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Two-dimensional (2D) perovskites, as an important part of organic—inorganic hybrid halide perovskite
materials, have attracted increasing attention owing to their excellent stability, especially water resis-
tance, and become a research hotspot in the field of perovskite solar cells (PSCs). This review mainly
summarizes the application of 2D Ruddlesden—Popper (RP) perovskite materials based on different
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spacer cations in solar cells. First, we briefly introduce the structure and classification of 2D perovskite
materials. Then, the research progress of 2D RP perovskite materials based on several typical spacer
cations is discussed, mainly including the performance improvement strategy, surface passivation appli-
cation, and mechanism research. Finally, we also briefly prospect the present challenges and future
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1. Introduction

In recent years, owing to the advantages, such as strong light
capture ability, low trap state, excellent carrier transport, long
charge carrier mobility," great ability to tolerate defects,” fast
mobility,> very narrow photoluminescence, high quantum
yield," efficient photoexciton dissociation, and easy solution
preparation process, perovskite solar cells (PSCs) have attracted
considerable interest and thus are being fully studied. The
power conversion efficiency (PCE) of PSCs has shown a sig-
nificant increase from 3.8% to 26.0%”° making them a viable
alternative to traditional silicon-based solar cells. However,
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development direction of 2D RP PSCs.

perovskite materials have exhibited relatively poor stability
under humidity, light, and high temperature, which have
seriously hindered their large-scale commercial applications.’
Therefore, it has emerged as a prominent research area to
enhance the stability of PSCs with a focus on developing
effective strategies, including two-dimensional (2D) perovs-
kites,®** all-inorganic perovskites,"*™® component engineer-
ing,'” " defect passivation engineering,* > interface modifi-
cation engineering,**>* encapsulation technology,?® and device
structure engineering.>”*®

Among them, 2D perovskite materials (in this review, the 2D
perovskite materials are the unified name for layered perovs-
kites, including pure 2D perovskites, layered hybrid perovs-
kites, 2D homologous perovskites, 2D perovskites, quasi-2D
perovskites, 2D-3D perovskites, low-dimensional (LD) perovs-
kites, and mixed-dimensional (MD) perovskites) replacing 3D
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Fig. 1 Crystal structures of the three 2D perovskites. (a) RP phase, (b) DJ phase, and (c) ACI phase.

perovskites as the light absorption layers is the most funda-
mental and effective way to improve the stability of PSCs from
the material itself, but the PCEs of 2D perovskite devices have
not been ideal. The low PCEs are mainly caused because the
organic spacer cations with large-sized aromatic or aliphatic
groups although can improve the self-assembly capacity and
inherent chemical stability of the 2D perovskite materials, it
makes the 2D perovskites exhibit stronger quantum and dielec-
tric constraints, resulting in higher band gap (E;) and larger
exciton binding energy.>®>> Therefore, it is necessary to
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distinguish the impact of various organic spacer cations on
the properties of the resulting 2D perovskites to identify and
design suitable organic spacers that can enhance the PCE of 2D
perovskite devices.

In this review, we first introduce the structure and classifica-
tion of 2D perovskite materials and then mainly focus on the
research progress, performance improvement strategies, sur-
face passivation application, and limitations of these 2D Rud-
dlesden-Popper (RP) perovskite materials started from several
typical spacer cations, such as long chain organic ammonium
salts represented by butylammonium (BA), phenyl organic
ammonium salts represented by phenylethylammonium
(PEA), organic ammonium salts with halogen groups and
organic ammonium salts with heterocycle groups. The chal-
lenges are summarized and the future research direction is
prospected for 2D RP perovskite materials.

2. Structure and properties of 2D
perovskite materials

2D perovskites are generally obtained from their corresponding
organic-inorganic halide 3D perovskites (ABX;) by appropriately
increasing the distance between the interconnected inorganic
sheets and the organic cations along the direction of (100). The
2D perovskite compounds can be expressed using the general
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formula A/AQA;HB,ZX_;,H], where A and A’ denote organic
cations, B denotes divalent metal cations (Pb**, Sn** or Ge*"),
and X represents halide ions. According to different crystal
structural characteristics, 2D perovskites can be categorized into
three types, including the RP phase, Dion-Jacobson (DJ]) phase,
and alternating cations in the interlayer space (ACI). Fig. 1 shows
the crystal structures of the three 2D perovskites.

The 2D layered perovskites with the RP phase structure are
the predominant type and have many important applications.
The general formula of the RP phase 2D perovskites is

A;A,HB,,XMH, and the structure is shown in Fig. 1a, where
A’ is an organic spacer cation (e.g. PEA’, BA"), A is methylamine
(MA") or formamidine (FA"), B represents metal ions (e.g. Pb>*
or Sn*"), X represents halogen ions, n is the number of
octahedra between spacer layers, which greatly affects the
photoelectric properties of RP perovskites. When n = 1, the
organic cation separates single inorganic [BX,]*~ flakes to form

the pure 2D A/ZBX4 perovskite. When n > 1, organic cations are
introduced into the multilayer structure, and 2D RP structures
are formed. When n = oo, it corresponds to the 3D cubic
structure of ABX;.*' In early studies for 2D RP perovskites,
the PCEs of 2D RP PSCs were universally low due to the
insulation of spacer cations. As the research went on, it was
found that the hot casting technology was used to prepare
vertically oriented 2D RP films to overcome this obstacle.*
Later, the PCE could be further improved by inducing the out-
of-plane arrangement of the inorganic thin plates. To achieve
the out-of-plane arrangement of inorganic thin plates, the
additives (such as MACI, NH,SCN, and NH,Cl) and the element
doping methods were tried.**"®

DJ phase 2D perovskites are formed by combining heavy
organic diammonium cations into an inorganic framework
composed of symmetrical layered arrays. The structure is
shown in Fig. 1b. The general formula is A’A,,_1B,X3,+1, where
A’ is the organic diamine cation. The unique structural char-
acteristics of DJ 2D perovskites are mainly determined by
spacer cations.>® Unlike the RP phase, the DJ phase contains
a single divalent interlayer cation between the 3D perovskite
inorganic plates, and the divalent cation is vertically combined
with the 2D perovskite plates, there is no displacement between
the octahedral plates, thus forming a well-arranged layered
structure. Meanwhile, it has been found that the van der Waals
gap between 2D perovskites can be eliminated by DJ phase 2D
perovskites. Subsequently, more 2D DJ perovskites and devices
based on various organic diammonium cations have been
reported. For example, Li et al. proposed a new organic spacer
(1, 4-phenyldimethyl ammonium (PDMA®")) to prepare dual-
function 2D DJ PSCs, which significantly improved the device
efficiency and environmental stability.*® Liu et al. designed a
novel (D-A-D (D: donor, A: recipient) type) organic cationic DPP-
2T as a 2D spacer, and synthesized (DPP-2T), 5(MA),,_1Pb,I3,+1
2D DJ perovskites, showing effectively the reduced E,, inhibited
charge transfer barrier, extended carrier diffusion length, and
improved device performances.*’ Shao et al. summarized the
research progress of 2D DJ perovskite materials, including their
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basic structures, optoelectronic and photophysical properties,
as well as the strategies used to improve the performances of
corresponding 2D DJ PSCs from the perspective of molecular
structure design and processing engineering.*

The general formula for ACI phase 2D perovskites is
A'A,M, X;3,+1, where the slightly larger A’ cation, such as guani-
dinium (GA"), and the smaller A-site cations (MA'/FA") alter-
nate in layers to form the structure as shown in Fig. 1c. The new
organic cation arrangement of A’ shortens the interlayer dis-
tance and eliminates or reduces van der Waals gaps. The ACI
phase induces octahedral rotation in the final layered crystal
structure by adopting alternated cation arrangements at inter-
layer positions, resulting in a shorter interlayer distance, com-
pared to the RP phase.** Most importantly, ACI phase PSCs
have the potential for high light absorption performance and
relatively high PCE, thus attracting much attention. For exam-
ple, Zhang et al. have made great achievements in exploring the
dynamic changes, optoelectronic properties, morphological
manipulation, and the influence of the final photovoltaic
performance during the formation of ACI phase perovskite
films.** Gong et al. discussed the advantages and prospects of
ACI phase PSCs from a chemical perspective, systematically
expounding the potential and the problems to be overcome for
ACI phase perovskites.”” Lu et al. clarified the mechanism of
spacer cations by comparing the E, modulation range of the
ACI phase and RP phase perovskites, and proposed a method to
adjust the E, of 2D perovskites by selecting different spacer
cations.*®

Due to the unique layered structure of 2D perovskites, they
display another attractive property, namely the tunable optical
properties. The optical properties of 2D perovskites mainly
depend on the thickness and composition of the inorganic
layers, and the E, and exciton binding energy can be greatly
regulated by tailoring the n value (the number of inorganic
layers between the organic spacer layers). The optical properties
of 2D perovskites are gradually close to those of 3D perovs-
kites because the quantum and dielectric confinement effects
weaken with the increase of the n value. In addition, the effect
of organic spacer cations on the optical properties of 2D
perovskites cannot be ignored. On the one hand, the organic
layers act as the energy barrier of the inorganic layers, incor-
porating different organic spacer cations will change the exci-
ton binding energy because of their different dielectric
constants. On the other hand, the chain length of the organic
spacer cations has a great influence on the distance between
adjacent inorganic layers. Furthermore, the organic spacer
cations can interact with the inorganic layers through coordi-
nation bonds and hydrogen bonds, which can cause the
deformation of the inorganic frameworks.*”*® Therefore, their
optical properties can be greatly adjusted by various strategies,
such as controlling the thickness and composition of inorganic
layers and adjusting the range of organic spacer cations, and
new-type efficient and stable 2D PSCs can be designed.

RP phase 2D perovskites have garnered significant attention
as one of the pioneering and extensively explored types of 2D
perovskite materials, which is mainly caused by their versatility
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in incorporating a wide range of organic spacer cations and
their impressive optical properties arising from robust quan-
tum and dielectric confinement effects. The unique structural
characteristics of RP phase 2D perovskites enable them to
display extensive applications and functionalities with tremen-
dous exploration possibilities and research value. Therefore,
the performances of 2D RP perovskites can be changed by
varying the type and size of organic spacer cations. In this
paper, 2D RP perovskite materials based on different spacer
cations and their properties are reviewed.

3. 2D RP perovskite materials based on
different spacer cations

Since the structure and properties of organic spacer cations
have a great impact on the performances of 2D RP perovskites,
more and more attention has been paid to the selection of
different organic spacer cations to further improve the PCEs of
2D RP PSCs. Hence, in just a few years, many different types of
organic spacer cations have emerged, such as butylamine
(BA),*® phenylethylamine (PEA),*® cyclohexylmethylammonium
iodide (CHMA),”" and tetrapropylammonium (TPA).>*> Next, we
will introduce the research progress, limitations, and perfor-
mance improvement strategies of 2D RP perovskite materials
based on different spacer cations.
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3.1. The 2D RP perovskites and devices based on the long-
chain organic spacer cations represented by BA

As one of the earliest spacer cations, 2D perovskite based
on BA was reported as early as 2015. Cao et al. prepared
(BA),_1Pb,I3,4 (n = 1, 2, 3, and 4) perovskite films, and
proposed 2D homologous perovskites for the first time. The
properties of 2D perovskites with different n values were
analyzed in detail and a PCE of 4.02% was obtained.”® Subse-
quently, more and more studies have been reported on the
long-chain organic spacer cations represented by BA (e.g
n-hexylammonium (HA),>* ethylammonium (EA),>® propylam-
monium (PA),>® octylammonium iodide (OA),”” which greatly
promoted the development of 2D PR PSCs.

Compared with 3D PSCs, the PCEs of 2D PSCs are very poor.
To improve the photovoltaic performances of 2D RP PSCs based
on the long-chain organic spacer cations represented by BA,
various methods have been developed, such as component
regulation, additive engineering, and ion doping. Component
engineering can help expand the research range of materials
and regulate their properties, which is an important method to
improve the PCEs of 2D RP PSCs. Yan et al. used FA" as the A-
site cation to prepare (BA),(FA),,_1Pb,Is,.; 2D perovskites and it
can effectively reduce the E, of 2D perovskites and make the
films have better phase and environmental stability by repla-
cing MA" with FA" under the same n value (Fig. 2a).”® Zhang
et al. introduced Cs" into (BA),(MA);Pb,I;; 2D perovskite to
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Fig. 2 (a) Normalized absorption spectra of the perovskite (BA),(FA),_1Pb,ls,.1 films with different n values after thermal annealing. Adapted from

ref. 58 with permission. Copyright 2018, Royal Society of Chemistry. (b) Morphology characterization of the Cs,-2D perovskite films. Adapted from
ref. 59 with permission. Copyright 2017, Royal Society of Chemistry. (c) Schematic for the random (without additive) and vertical (with additive)
orientation relative to the substrate. Adapted from ref. 62 with permission. Copyright 2020, Elsevier. (d) The interfacial structure of PSCs with 3D/2D
perovskite films 5% w/w FATCNQ. Adapted from ref. 63 with permission. Copyright 2020, American Chemical Society. (e) Schematic illustration of the
crystal orientation modulation mechanisms for different Cl concentrations. Adapted from ref. 64 with permission. Copyright 2022, American
Chemical Society.
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partially replace MA®, due to the improved grain sizes and
surface quality (Fig. 2b), the PCE of the device with high
environmental stability was increased from 12.3% to 13.7%.°°
Han et al. added a suitable amount of PbBr, into the precursor
solution and the result demonstrated that Br~ can improve the
morphology and crystallinity of 2D perovskite films, thereby
obtaining excellent film quality and high photoelectric perfor-
mance, significantly increasing PCE from 3.01% to 12.19%
(Fig. 2¢). In addition, Br~ doping enhances the tolerance of
PSCs to humidity, light, and thermal stability.*® Adding addi-
tives in the precursor solution to improve crystallinity and
regulate the preferred orientation growth of 2D perovskite
crystals is also an effective method to improve PCE. By adding
NH,SCN, Zhang et al. prepared the vertically oriented 2D
(BA)y(MA),,_1Pb, 13,1 PSCs with PCE of 6.82% for n = 3 and
8.79% for n = 4 (Fig. 2d).* Zheng et al. added both DMSO and
thiourea (TSC) into 2D (BA),(MA);Pb,l;; at the same time. The
synergistic effect of DMSO and TSC effectively regulated the
crystallization process of 2D perovskite to improve the mor-
phology quality, increase grain sizes and crystallinity, leading to
the increased PCE from 1.05% to 14.15% with improved
stability (Fig. 2€).°”> Sun et al. used 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (FATCNQ) as a molecular additive
to be added to the BA-based 2D perovskite layer to alleviate the
charge transfer limitation of the 2D perovskite layer in hybrid
3D/2D PSCs. The surface state was effectively passivated by
supramolecular interaction between FATCNQ and halide ions
(Fig. 2f). Importantly, the hybrid 3D/2D PSCs displayed higher
performances with an improved PCE from 18.1% to over 20%
and better humidity stability.®® By using in situ scanning
incidence X-ray diffraction technology based on synchrotron
radiation, Chen et al. studied the crystallization kinetics and
chemical transformation pathways of Cl~ additives during
the film-forming process of BA,MA;Pb,];; and revealed the
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regulation mechanism of Cl™, which can effectively adjust the
crystal orientation of 2D perovskite films by forming intermedi-
ates (Fig. 2g).**

The surface defects of perovskite as charge carrier traps are
the key factors limiting the performances of PSCs. Therefore,
defect passivation is also a very important method to promote
the performances of PSCs, especially the high-stable 2D per-
ovskites as surface modification layers, which become another
research direction for 2D RP perovskites. Among them, the
2D RP perovskite passivation layers based on the long-chain
organic spacer cations, such as BA, have been most studied. For
example, Catchpole et al. studied the passivation effects of
long-chain organic cations, BABr, and dodecylammonium bro-
mide (DABr), on perovskite. The study showed that the passiva-
tion ability of long-chain organic cations is stronger than that
of short-chain organic cations, which is conducive to the
extraction of holes in the device. The devices with a long alkyl
chain passivation layer exhibited increased PCE of 19.1% and
significantly improved water and light stability (Fig. 3a).°> Chen
et al. mixed perovskite precursors with large-sized organic
cations, including BA, EA, DMA, and GA, to spontaneously
form the 2D passivation layer at the buried interface. The
results indicated that the strong binding between cations and
substrates induced preferential crystallization of the 2D per-
ovskite phase, which can act as a passivation layer, resulting in
the obtained PSCs with a higher open-circuit voltage (Vo) and a
PCE of 22.9% (Fig. 3b).°® Yang et al. reported a simple DGPF
self-passivation strategy coating BABr on a 3D perovskite film to
simultaneously passivate the internal bulk defects and gradient
2D perovskite interface defects by thermally driving. As a result,
the devices showed reduced V,. losses, significantly improved
PCE by 23.78%, and greatly enhanced operational stability
(Fig. 3c).”” At present, more and more studies have been
conducted to improve the performance of PSCs by introducing
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(a) Schematic of alkylammonium bromide surface passivated perovskite solar cells. Adapted from ref. 65 with permission. Copyright 2021, Royal

Society of Chemistry. (b) XRD patterns of DMA-, GUA-, BA-, EA-containing films. Adapted from ref. 66 with permission. Copyright 2021, Wiley.
(c) Schematic diagram of the DGPF approach. Adapted from ref. 67 with permission. Copyright 2021, Springer Nature. (d) In situ PL measurement for
BA2(MA)3Pbyl13 film by detecting the emission peak at 585 nm (n = 2), 670 nm (n = 4), and 780 (n = o). Adapted from ref. 70 with permission. Copyright
2018, American Chemical Society. (e) Schematics illustrating the carrier recombination processes in thin film and thick film in the quantum well-layered
perovskite structure. Adapted from ref. 71 with permission. Copyright 2018, Springer Nature.
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2D perovskites as the surface modification layers of 3D per-
ovskite. Hence, 2D/3D perovskite heterostructures have been
developed and the 2D perovskite-based van der Waals hetero-
structures have been gradually discovered by integrating 2D
perovskite with other layered materials, which provides a new
development direction for optoelectronic devices. Wang et al.
gave a comprehensive description of various heterogeneous
structures based on 2D perovskites and proposed their poten-
tial research directions. The study of 2D perovskite-based van
der Waals heterostructures provides a new revelation for the
exploration of 2D RP PSCs, which will further promote the
development of PSCs.*®®°

Nowadays, scientific researchers are not only focusing on
finding simple ways to improve the PCE of 2D RP perovskites
but also paying more and more attention to the mechanism
study. By understanding the internal mechanism process, the
internal carrier behavior can be better controlled to improve
the PCEs of 2D RP PSCs. For example, Zhuo et al. prepared a
series of (BA),(MA, FA);Pb,l;3 Q-2D perovskite films to under-
stand the crystallization kinetics of crystal orientation and
carrier behavior in polycrystalline films. The research implied
that by gradually replacing MA" with FA", the crystallization
kinetics can be effectively controlled to reduce the non-radiative
recombination centers, thus obtaining high-quality films
(Fig. 3d).”° Tisa et al. used layered 2D BA,MA;Pb,l;; PSCs to
study the characteristics of PSCs in a planar p-i-n device
structure. Through extensive device characterization and mod-
eling, they elucidated the main charge transport mechanism
during the operation of PSCs and identified the key bottleneck
that limits the overall PCEs of layered 2D PSCs, which is caused
by the recombination losses of carriers on potential barriers in
vertically stacked layered perovskite quantum well (Fig. 3e).”*
These findings have significant implications for the further
development of 2D PSCs.

The performance of 2D RP PSCs with low n values based on
the long-chain organic spacer cations represented by BA are
summarized in Table 1.°*°7%* Although the 2D RP perovskites
based on the long-chain organic spacer cations represented
by BA have been greatly developed, it is still the focus of
research on these 2D RP PSCs with low n values to maintain
high stability while having the satisfactory PCE comparable to
3D perovskite, and further mechanism research is also very
necessary.
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3.2. 2D RP perovskites and devices based on the phenyl
organic spacer cations represented by PEA

Smith et al. firstly reported the (PEA),(MA),Pb;l;, layered
perovskite material in 2014, which achieved a V,. of 1.18V
and a PCE of 4.73%. Although the PCE is not as high as that
of 3D perovskite, high-quality films with good moisture resis-
tance can be obtained without annealing by one-step spin
coating under environmental conditions.”> This was the first
appearance of layered perovskite materials. Subsequently,
together with the BA 2D RP perovskite in 2015, PEA 2D RP
perovskite and devices have been rapidly developed. In contrast
to the long chain organic spacer cations with poor hydropho-
bicity and relatively simple structure, the 2D RP perovskite
materials based on the phenyl organic spacer cations repre-
sented by larger PEA (e.g. phenylbutylammonium (PBA),”
phenylmethylammonium (PMA),”* phenyltrimethylammonium
(PTMA)”® and benzamidine (PhFA)’®) have attracted more and
more attention, but the performances of the devices are still not
satisfactory. Many strategies have been proposed to improve
the PCEs of PEA 2D PSCs.

In view of the flexible replaceable characteristics of perovs-
kite materials, scientists proposed that component engineering
should involve a variety of substitution or partial substitution
doping to adjust the E,, enhance structural stability, and
ultimately improve device performances. Since Smith et al. first
proposed and prepared 2D PSCs with PEA as spacer cations,
many scientists have been studying how to regulate the com-
ponents to improve the PCE of phenyl-based 2D RP perovskite
devices. Cui et al. added Rb" into the precursor solution and
found that the added Rb" preferentially accumulated in the
crystal growth front to form the Rb™-enriched regions that
suppressed the absorption and diffusion of organic cations at
the growth front, thereby regulating the crystal growth rate
(Fig. 4a). The delayed crystal growth is favorable for improving
the crystal quality and carrier recombination lifetime of PEA 2D
perovskite films, which can significantly improve the PCE from
12.5% to 14.6%.”7 Yu et al. prepared the (BDA);_(PEA,),
MA,PbsX;s 2D perovskite with two different spacer cations,
1,4-butanediammonium (BDA) and PEA. By simply mixing the
BDA and PEA, the (BDA), g(PEA;)o,MA,PbsX;6 self-assembled
polycrystalline film was obtained with smaller exciton binding
energy, uniformly distributed quantum wells and better carrier
transport, leading to an optimized PCE of 17.21% and

Table 1 Performance summary of 2D RP PSCs (low n value) based on the long chain organic spacer cations represented by BA

Spacer Strategy Component Stability PCE (%) Ref.
BA — (BA)3(MA),,—1Pb, 13,44 High humidity, maintain PCE for a long time 4.02 53
FA" as A-site (BA),(FA),—1Pb, 3041 80% of initial PCE under RH (25 + 5%) for 25 d 6.88 58
Cs' doping (BA),(MA);Pb,l,3 RH 30%, 90% of initial PCE for 1400 h 13.7 59
Br~ doping BA,MA,Pb;1;¢ 10,Briox Unsealed, good stability 12.19 60
NH,SCN additive (BA)3(MA),,_1Pb, 13,41 Unsealed, PCE unchanged in a pure N, glove box 8.79 61
DMSO & TSC (BA),(MA);Pb,I,; RH (25 = 5%), air for 720 h 90.3% of initial PCE 14.15 62
FATCNQ additive BA,(FA),,_1Pbn(I/Br)3,41 80% of initial PCE under ~60% RH for 30 d 20 63
Cl” doping BA,MA;Pb,I;; RH (34-40%) for 15 d, no degradation 64
PA (PA)y(MA),,_1Pb, I3, RH (20-80%) + 5% for 450 d 56
OA — (OA),(FA),, 1SN, 13,41 Unsealed, N,, 80% of initial PCE for 14 d 3.03 57
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Fig. 4 (a) Illustration of the dynamic distribution of Rb™ ions during the crystallization process. Adapted from ref. 77 with permission. Copyright 2020,
Wiley. (b) Schematic illustration of the perovskite film structure for BDA, (BDA)q g(PEA)q 2 and PEA; films. Adapted from ref. 78 with permission. Copyright
2021, Wiley. (c) 2D GIWAXS patterns and J-V curves of (PEA),(MA)4Pbslig (n = 5) perovskite with and without NH4SCN. Adapted from ref. 35 with
permission. Copyright 2018, Wiley. (d) Schematic crystal structure of PEA, PEA + NH4Cl, PEA + DMSO, and PEA + NH4Cl + DMSO based 2D perovskites.
Adapted from ref. 81 with permission. Copyright 2019, Royal Society of Chemistry. (e) Carrier behaviors of quasi-2D (n = 20) CsPbls films. Adapted from
ref. 82 with permission. Copyright 2021, Wiley. (f) Schematic representation indicating the crystallization process for both control (top) and ZW-treated
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complementary humidity and thermal stability for PSCs (Fig. 4b).”®
Ramos et al. heavily doped Gua' into 2D RP perovskites and
explored the binding of Gua® with the octahedral position of
the “perovskite sheet” for the first time. The mixed-cation
PEA,(MA; _,Gua,),Pbsl,, perovskite films were synthesized by
gradually replacing MA" with Gua™ and the addition of Gua®
controlled the optoelectronic properties of 2D RP PSCs, which
proved the positive effect on the degradation of 2D RP
perovskites.”’

The addition of small organic molecules can not only
improve the PCEs of BA 2D RP PSCs but also enhance the PCEs
of phenyl-based 2D perovskite devices, thus additive engineer-
ing has been widely studied in these 2D PSCs. Yan et al.
reported that adding methylammonium acetate (MAAc) as an
additive in the precursor solution can improve the perfor-
mances of 2D (PEA),(MA),Pb;l,, prepared by a one-step
solution method. Under suitable MAAc molar ratios, the 2D
perovskite films exhibited improved surface smoothness,
increased coverage, and higher crystalline quality, which ulti-
mately resulted in the elimination of J-V hysteresis.?* Zhang
et al. attempted to use NH,SCN as an additive to prepare
(PEA)y(MA),,_1Pb,I3,.1 (n = 3, 4, and 5) 2D perovskite films

with vertical orientation and high crystallinity. The results
expounded that the PCE of (PEA),(MA),Pbs1;¢ perovskite device
was improved to 11.01% by optimizing the addition amount of
NH,SCN. Meanwhile, the oriented 2D perovskite film almost
did not degrade after exposure to humidity (55 + 5%) for
28 days. After being stored in the air with a humidity of
55 4+ 5% for 160 h, the unsealed PSCs retained 78.5% of their
original PCE (Fig. 4c).*® This provided a highly efficient and
stable new method for the commercialization of PSCs. Based on
additive engineering, Yu et al. achieved high-efficiency and
stable (PEA),MA;Pb,I;; (n = 4) 2D RP PSCs at room temperature
through the synergistic use of NH,Cl additives and DMSO
solvents. The research indicated that the PCE of the device
can reach 13.41% with excellent air stability and eliminate
hysteresis under the synergistic effect (Fig. 4d).>' Li et al. effec-
tively regulated the crystallization rate of (PEA),(Cs),_1Pb,I3,41
during film deposition by adding the precursor additive
N-methyl-2-pyrrolidone iodide (NMPI), which could form the
hydrogen bonding (N-H- - -O) with DMAI to control the crystal-
lization kinetics, thereby increasing carrier lifetime and redu-
cing trap density (Fig. 4¢).*” The research achievements in crystal-
lization kinetics opened up new avenues for the development of
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2D RP PSCs. Zheng et al. developed a simple and multifunctional
zwitterion (ZW) strategy for the preparation of highly efficient
(BAyoPEA( 1);MA;Pb,I;; 2D RP PSCs in ambient air. The findings
revealed that ZW has a significant impact on the nucleation and
crystallization kinetics of 2D RP perovskites, leading to a more
desirable phase distribution and crystal orientation. Furthermore,
it led to lower trap state density and enhanced charge transport
properties, ultimately reaching a PCE of 17.04%, a V, of 1.19 V,
and a J,. of 18.93 mA cm > (Fig. 4f).** The performance of 2D RP
PSCs with low n values based on the phenyl organic spacer cations
represented by PEA are summarized in Table 2.>>7>7>7783

Similar to the long-chain organic spacer cations, phenyl-
based spacer cations have been extensively employed as surface
passivation layers in 3D perovskite. Ghoreishi et al. used a
series of phenylammonium derivatives: phenylammonium
iodide (PAI), benzylammonium iodide (BAI) and PEAI to modify
the MAPDI;/Spiro-OMeTAD interface (Fig. 5a). The results
showed that the 2D perovskite interfacial layers were formed
on the surface of the MAPbI; film modified by PEAI and BAI,
while a slightly different interfacial layer from 2D perovskite
properties for PAL®* Zhu et al. gradually grew 2D nanosheets
between the grain boundaries of the perovskite films, which
significantly improved the humidity and thermal stability of the
devices, inhibited the non-radiative charge recombination at
the grain boundaries to achieve a PCE of 20.34%.% He et al.
reported a simple strategy for precisely fabricating pure n = 1
2D perovskite structure on 3D wide-bandgap (WBG) perovskites
and achieving high PCE through low-temperature annealing.
The effect of PEABr post-treatment on the bulk and surface of
WBG perovskites and device performance was systematically
demonstrated and revealed, ultimately yielding a high V.
above 1.28 V for WBG PSCs with an E, of 1.77 eV.*® Liu et al.
developed a gradient dimensional engineering technique that
can passivate both bulk and interfacial defects in perovskite
films. This approach involves the creation of a gradient 2D/3D
heterojunction through the controlled diffusion of amphiphilic
spacer cations from the interface to the bulk of the film,
resulting in better defect passivation, improved hole extraction,
and enhanced humidity stability (Fig. 5b). A PCE of 22.54% and
a high V,. of 1.186 V were obtained.®”

In addition to the above-mentioned studies, many researchers
are also studying the internal mechanism of 2D RP perovskites

View Article Online
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based on phenyl organic spacer cations. For example, Rebecca
et al. studied the relationship between charge transport properties
and crystal orientation with the ratio of MA" and PEA by mixing
MA-PEA perovskite films. The result implied that the single-
molecule charge carrier recombination rate first decreases with
increasing PEA content, but then significantly increases as the
exciton effect begins to dominate in the thin limiting layer
(Fig. 5¢).%® It provides important ideas for reducing defect-
related recombination and improving charge carrier migration
rates. Cheng et al. investigated the effect of strain relaxation and
residual strains on PEA and pentylamine (AA) 2D RP PSCs using
X-ray diffraction and atomic force microscopy, which showed
that the organic spacer cations can cause residual strains in the
perovskite materials. By manipulating the composition of organic
spacer cations, it was possible to control residual strains, leading
to improved crystal quality, reduced recombination, enhanced
charge transport, higher PCE, and significantly improved stability
under conditions of temperature and humidity (Fig. 5d).*° This
research highlights the significance and effectiveness of strain
relaxation and offers a straightforward approach for the reduction
of residual strains in quasi-2D perovskites, which is an essential
step towards commercialization for PSCs.

In general, the 2D RP perovskite films based on phenyl
organic spacer cations represented by PEA are more moisture-
resistant than 3D perovskites, and PEA 2D RP perovskite
devices can be manufactured under environmental humidity
conditions. The larger E, of PEA 2D RP perovskites also makes
them suitable as higher E, absorbers in tandem devices.
Compared with 3D PSCs, layered perovskite structures can
provide greater tunability at the molecular level for material
optimization. Compared with BA 2D RP PSCs, PEA 2D RP
perovskite devices can exhibit better performance, which has
made the 2D RP perovskites based on phenyl organic spacer
cations represented by PEA become another core area of
research.

3.3. 2D RP perovskites and devices based on the organic
spacer cations containing F, Cl, and Br

The superior long-term stability of 2D RP PSCs, in comparison
to their 3D devices, has gained significant interest. However,
the integration of long-distance and large-size organic spacer
cations can impede charge transport capabilities. Therefore,

Table 2 Performance summary of 2D RP PSCs (low n value) based on the phenyl organic spacer cations represented by PEA

Spacer  Strategy Component Stability PCE (%) Ref.

PEA — (PEA)y(MA),Pbsl;, 46 d humidity exposure, no severe breakdown 4.73 72
Rb" doping (PEA),(MA),Pbs1;6 — 14.6 77
BDA?" additive (BDA),_o(PEA,),MA,Pb:X 95% of initial PCE under RH (40 + 5%) for 500 h ~ 17.21 78
Gua' doping PEA,(MA; ,Gua,),Pbsl;, Enhanced stability after 750 h 79
MAAc additive (PEA),(MA),Pb;1,, — 5.7 80
NH,SCN additive (PEA),(MA),Pbsl, 78.5% of initial PCE under RH (55 + 5%) for 160 h  11.01 35
NH,Cl & DMSO additive  (PEA),MA;Pb,I;; Good environmental stability 13.41 81
NMPI additive (PEA),(CS),—1Pbyls,41 (7 = 20) Unsealed, PCE ~ 92.7% after 30 d 14.59 82
ZW additive (BAo.oPEA 1),MA;Pb,I;3 Over 93% of initial PCE after 720 h aging at room 17.04 83

temperature
PBA — (PBA),CS,_1Pb, I3 RH = 20-80% = 5% over 450 d — 73
PhFA — (PhFA),MA,,_1Pb, 13,1 Cl, (n =5) Significantly improved stability 17.37 76
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Fig. 5 (a) Schematic structure of PSCs with three different interfacial layers and the corresponding molecular structures of the precursors (PEAI, BAI, and
PAI, respectively). Adapted from ref. 84 with permission. Copyright 2020, Elsevier. (b) Energy-level diagram of the device components. Adapted from ref.
87 with permission. Copyright 2022, American Chemical Society. (c) Schematic crystal structures of MAPbl3, (PEA),Pbl,, and intermediate mixed MA—-PEA
2D perovskites. Adapted from ref. 88 with permission. Copyright 2016, American Chemical Society. (d) Schematic illustration of strain relaxation by
introducing mixed spacer cations, and oop means out-of-plane. Adapted from ref. 89 with permission. Copyright 2022, Wiley.

more and more studies have focused on further design of
organic spacer cations and chemical regulation of spacer
cations has been proven to be an effective and easy way to
improve charge transport efficiency in 2D perovskites.”
Organic spacer cations with halogens (F, Cl, and Br), such as
CF;CF,CH,NH;" (5F-PA"),>" p-fluoraniline (FAL),”> selective
monofluorination of PEA (oF1PEA, mF1PEA, and pF1PEA),*
fluorinated PEA (FPEA)™ are a new type of high-performance
compounds developed by scientists.

Among various organic cations with halogen, the research
on organic cations with F is the most extensive due to its high
dipole moment and strong hydrophobicity. Hu et al. investi-
gated how the chemical properties of organic cations affect the
performances of 2D perovskite materials and devices. Selective
monofluorination of PEA (oF1PEA, mF1PEA, and pF1PEA) at
different positions of the phenyl ring can significantly affect the
PCE of these 2D PSCs (n = 4). The 2D PSCs based on pF1PEA
showed the highest PCE of 10.55%, followed by mF1PEA
(10.17%), PEA (7.67%), and oF1PEA (less than 1%). These
findings offer insights for designing organic cations and com-
prehending intermolecular interactions associated with such
organic cations (Fig. 6a).”* Shi et al. developed a new fluori-
nated PEA to prepare quasi-2D (4FPEA),(MA),Pb;1;¢ (1 = 5) PSCs
and successfully improved the performance of 2D PSCs, achiev-
ing a high PCE of 17.3% and stability, which is attributed to the
critical role of fluorination in film morphology, defect density,
mixed-phase distribution and charge dissociation kinetics
(Fig. 6b).°* Paek et al created a highly hydrophobic cation,
perfluoroalkyl iodide (5FBzAI), and utilized it to design a 2D
perovskite material with enhanced intermolecular interactions.
The use of 5FBzAI resulted in improved interface passivation,
reduced charge recombination, and enhanced stability of

photovoltaic devices, outperforming the benchmark 2D system.
Under the impact of strong halogen bond, (5FBzAI),Pbl, cap-
ping layer displayed in-plane crystal orientation, leading to a
high PCE of 21.65% for PSCs.”>

As the focus on organic spacer cations with F has intensi-
fied, scientists have also proposed spacer cations containing
other halogens. For example, Li et al. first applied the novel
4-chlorophenylformamide (CPFA) organic spacer cation in
quasi-2D RP PSCs and used MACI to promote crystal growth
and orientation of the perovskite film. High-quality quasi-2D
CPFA,MA,,_1Pb,(I) 35,Clo.143)3n+1 (7 = 9) perovskite films were
formed, which showed improved crystal orientation, reduced
trap density, prolonged carrier lifetime, optimized energy level
alignment, and a maximum PCE of 14.78% with significantly
improved environmental stability.’® Liu et al. also introduced
4-chlorobenzylammonium (CBA) as the second spacer cation in
(HEA),(Cs0.1FA¢.0)sPbo(I.95Bro.05)2s (HEA is ethanol ammo-
nium). Due to the passivation effect of CBA, the performances
of PSCs were significantly improved with the highest PCE of
18.75% (Fig. 6¢).”” They also systematically studied the effects
of small-sized alkylammonium salts on the properties of 2D/3D
perovskites. By introducing suitable hydrophobic 2-chloro-
ethylamine hydrochloride (CEA-Cl) and 2-bromoethylamine
hydrobromide (BEA-Br) into FA-based 3D perovskites, the
devices with 5% CEA-Cl showed a PCE of 20.08% with improved
stability (Fig. 6d).°® The performance of 2D RP PSCs based on
the organic spacer cations containing F, Cl, and Br are sum-
marized in Table 3.°'7%%

From the above studies, it can be seen that the 2D RP
perovskites based on the spacer cations with halogens generally
have superior performances. However, their specific effects
on 2D perovskites are not clear; thus, the researchers have
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Fig. 6 (a) Relative formation energy difference between different 2D OIHPs (n = 1). DFT calculation of formation energy for PEA,Pbl,, oF1PEA,PDbI,,
mMF1PEA,Pbl,4, and pF1PEA,PbI,. Adapted from ref. 93 with permission. Copyright 2019, Springer Nature. (b) Energy-level alignment of RPP film with
different n values. Adapted from ref. 94 with permission. Copyright 2019, Wiley. (c) Schematic illustration of the process of promoting the improvement
of quasi-2D perovskite performance after the incorporation of CBA and FBA. Adapted from ref. 97 with permission. Copyright 2020, Royal Society of
Chemistry. (d) Schematic illustration of the self-assembled 2D/3D perovskite structure. Adapted from ref. 98 with permission. Copyright 2019, Wiley.

Table 3 Performance summary of 2D RP PSCs based on the organic spacer cations containing F, Cl, and Br

PCE

Spacer Component Stability (%) Ref.
5F-PA 5F-PAg,05[CS0.05(MAo.17 FA¢.63)0.95]0.05PD(Bro.1710.83)3 80% of initial PCE under RH (65 = 10%) for 300 h 22.8 91
FAL FBA,MA,,_,Pb, 5,4 After light for 1000 h, no decomposition 20.48 92
mF1PEA or (mF1PEA),(MA);Pb,I;3 or (pF1PEA),(MA);Pb,l, 5 — 10.55 93
PF1PEA

FPEA (4FPEA),(MA),Pbs1;¢ Unsealed, excellent humidity and thermal stability 17.3 94
5FBzAIL CS0.1(FA.86MAg 14)0.0Pb(Io.86Br0.14)3 With (5FBzA),Pbl, Extended stability after 1100 h of continuous lighting 21.68 95

capping layer
CPFA CPFA,MA,, 1Pb,(I5.857Clo143)3n+1 (2 = 9) 80% of initial PCE after 2000 h under environmental 14.78 96
conditions

CBA (HEA.6CBA1)2(CS0.1FAg.6)sPbo(Io.05Bro.05)25 (0.1CBA) RH = 45 + 5% air after 1500 h, 90% of initial PCE 18.75 97
BEA-Br (CS0..FA¢.0)Pb(To.0Bro.1)3 RH 50 + 5% air after 2400 h, 92% of initial PCE 20.08 98

compared and studied in detail the impact of different halo-
gens or different halogen numbers of substitution in the spacer
cations. Wang et al. conducted an in-depth study on the effects
of halogen substitution on the crystal orientation and multi-
phase distribution of PEA 2D perovskite films. By fine-tuning
the spacer cation, the humidity and thermal stability of 2D RP
PSCs can be improved, which is caused by the halogen elim-
inating the n = 1 2D perovskite, resulting in a vertical crystal
orientation. Halogen-substituted PEA perovskites have a crystal
orientation perpendicular to the substrate, which is beneficial
for vertical charge transfer. There is nucleation competition
between the small n phase and large n phase in PEA and X-PEA-
based perovskites, which results in the ordered distribution of
different n phases in PEA and F-PEA 2D perovskite films, while
the random distribution in CI-PEA and Br-PEA films (Fig. 7a).
The PCE of (F-PEA),MA;Pb,l;, (n = 4) devices is 18.10%, which
significantly higher than that of PEA (12.23%), Cl-PEA (7.93%),
and Br-PEA (6.08%). This work provides a convenient method
to improve the performance of PSCs by adjusting the structure

of organic spacer molecules.”” Fu et al. demonstrated for the
first time the introduction of strong chemical interactions
(halogen-halogen bonding) at the phase interface to suppress
ion migration by increasing the corresponding activation
energy. Various characterizations showed that the formed
halogen-halogen bonds between 2D and 3D phases suppressed
halide segregation. The constructed series of halide 2D perovs-
kites ((I-FEA),Pbl,, (Br-FEA),Pbl,, (CI-FEA),Pbl,, (F-FEA),Pbl,)
were introduced into 3D WBG CsMAFAPDb(I,Br;_,); perovskite,
which exhibited a PCE of 19.19%. Importantly, the suppressed
ion migration enhanced the long-term operational stability of
the devices (Fig. 7b).'°® Wang et al prepared (FPEA),Pbl,
(x =1, 2, 3, and 5) 2D perovskites by using 4-fluorophenethyl-
amine iodide, 3,5-difluorophenethylamine iodide, 2,4,5-trifluoro-
ethylphenethylamine iodide, and 1,2,3,4,5-pentafluorophen-
ethylamine iodide to systematically study the effect of fluorina-
tion degree on the resulting 2D/3D perovskite. The PCEs were,
respectively, increased from 20.75% for the control device to
21.09%, 22.06%, 22.74%, and 21.86%, and the humidity stability

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front., 2023, 7, 5786-5805 | 5795
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Adapted from ref. 101 with permission. Copyright 2022, Elsevier BV.

was improved with the increasing fluorination degree of aromatic
cations (Fig. 7¢)."*"

Currently, 2D perovskite passivation layers based on the
halogen-substituted spacer cations have been studied more
and more and shown great potential. Zhao et al. found that
4-fluoroaniline (FAL) not only has non-destructive surface
passivation but also has large molecular dipoles to induce
charge transfer. The aromatic ring and p-fluorinated conjugate
amines reduced the basicity to allow FAL as an anti-solvent
for perovskites over a wider range of temperatures and time.
The stability and photovoltaic performances of PSCs with
hydrophobic fluorine tails are improved by molecular passiva-
tion to form an ultra-thin protective layer. Finally, the PCE of
FAL-passivated PSCs was 20.48% and stability was also improved
under environmental conditions.”® Liu et al. designed four LD
perovskite coverage layers based on different halogen-substituted
benzylammonium aromatic cations to achieve high-performance
devices. Four 2D perovskites exhibited different crystal parameters
and chemical properties, leading to suppressed non-radiative
recombination and decreased trap density. The BBAI-modified
devices achieved the highest PCE of 21.13%.'%> Wang et al.
proposed to introduce BACI and Pbl, at the top of the SnO, ETL
to modify the ETL/perovskite interface. Their research showed
that the 2D interface composed with BACIL: Pbl, simultaneously
passivated defects at the ETL/perovskite interface, and improved
the electronic characteristics of the ETL. The quality of crystalline
perovskite film was improved by promoting charge separation/
collection and suppressing interface recombination due to favor-
able energy alignment of the interface layer, which resulted in a
PCE of 21.15%."”

The incorporation of organic spacer cations with halogen
into 2D perovskites can not only effectively improve their
environmental stability, but also induce the crystal structure
change to better modify the energy levels. Changing the type
and ratio of organic spacer cations with halogen to fine-tune

device performance is a promising approach. Although the
incorporation of organic spacer cations with halogen has many
positive effects, excessive halogen can cause lattice distortion,
hinder charge transfer, and the surface halogen is also easy to
react with water and oxygen in the environment, thus affecting
the stability and performance of 2D RP PSCs. Therefore, the use
of organic spacer cations with halogen still needs to be further
explored to effectively address these challenges.

3.4. 2D RP perovskites and devices based on the heterocyclic
organic spacer cations containing N, S, and other heteroatoms

Appropriate organic spacer cations with special structures have
an important impact on the performances and stability of PSCs
because different functional groups in organic spacer cations
can interact with perovskite components, such as hydrogen
bonds between OH™ and ammonium salt cations, Lewis acid—
base interaction between electron pairs in S, N, O and uncoor-
dinated Pb** in perovskite."*'% Therefore, it is necessary to
introduce new heterocyclic organic spacer cations containing
N, S, and other heteroatoms to obtain new 2D perovskites, and
then 2D RP perovskite materials based on such organic spacer
cations gradually come into people’s vision.

As is known, integrating 3D perovskite with 2D RP can
maintain the advantages of both components. Yan et al. intro-
duced thiazol-2-amine (TEA) with sulfur as an organic lattice
spacer and stabilizer to form TEA,MA;Pb,I;; perovskite,
demonstrating the spontaneous formation of the 3D phase
embedded in a 2D perovskite matrix at room temperature.
The formation of a 2D/3D bulk heterojunction structure was
proposed to be a result of compressive strain-induced epitaxial
growth of the 3D phase at the grain boundary of the 2D phase
through Pb-S interaction (Fig. 8a). Compared with typical PEA-
2D perovskite, the prepared TEA 2D perovskite exhibited longer
exciton diffusion length and extended charge carrier lifetime,
thereby demonstrating excellent PCE of 7.20% and significantly
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increased Ji..'°® Dong et al. successfully synthesized 2-thio-
phenemethylamine (ThFA, a derivative of FA) and used it as an
organic spacer to prepare high-quality (ThFA),(MA),_,Pb,l;,., 2D
perovskite films by precursor organic salt-assisted crystal growth
technology. The vertical growth orientation was preferred in the
films, along with reduced trap density and high charge carrier
mobility. Consequently, the inverted planar p-i-n structure of 2D
RP PSCs exhibited markedly enhanced PCE from 7.23% to 16.72%
with excellent stability."®” Gunes et al. synthesized organic cation
(TTMAI) based on thienothiophene to treat 3D perovskite.
Detailed analysis showed that a 2D (n = 1) or quasi-2D layer was
formed on the surface of Pbl,rich 3D perovskite. The TTMAI-
treated device exhibited improved FF and increased PCE from
17% to over 20%. Drift-diffusion simulations illustrated that the
enhancement resulted from better hole extraction. In addition,
due to the hydrophobicity of TTMALI, the stability of the device was
also improved (Fig. 8b).'"”® Wang et al. prepared 3D perovskite
films with high crystal orientation and large grain sizes using a 2D
perovskite template of thiourea 1,1-dioxide iodine lead (Td,Pbl,)
and a bottom-up growth method. The addition of TdCl to the
precursor solution facilitated the accumulation of pre-crystallized
2D Td,Pbl, seeds at the bottom interface, which lowered the
nucleation barrier and improved the (100) orientation, resulting
in a reduction of defects during template-directed crystallization
of 3D perovskite film growth (Fig. 8c). Based on this, the Td-
0.5PSC displayed a PCE of 22.09% with a V. of 1.16 V and high
stability.'*® The presence of Pb-I anti-site and uncoordinated Pb°
defects at the interface can impact both the PCEs and the stability
of PSCs. Managing Pb-based defects in a specific orientation can
lead to a reduction in defect density and voltage loss, ultimately
improving PCE and stability. Therefore, Liu et al. proposed a
strategy for designing a low-dimensional perovskites (LDP)
passivation layer using an amphoteric heterocyclic cation

(2-methylthio-2-imidazolinium, MT-Im). The study demon-
strated that MT-Im can passivate both positive and negative
Pb-based defects, resulting in increased defect formation
energy for Pb-I anti-site defects. Moreover, MT-Im can suppress
the production of Pb° by interacting with uncoordinated Pb>*
(Fig. 8d). Ultimately, the device achieved a PCE of over 24%
with negligible hysteresis and exhibited long-term humidity
and high-temperature stability.'® Sutanto et al. used new thio-
phene-based ammonium organic cations, 2-thiophenemethyl-
ammonium iodide (2-TMAI), 3-thiophenemethylammonium
iodide (3-TMAI), and 2-thiopheneethylammonium iodide (2-TEAI)
as building blocks for 2D perovskites on 3D perovskite films to
observe the slow evolution of 2D/3D PSCs performances and
the impact on the PCE and stability. They found that the 2D/3D
interface is inherently dynamic, which can act as an ion
scavenger and self-transform into a quasi-2D gradient interface
under aging or thermal stress. In addition, the deposition of 2D
layers with various thiophene-based ammonium cations pro-
tected the 3D layer from degradation in ambient air."** Salado
developed three passivators (MIC2, MIC3, MIC4) using substi-
tuted thiazole iodides (TMI) to prepare perovskite devices. The
TMI-based 2D interfacial layer functionalized the surface and
enhanced hydrophobicity. TMI treatment led to enhanced V.
and FF by reducing possible recombination paths at the
perovskite/hole-selective interface, owing to the reduced shal-
low and deep traps. Additionally, TMI-passivated perovskite
layers significantly reduced degradation caused by humidity
and MA" thermal diffusion.'** The performance of 2D RP PSCs
based on the heterocyclic organic spacer cations containing N,
S, and other heteroatoms are summarized in Table 4,672
Organic spacer cations containing N, S, and other hetero-
atoms can provide additional bonding sites and enhance the
structural stability of 2D RP perovskites, which show great
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Table 4 Performance summary of 2D RP PSCs based on the heterocyclic organic spacer cations containing N, S, and other heteroatoms

Spacer Component Stability PCE (%) Ref.
TEA TEA,MA;Pb,1, 80% of initial PCE under RH (60 + 5%) for 270 h 7.20 106
ThFA (ThFA),(MA),,_1Pb,I3,.1 (12 = 3) Unsealed, N,, 99% of initial PCE for 300 h 16.72 107
TTMAI (FAPDI,), _(MAPbBT;), RH 15%, 82% of initial PCE after 380 h 20 108
TdCl CS0.05FA0.sMAg.15Pb(I9.0BTo 1)3 N,, 84% of initial PCE for 500 h 22.09 109
MT-Im (Cs.03FA¢.97,PbI3)0 o5(MAPDBI3) Excellent stability 24.07 110
TMAI & TEAI [(FAPDI;),.5,(MAPbBr3) 13]0.02 (CSPbI3)o 08 — Over 20 111
TMI (FAPDI;)o.07(MAPbBI3)q 03 RH 50%, 95% of initial PCE after 800 h 18.93 112

promise in improving device performance. The introduction of
heteroatoms in 2D RP perovskites has been shown to be an
effective strategy to regulate the band structure and precisely
controlling the type and proportion of heteroatoms can also
adjust the carrier lifetime and diffusion length of the 2D RP
perovskite films, thereby further improving the performance.
Despite these significant advances, there is still room for
improvement and optimization. The selection and number of
heteroatoms such as N and S have a considerable impact on the
performance of 2D RP perovskites, and finding the best way to
incorporate them into perovskite structures is also a challenge.
In addition, the current methods used to synthesize these
organic spacer cations containing N, S, and other heteroatoms
are expensive and complex, thus there is a need to develop
easier and more cost-effective synthesis methods to scale up
their applications.

3.5. 2D RP perovskites and devices based on other organic
spacer cations

The selection of organic cations has a great impact on the
crystal structure and physical properties of 2D perovskites,
which is the main factor determining the quality of light-
absorbing layers and the PCEs of 2D PSCs. Therefore, it is
necessary to develop other spacer cations to expand the 2D
perovskite family and explore its application in PSCs. 2D
perovskites have only appeared for a few years, and more and
more spacer cations have been developed. Except for BA, PEA,
heterocyclic ring, and its derivatives summarized above, other
spacer cations have also been studied a lot and achieved great
success, such as butylammonium acetate (BAAcO),"** glycine
salt,""* 4-amino-1-butanol hydroiodide (4ABI),"*® 4-hydroxy-
benzamidine hydrochloride (p-HOPhFACI),"*® and 4-(amino-
methyl) benzoic acid hydrogen bromide (ABHB).'"” The perfor-
mance of 2D RP PSCs based on other organic spacer cations is
summarized in Table 5.5

Among these spacer cations, many typical representatives
have played important roles in the development of 2D RP PSCs.

For example, Qiu et al. reported an ionic liquid spacer (BAAcO)
to construct highly efficient and stable tin-based 2D RP PSCs.
AcO™ in BAAcO has strong interactions with FA* and Sn**,
which is in sharp contrast to traditional halide ammonium
spacer (BAI) (Fig. 9a). The interactions between the components
can form controllable intermediates, which facilitate the
growth of smooth, dense, and highly oriented perovskite films.
The resulting PCE is 10.36% and the stability has also been
improved.’® Zheng et al first proposed a new self-additive
2D RP perovskites with high photovoltaic performances by
introducing glycine salts (GlyCl) with prominent additive
effects. The interaction between Pb** and C=0 in Gly made
Gly become a favorable nucleation center, which promoted
uniform and rapid growth of large-grain Gly-based RP perovs-
kites, leading to reduced grain boundaries and improved
charge carrier transport characteristics. The results showed
that 2D RP PSCs exhibit excellent photoelectric performances
with the PCEs of 18.06% for Gly (n = 8) and 15.61% for Gly
(n = 4), as well as long-term stability under humidity, heat, and
UV light (Fig. 9b)."™* Ma et al. proposed a method to improve
the moisture resistance of perovskites by surface-treating the
perovskite films with hydrophilic 2-aminoethanol hydrogen
iodide (2AEI) or 4-aminobutanol hydrogen iodide (4ABI).
The hydrophilic materials used for post-treatment effectively
protected the underlying perovskite layer from moisture and
surface passivation reduced the surface trap density by inter-
acting with the mismatched lead and iodide centers (Fig. 9c).
Ultimately, the PSCs displayed a PCE of 23.25%.""> Liu et al.
developed a class of aromatic methylimidazolium (ArFA) as
spacer cations for 2D/3D perovskites. The study revealed that
there existed multiple NH---I hydrogen bond interactions
between large aromatic spacer ArFA and inorganic [Pblg]*~
layers in 2D/3D perovskite structures. These interactions can
promote crystal growth and orientation, reduce defect states
and improve carrier lifetimes. As a result, the 2D/3D perovskite
devices based on phenylmethylimidazolium chloride (PhFACI)
exhibited a PCE of 22.39% and long-term thermal stability

Table 5 Performance summary of 2D RP PSCs based on other organic spacer cations

Spacer Component Stability PCE (%) Ref.
BAACO (BAo.3PEA, 7),FA;SN 145 (1 = 4) Unsealed, N,, 90% of initial PCE for 600 h 10.36 113
Gly [Glya(Cs0.05FA¢.95)n—1Pbulsn1Cly]o.o(FAPbBI3)o 1 (1 = 8) 94% of initial PCE for 1920 h 18.06 114
2AEI&4ABI FAPDI; 90% of initial PCE under RH = 20% for 1000 h 23.25 115
ArFA sequential vapor deposition Long-term thermal stability 22.39 116
ABHB MAPbI; Enhanced environmental stability 21.18 117
CHA,PbI, & CHMA,PbI, FAPbI, — 23.91 51
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Fig. 9 (a) Schematic diagram of the crystallization process of 2DRP Sn-based perovskites based on +BAAcO and +BAlI (color online). Adapted from ref.

113 with permission. Copyright 2021, Science China Press. (b) The mechanism process for enhanced moisture, thermal, and UV light stability. Adapted
from ref. 114 with permission. Copyright 2020, Wiley. (c) Schematic illustration of hydrophilic passivation layers and stability tests of PSCs with and
without hydrophilic passivation. Adapted from ref. 115 with permission. Copyright 2020, American Chemical Society. (d) Chemical structure of spacer

cations PhFA, p-HOPNhFA, and p-FPhFA, schematic diagram of corner-sharing [Pblg

14~ octahedrons layers interaction with ArFA spacers through

hydrogen bonding and J-V curves of the devices based on control 3D and 2D/3D perovskites. Adapted from ref. 116 with permission. Copyright 2021,
American Chemical Society. (e) Energy-level alignment at the perovskite and PCBM interface. Adapted from ref. 117 with permission. Copyright 2021,

Royal Society of Chemistry.

(Fig. 9d).""® Garai et al. demonstrated the potential for surface
recrystallization of 2D-3D gradient perovskites prepared by
surface treatment of multifunctional ABHB. Br~ filled the
halide vacancies in the perovskite lattice, while -NH and
-COOH functional groups significantly minimized defect states
and reduced ion migration (Fig. 9e). Therefore, ABHB-treated
PSCs displayed outstanding PCEs of 21.18% for 0.12 cm” and
18.81% for 2 cm® with negligible hysteresis. Due to the
improved hydrophobicity, the covered 2D layer restricted moist-
ure infiltration into the perovskite layer and dramatically
enhanced the environmental stability of PSCs.'"” Jeong et al.
introduced novel 2D layered perovskites, such as CHA,Pbl,
(CHALI = cyclohexylammonium iodide) and CHMA,Pbl, (CHMAI =
cyclohexylmethyl ammonium iodide) into the interface between 3D
perovskite structures and the hole transport layer by a simple
solution method, forming and verifying the 2D/3D perovskite
heterojunction  structure. Spontaneous electroluminescence
quenching was observed owing to the effective hole extraction
and good valence band alignment. Transient photocurrent and
photovoltage measurements were conducted to directly assess the
charge extraction and recombination abilities. As a result, the
device with 2D/3D perovskite heterojunction exhibited a PCE from
20.41% to 23.91%.”

Despite extensive research on the 2D RP perovskites based
on BA and PEA, there is currently no agreement on the best
choice for organic spacer cations and researchers are actively
exploring new and replaceable organic spacer cations. Several
effective organic spacer cations mentioned above, including
BAAcO and Gly, display positive effects, but further research is
needed to determine how to select the appropriate spacer
cation type and adjust the spacer position to achieve the best

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front., 2023, 7, 5786-5805 |

device performance. In addition, exploring alternative spacer
cations while employing more effective strategies, such as
component regulation, additive engineering, ion doping, and
2D/3D heterojunction construction, is critical to improving the
thermal stability and PCE of 2D RP PSCs.

4. Summary and future prospects of
2D RP perovskites

In recent years, 2D RP PSCs have achieved significant improve-
ment in PCE while maintaining high stability. Researchers have
prepared 2D RP perovskite devices with high PCE and superior
stability by adopting various effective strategies, such as com-
position regulation, additive introduction, and 2D perovskite
interface layers, which make them become the most promising
perovskite materials currently. However, the performances still
need to be further improved beyond that of 3D PSCs to be
competitive. Therefore, there is still a long way to go from
theoretical research to practical application for 2D RP PSCs
based on the low 7 value.

Looking ahead, the further development of 2D RP PSCs still
faces significant challenges. Firstly, the formation mechanism
of 2D layered perovskites is not yet well understood, especially
for materials based on different spacer cations, which have
more diverse compositions and properties, making their for-
mation mechanisms more complex. These spacer cations also
affect the charge transfer, crystal structure, and phase distri-
bution of 2D RP perovskites. The low conductivity of organic
isolated cations will hinder the effective charge transfer in the
photoelectric device and reduce the short circuit current. The
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incorporation of a large number of organic spacer cations will
distort the lattice structure and lead to the mismatch of
the dielectric properties of the 2D RP perovskite structure.
In addition, 2D RP perovskites often present a complex
structure with different mixed phases, and the composition
and distribution of the 2D phase can also change the perfor-
mance of PSCs. Therefore, conducting detailed mechanistic
studies to understand the impact of organic spacer cations on
2D perovskite performances is critical for designing more
high-performance and high-stability 2D RP perovskites.
Secondly, most stability research currently relies on single or
laboratory-created aging conditions. Although 2D RP perovs-
kites have higher stability than 3D perovskites, there are not
many studies on the stability under multi-factor or actual
operating conditions, and the stability results are not ideal.
To meet the requirements of practical applications, further
studies and enhancements are required for the long-term
stability of 2D RP perovskite devices. At the same time, to
realize the industrialization of 2D RP PSCs, the biggest pro-
blem is their large-scale preparation, which is rarely reported.
To maintain high PCEs for large-area 2D RP PSCs, it is
important to maintain the uniformity and density of 2D RP
perovskite films. However, their performances are still far
from the requirements of large-area 2D RP PSCs, which is
needed to be further improved. Overall, this is a very promis-
ing field for research, and it is believed that the 2D RP
perovskites will break through various challenges and achieve
more excellent results in the near future with the unremitting
efforts of scientific researchers all over the world, and ulti-
mately promote the commercialization of PSCs.
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