific Chemicals CAS: 68-12-2

Dimethyl Sulfoxide (DMSO, anhydrous, R99.9%) Sigma-Aldrich CAS: 67-68-5

Lead(II) bromide (PbBr2, R98%) Tokyo Chemical Industry CAS: 10031-22-8

Lead(II) iodide (PbI2, R98%) Tokyo Chemical Industry CAS: 10101-63-0

(2-(9H-carbazol-9-yl)ethyl)phosphonic

acid (2PACz, >98.0%)

Tokyo Chemical Industry CAS: 20999-38-6

g-butyrolactone (GBL, >99.0%) Tokyo Chemical Industry CAS: 96-48-0

n-butylammonium bromide (n-BABr) Greatcell Solar CAS: 15567-09-6

n-butylammonium iodide (n-BAI) Greatcell Solar CAS: 36945-08-1

iso-butylammonium bromide (i-BABr) Greatcell Solar CAS: 74098-36-5

iso-butylammonium iodide (i-BAI) Greatcell Solar CAS: 205508-75-4

n-hexylammonium bromide (HABr) Greatcell Solar CAS: 7334-95-4

n-hexylammonium iodide (HAI) Greatcell Solar CAS: 54285-91-5

benzylammonium bromide (BZABr) Greatcell Solar CAS: 37488-40-7

benzylammonium iodide (BZAI) Greatcell Solar CAS: 45579-91-7

phenethylammonium bromide (PEABr) Greatcell Solar CAS: 53916-94-2

phenethylammonium iodide (PEAI) Greatcell Solar CAS: 151059-43-7

4-fluoro-phenethylammonium bromide (4FPEABr) Greatcell Solar CAS: 1807536-06-6

4-fluoro-phenethylammonium iodide (4FPEAI) Greatcell Solar CAS: 1413269-55-2

2-thiopheneethylammonium bromide (TEABr) Greatcell Solar CAS: 2490324-60-0

2-thiopheneethylammonium iodide (TEAI) Greatcell Solar CAS: 2414055-94-8

2-thiophenemethylammonium iodide (TMAI) Greatcell Solar CAS: 2247100-32-7

2-thiophenemethyl ammonium bromide (TMABr) Xi’an Yuri CAS: 59852-33-4

(6,6)-Phenyl C61 butyric acid methyl

ester (PCBM, >99.8%)

Luminescence Technology CAS: 160848-22-6

bathocuproine (BCP, >99.5%) Luminescence Technology CAS: 4733-39-5

Isopropyl alcohol (IPA, 99.5%) Anaqua CAS: 67-63-0

ethanol (99.9%) Anaqua CAS: 64-17-5

Other

Agilent Cary 60 UV-Vis spectrometer Agilent https://www.agilent.com/en/product/molecular-

spectroscopy/uv-vis-uv-vis-nir-spectroscopy/

uv-vis-uv-vis-nir-systems/cary-60-uv-

vis-spectrophotometer

PDA-512 USB fiberoptic spectrometer Control Development http://www.controldevelopment.com/products/

spectrometers/product-spectrometers-silicon-pda.php

SunbrickTM Solar Simulator G2V https://g2voptics.com/products/led-solar-

simulator-sunbrick/

Xenon lamp Newport https://www.newport.com/p/66906-150XF-R15

UV-curing Resin 3055B ThreeBond https://www.threebond.co.jp/en/product/

threebond_3055b/

MiniFlex 600-C X-ray Diffractometer Rigaku https://rigaku.com/products/x-ray-diffraction-

and-scattering/xrd/miniflex

Spectrum Two ATR-FTIR spectrometer PerkinElmer https://www.perkinelmer.com/Product/

spectrum-two-ft-ir-sp10-software-l160000a
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S4800 FEG SEM Hitachi https://www.hitachi-hightech.com/global/en/

products/microscopes/sem-tem-stem/fe-sem/

Keithley’s Standard Series 2400

Source Measure Unit

Tektronix Technologies https://www.tek.com/en/products/keithley/

source-measure-units/2400-standard-

series-sourcemeter

XploRA Plus Raman/PL spectrometer Horiba https://www.horiba.com/int/scientific/products/

detail/action/show/Product/xploratm-plus-1528/

SU8230 FEG SEM Hitachi https://www.hitachi-hightech.com/global/en/

products/microscopes/sem-tem-stem/fe-sem/

Ultim Max EDS detector Oxford Instruments https://nano.oxinst.com/products/ultim-max
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Free energy calculations
Our aim is to estimate the free energy under illumination of mixed-halide Ruddlesden-Popper perovskites PEA2PbBr2I2 and

BZA2PbBr2I2. The temperature-dependent free energy is:23

DFðTÞ = DF0ðTÞ+DF�ðTÞ (Equation 1)

where DF0 is the Helmholtz compositional energy and DF� is the photocarrier free energy. DF0 is defined as:

DF0ðTÞ = DU � TDSðTÞ (Equation 2)

where DU is the mixing enthalpy and DS is the mixing entropy. DU is given by:

DU = EM � 0:5 ðEBr + EIÞ (Equation 3)

where EM, EBr and EI are the total energies per formula unit (f.u.) of the mixed I-Br and pure Br and I phases, respectively. Finally, for

our use-case of identical bromide and iodine concentrations, the mixing entropy provides a constant contribution:

DS = � 3 lnð2ÞkB (Equation 4)

where kB is the Boltzmann constant. At a given temperature, if DF (T ) > 0, the halide-segregated phase is (meta)stable under illumi-

nation, while the mixed phase is (meta)stable if DF(T) < 0. Similarly, DF0(T) > 0 indicates stability of the segregated phase and

DF0(T) < 0 indicates stability of the mixed phase in the dark.

The crystal structure of PEA2PbBr2I2 has been previously experimentally determined.50 Similarly to (t-BA)2PbBr2I2
51 and

BZA2PbBr2I2 ,
8 the halide distribution exhibits high structural ordering, with one species being almost exclusively found at equatorial

positions of the perovskite layers, while the other is found at axial positions.

On the other hand, the crystal structure of BZA2PbBr2I2 has not been experimentally determined. Our powder X-raymeasurements

show that the length of the c-axis of the unit cell amounts to 32.872(1) Å which is similar to the length of the c-axis of the pure bromide-

based perovskite BZA2PbBr4 (33.35 Å). Therefore, we constructed guess- structures for BZA2PbBr2I2 by substituting half of the bro-

mide atoms in the experimentally determined structure of BZA2PbBr4 with iodines. As in our previous investigation,51 we performed

the substitution in three ways, resulting in three guess-structures with the following halide distributions:

(a) bromides in axial positions, iodines in equatorial positions;

(b) iodines in axial positions, bromides in equatorial positions;

(c) iodines and bromides alternately occupying halide lattice sites.

Starting from such guess structures, we optimized the atomic positions and unit cell parameters as described in the computational

methods and compared the computed energies. We find that configuration (b) is themost stable, with configurations (a) and (c) being

higher in energy by 0.12 eV/f.u. and 0.02 eV/f.u, respectively.

The halide distribution in the experimentally determined PEA2PbBr2I2 crystal structure is the same as configuration (b) described

above. We performed analogous computations on hypothetical PEA2PbBr2I2 structures with halide configurations (a) and (c). We

obtain that configuration (b) is indeed the most stable one, with configurations (a) and (c) being higher in energy by 0.14 eV/f.u.

and 0.03 eV/f.u., closely resembling the trend observed for BZA2PbI4.

From the plot of the Helmholtz compositional energyDF0 for PEA2PbBr2I2 and BZA2PbBr2I2, shown in Figure 2A, of themainmanu-

script. We can see that BZA2PbBr2I2 is unstable over a large range of temperatures, while PEA2PbBr2I2 is stabilized by entropic

effects already at low temperatures and is extremely stable at around room temperature.
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It is worthwhile to note that we are using a theoretically obtained structure for BZA2PbBr2I2, BZA2PbBr2I2 which increases uncer-

tainty in the corresponding calculated Helmholtz compositional energy. However, given the very large difference in the calculated

enthalpies between the two systems (z 0.06 eV/f.u.), we may safely draw the main qualitative conclusion: the mixed-halide perov-

skite phase based on PEA is compositionally significantly more stable compared to the analogous phase based on BZA.

Under low illumination intensity, we expect that Helmholtz compositional energy will be the dominant factor contributing to free

energy. To verify this, the photocarrier free energy DF*may be estimated as

DF� = nEg (Equation 5)

where n is the photocarrier density (number of photocarriers per f.u.) and Eg is the band gap of the mixed-halide phase.23 We have

calculated the band gaps of BZA2PbBr2I2 and PEA2PbBr2I2 and obtained the values 2.47 eV and 2.41 eV, respectively. The photo-

carrier density n may be approximated as:23

n = Gt (Equation 6)

where G is the photocarrier generation rate and t is the photocarrier lifetime. G is given by:

G = IaV=hn (Equation 7)

where I is the illumination intensity, a is the absorption coefficient, V is the volume per f.u. and hn is the photon energy. Taking the

same values as were taken in the literature for PEA2Pb(BrxI1-x)4 (a = 10�5 cm�1, V = 2.5 x 10�22 cm3, hn = 3 eV), the appropriate photo-

carrier lifetime t = 1 ns1 and the illumination intensity used in our experiments (I = 6.5 mW cm�2), we obtain n z 3 x 10�20 / f.u.

Given the similar values of the band gaps and the low estimated photocarrier density, at the illumination intensity used in our ex-

periments and around room temperature, we may conclude that |DF*| ˂˂ | DF0(T)| for both BZA2PbBr2I2 and PEA2PbBr2I2, i.e., the

tendency towards halide segregation is dominated by the compositional (in)stability of the considered systems, rather than a differ-

ence in the dynamical response of the systems to illumination.

Computational methods
We performed all calculations within density functional theory using the open-source Quantum ESPRESSO suite for quantum sim-

ulations of materials.52,53 We employed the vdW-DF-cx density functional,54–57 Garrity-Bennett-Rabe-Vanderbilt (GBRV) pseudopo-

tentials,58 a plane wave basis with a kinetic energy cutoff set to 60 Ry and a Monkhorst-Pack grid59 with a 0.20 Å�1 k-point distance.

The atomic positions and cell parameters were relaxed until the change in the total energy between two steps of ionic relaxation was

less than 10�4 a.u. and the forces on all atoms were less than 10�3 a.u. The target pressure was set to 0 bar.

Preparation of perovskite thin films
Precursor solutions of 2D bromide/iodide perovskites A2PbBr4/I4 were prepared by dissolving monovalent spacer salt (ABr/I) and

lead halide (PbBr2/I2) with molar ratios of 2:1 in DMF solvent (DMF:DMSO=9:1 for HA2PbBr4, and DMF:GBL=85:15 for HA2PbI4 as

exception), where A denotes different spacer cations. Precursor solutions of 2D mixed halide perovskites were prepared by dissolv-

ing spacer bromide salt (ABr), spacer iodide salt (AI), lead bromide (PbBr2), and lead iodide (PbI2) with molar ratios of 4:0:1:1

(for A2PbBr3I), 2:2:1:1 (for A2PbBr2I2), and 0:4:1:1 (for A2PbBrI3) in DMF/DMSO solvent (See Table S1 for details). Quartz substrates

were cleaned by ultrasonic with detergent, DI water, ethanol and IPA in sequence. O2 plasma treatment (60 seconds) was employed

to improve wetting. All perovskite thin films were deposited by spin-coating the precursor solution on a substrate at 4000 rpm for 30 s

in an argon filled glovebox, followed by annealing at 100�C for 10mins (for A2PbBr4/I4 films). Annealing condition for A2PbBr2I2 can be

found in Table S1. The deposition conditions (solvents used, annealing temperature and time) for each spacer cation were carefully

optimized to ensure that starting films exhibit high quality mixed halide phase, as determined from absorption and XRD measure-

ments. The optimization target was to obtain a sharp single mixed phase peak in the absorption spectra, with the verification of

the presence of single mixed phase by XRD measurements. Spin-coating speeds were 3000 rpm for thicker films for FTIR measure-

ment. All precursor solutions were stirred overnight before use, and the concentration of Pb2+ was 0.2 M, except for FTIR samples,

the concentration of Pb2+ was 0.4 M to get thicker films. For all compositions, solvent selection and annealing conditions were opti-

mized to obtain high quality films based on absorption spectra and XRD patterns.

Thin film characterizations
Absorption spectra were measured with Agilent Cary 60 UV-Vis spectrometer. In-situ absorption spectrums were converted through

Beer–Lambert law from transmittance spectrums (A =log(I0/I), where I0 and I were the light intensity before and after film absorption),

which were recorded by a PDA-512 USB fiberoptic spectrometer (Control Development Inc.) under 100 mW cm�2 simulated solar

illumination (SunbrickTM Solar Simulator, G2V) or 6.5 mW cm�2 white light source (150 W Xenon lamp) with an AM0 filter. Films

for in-situ absorption measurements were encapsulated with a cover glass and ThreeBond TB3055B epoxy to avoid ambient expo-

sure. XRD patterns of thin film were measured by Rigaku MiniFlex 600-C X-ray Diffractometer with Cu radiation source. FTIR spectra

were obtained from Spectrum Two ATR-FTIR spectrometer (PerkinElmer). The structures shown in Figures S11 and S13 were

confirmed by Rietveld refinement utilizing previously published structures. The periodicity (along the longest axis) was refined and

amount to: 27.577(1) Å for BA2BrBr4 (according to Ref.60), 33.303(4) Å for BZA2PbBr4 (according to Ref.61), 17.577(4) Å for
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PEA2PbBr4 (according to Ref.61), 33.497(1) Å for (4FPEA)2PbBr4 (according to Ref.62), 35.618 Å for HA2PbBr4 (calculated based on

Ref.63), 31.356(2) Å for TEA2PbBr4 (according to Ref.64), 28.908(3) Å for TMA2PbBr4 (calculated based on Ref.65), 27.629(1)Å for

BA2BrI4 (according to Ref.66), 28.743(1) Å for BZA2PbI4 (according to Ref.67), 32.871(1) Å for PEA2PbI4 (according to Ref.61),

16.731(7) Å for (4FPEA)2PbI4 (according to Ref.68), 35.618 Å for HA2PbI4 (according to Ref.63), 32.374(4) Å for TEA2PbI4 (calculated

based on Ref.64), 28.908(3) Å for TMA2PbI4 (according to Ref.65), 27.498(2) for (i-BA) 2PbBr4 (according to Ref.69) and 13.733(4) for

(i-BA)2PbI4 (according to Ref.70).

To characterize Br:Pb and I:Pb ratios after illumination or bias, ITO/2PACz/2D perovskite/PCBM/BCP/Ag devices were prepared,

where ITO denotes indium tin oxide coated glass substrates. 2PACz was spin-coated on ITO substrates at 4000 rpm for 30 s, fol-

lowed by annealing at 100�C for 10 min. 2D perovskite films were then deposited as previously described. After cooling to room tem-

perature (RT), PCBM layer was deposited on top of 2D perovskite by spin-coating PCBM in CB (20 mg/ml) solution with 1200 rpm for

30 s. After annealing at 100�C for 10 mins, BCP in IPA (0.5 mg/ml) was spin-coated on the top with 4000 rpm for 30 s. Then, the sam-

ples were transferred into a thermal evaporator for depositing 80 nmAg. To evaluate effects of electrical bias up to 8 V (0-8 V, 0.3 V/s,

double scan, ITO positive, Keithley 2400 SourceMeasure Unit) or 4 hours illumination under 1 Sun (SunbrickTM Solar Simulator, G2V),

the Ag electrode was peeled off by a carbon tape. Then, 100 ml CB was dynamically spin-coated on the top of substrates at 5000 rpm

for 30 s to remove PCBM layer. Br/Pb and I/Pb ratio were measured by energy dispersive X-ray spectroscopy (EDX) using Hitachi

S4800 FEG SEM and Hitachi SU8230 FEG SEM with Oxford Ultim� Max detector (analysis area 170 mm2). Samples for EDX mea-

surements were not encapsulated, which ensures that stoichiometry changes, if any, would not be reversible due to the loss of vol-

atile degradation products. Perovskite cross-section SEM images were measured using Hitachi S4800 FEG SEM. Photolumines-

cence (PL) spectrum was measured using XploRA Plus Raman/PL spectrometer with 405 nm excitation.
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