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Despite the excellent performance of three-dimensional (3D) perovskite-based solar cells (PSCs), their poor
stability under moisture and heating conditions limits their commercial application. To address this issue,
a new pyreneammonium iodide (named TAPPylI), in which the pyrene-based compound 4,4’,4",4" -(1,8-
dihydropyrene-1,3,6,8-tetrayl)tetraaniline (named TAPPy) acts as the 2D cation, is introduced into 3D
perovskite precursor solution for forming a 2D/3D heterostructured perovskite, which improves the
quality of the perovskite film and enhances the stability of the perovskite film against moisture and
heating. The planar pyrene endows TAPPyl with good charge transport properties, while the iodide on
the arylamine side group effectively passivates the perovskite defects, thereby suppressing non-radiative
recombination losses. Finally, the power conversion efficiency (PCE) of the TAPPyl-modified PSC is
increased from 20.51% in the reference PSC to 22.73%. Furthermore, the stability of the TAPPyl-modified
PSC is greatly improved, retaining 86% of the initial PCE after 360 hours in an environment of 85 °C and
85% humidity (ISOS-D-3), whereas the reference PSC only retains 2%. This work demonstrates that the
conjugated planar molecule as a 2D cation to construct a 2D/3D heterostructured perovskite, which
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defects like uncoordinated Pb>*, which subsequently affect the
photovoltaic performance and stability of PSCs.**

To address the aforementioned issues, researchers have
begun to study low-dimensional PSCs, such as two-dimensional
(2D) PSCs.’ In fact, 2D perovskite is derived from the original 3D

1. Introduction

Organic-inorganic hybrid three-dimensional (3D) perovskite
solar cells (PSCs) have attracted widespread attention due to
their high absorption coefficient,' low exciton binding energy,*

long carrier diffusion length® and tunable bandgap.* In recent
years, although the power conversion efficiency (PCE) has
exceeded 26%,’ the poor stability under moisture and heating
conditions has restricted their commercial application and
large-scale production.® Previous studies have shown that the
chemical composition at the grain boundaries of 3D perovskite
films is mainly terminated by iodide ions or ammonium ions.”
The intrinsic instability of ammonium ions, such as methyl-
ammonium cations (MA"), makes them prone to release from
the film under moisture and heating conditions, leading to

“National Key Laboratory of Electronic Films and Integrated Devices, School of
Integrated Circuit Science and Engineering, University of Electronic Science and
Technology of China, 611731 Chengdu, P. R. China. E-mail: zqwan@uestc.edu.cn;
luojs@uestc.edu.cn; cyjia@uestc.edu.cn

*Shenzhen Institute for Advanced Study, University of Electronic Science and
Technology of China, 518110 Shenzhen, P. R. China
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4sc04819a

16618 | Chem. Sci, 2024, 15, 16618-16626

structure by inserting large-volume organic cations (such as n-
butylammonium and 2-phenylethylammonium) between the
anionic layers,' resulting in high environmental stability.'* Due
to the substitution of traditional smaller organic cations (such
as FA" and MA") with larger organic cations in 2D perovskites,
they exhibit greater moisture and heat stability."” Therefore, in
order to simultaneously utilize the good stability of 2D perov-
skites and the high efficiency of 3D perovskites, 2D/3D hetero-
structured perovskites have been developed.”® However,
although 2D/3D heterostructured perovskites exhibit improved
stability, most 2D organic cations are insulating, which is not
conducive to charge transfer and limits further improvements
in the performance of PSCs."

Therefore, compounds containing large planar conjugated
aromatic moieties have aroused great interest among
researchers because they can exhibit sufficiently high intrinsic
charge carrier mobility.** It is well known that planar conju-
gated aromatic molecules tend to undergo strong intermolec-
ular interactions through m-m stacking, forming ordered
structures that often exhibit good charge transport properties.*

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc04819a&domain=pdf&date_stamp=2024-10-12
http://orcid.org/0000-0001-6480-9464
http://orcid.org/0000-0001-6326-1679
https://doi.org/10.1039/d4sc04819a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04819a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015040

Open Access Article. Published on 11 September 2024. Downloaded on 7/23/2025 1:16:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

In particular, some pyrene-based compounds have been
successfully applied in organic light-emitting diodes and PSCs
due to their excellent charge transport performance and heat
stability (glass transition temperatures exceeding 300 °C).'®
Furthermore, previous research has shown that pyrene deriva-
tives containing arylamine or thienyl side groups can effectively
passivate perovskite defects, thereby enhancing the efficiency of
PSCs."

In this work, a new pyreneammonium iodide (named TAP-
Pyl), in which the pyrene-based compound 4,4',4",4"-(1,8-
dihydropyrene-1,3,6,8-tetrayl)tetraaniline (named TAPPy) acts
as the 2D cation, is introduced into 3D perovskite precursor
solution for forming a 2D/3D heterostructured perovskite. The
quality of the 2D/3D heterostructured perovskite film has been
significantly improved, with an increase in grain size and
a smoother and denser surface. Due to the hydrophobicity of
the pyrene and aromatic ring of TAPPyI, as well as the formation
of a more stable 2D perovskite structure, it exhibits high
moisture and heat stability. Owing to the presence of iodine
atoms with lone pair electrons, TAPPyI can act as a Lewis base to
passivate Pb>" defects in perovskite films, and can also interact
with I ions in the perovskite lattice to compensate for halide
vacancies. Meanwhile, the four arylammonium groups on
TAPPyI can interact with Pb*>" defects via hydrogen bonding,
reducing trap density and enhancing charge transport capa-
bility. Based on the above-mentioned advantages, the perfor-
mance of the PSC modified with TAPPyl has been greatly
improved, with PCE increasing from 20.51% to 22.73%, and its
stability against moisture and heating has also been greatly
enhanced.

2. Results and discussion

The synthesis and mass spectrometry of TAPPyI are shown in
Fig. S1 and S2,} respectively. The TAPPyl modified PSC was
prepared by adding TAPPyI to the perovskite precursor solution
and the PSC structure diagram and cross-sectional SEM images
are shown in Fig. 1a and c, respectively. Compared with the
control PSC (Fig. S3t), the grains of the perovskite layer in the
TAPPyl modified PSC are significantly larger and denser. To
confirm the formation of the 2D/3D heterostructured perovskite
after introducing TAPPyl (conceptual diagram shown in
Fig. 1b), X-ray diffraction (XRD) patterns were analyzed. As
illustrated in Fig. 1d and S4,f there are two main types of
diffractions in the patterns. The first type of diffraction peaks
located at 14.12°, 28.40°, and 31.82° correspond to the (110),
(220), and (310) crystal planes of the 3D perovskite, indicating
good crystal orientation of the prepared 3D perovskite. The
second type of diffraction peaks at 6.0°, 9.1°, and 11.6° corre-
spond to the crystal structure of the 2D perovskite, indicating
the formation of a 2D perovskite structure within the 3D
perovskite lattice in the TAPPyl-modified perovskite film. And
the intensity of these diffraction peaks of 2D perovskite
increases with the concentration of TAPPyI (Fig. S57). Notably,
after TAPPyl modification, the peak intensity corresponding to
PbI, (at 12.7°) is significantly reduced, indicating a greater
conversion of Pbl,. This could be due to the enhanced moisture
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and heat stability of the 2D perovskite, which prevents the
escape of cations such as MA" and FA" and reduces the moisture
uptake of Pbl, during spin coating.

The influence of TAPPyI on the surface morphology of
perovskite films was studied using SEM and AFM. As shown in
Fig. 1e and f, the introduction of TAPPyI increases the grain size
of perovskite and makes the perovskite film surface denser. In
Fig. 1h and i and S6,T compared to the reference perovskite film
(18.1 nm), the root mean square (RMS) roughness of the
TAPPyI-modified perovskite film (16.8 nm) is slightly reduced,
indicating a smoother film surface. The better quality of the
TAPPyl-modified perovskite film is mainly attributed to two
reasons: (1) the auxiliary crystallization effect of the 2D perov-
skite. The formation of 2D perovskite between the surface and
grains of the 3D perovskite facilitated better film arrangement,
improving the crystallization of the perovskite film, thereby
enhancing grain size and smoothness. (2) Lewis acid-base
interaction between TAPPyI and uncoordinated Pb**. TAPPyI
effectively passivates uncoordinated Pb>* defects in the perov-
skite film through Lewis acid-base interaction, delaying the
crystallization process of perovskite and thus promoting the
formation of a more uniform film. It is noteworthy that
a smooth perovskite film ensures close contact with the charge
transport layer and suppresses the formation of unfavorable
phases and interface defects, thereby promoting effective
charge extraction at the interface, reducing charge accumula-
tion and recombination, which contributes to an improved fill
factor (FF). In addition, as shown in Fig. 1g, the addition of
TAPPyI is beneficial for enhancing the visible light absorption
of perovskite, which is attributed to the better quality of the
perovskite film. In a word, the addition of TAPPyI to the 3D
perovskite precursor solution forms a 2D/3D heterostructured
perovskite, significantly improving film quality, which is bene-
ficial for improving the PCE and stability of PSCs.

In addition to forming 2D perovskite, TAPPyl can also
passivate defects. The structure of TAPPyI was optimized and its
electrostatic surface potential (ESP) was calculated, as shown in
Fig. 2a and b. From Fig. 2b, it can be seen that the high elec-
tronegativity of TAPPyI is mainly located near the iodide atoms,
which suggests that TAPPyI can strongly coordinate with Pb>*,
Additionally, the adsorption energy of TAPPyI on the perovskite
surface was studied using first-principles calculations. As
shown in Fig. 2c, TAPPyI was placed on the perovskite surface,
and the binding energy with the perovskite surface is —2.81 eV
after structure optimization, which indicates that TAPPyI has
the feasibility of passivating phase boundary defects.

Furthermore, the passivation mechanism of TAPPyl on
perovskite defects was studied. As depicted in Fig. 2d and e,
a typical uncoordinated Pb>" defect (Pb-Pb dimer) was placed
on the terminal of the perovskite (001) crystal plane to simulate
deep-level defect states on the perovskite surface, and TAPPyI
was positioned on the perovskite surface. Subsequently, the
charge density difference between the TAPPyl and the Pb**
defect was computed to visualize the process of charge transfer,
as shown in Fig. 2f and g. When TAPPyI is placed on the (001)
crystal plane of perovskite, the charge accumulation on the
surface of the Pb-Pb dimer is inhibited. Clearly, the I atom on
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Fig. 1 Characteristics of the perovskite films before and after 0.50 mg per mL TAPPyl modification. (a) Cross-sectional diagram of the PSC; (b)
conceptual diagram of the 2D/3D composite structure perovskite; (c) cross-sectional SEM image of the PSC; (d) XRD spectra of the perovskite
film before and after modification; (e) surface morphology of the perovskite film without TAPPyI doping; (f) surface morphology of the perovskite
film with TAPPyl doping; (g) UV-vis spectra of the perovskite film before and after modification; (h) surface AFM image of the reference perovskite

film; (i) surface AFM image of the perovskite film after modification.

TAPPyI donates electrons to the Pb-Pb dimer, causing a shift in
defect states, demonstrating the effective passivation of defects
at perovskite grain boundaries by TAPPyl. In addition,
comparing the partial density of states (PDOS) before and after
the passivation of perovskite grain boundaries as shown in
Fig. 2h and i, it was found that the deep level defect state caused
by the Pb-Pb dimer on the perovskite surface was eliminated
after TAPPyI interacted with the defect surface, which is bene-
ficial for reducing the non-radiative recombination centers at
the perovskite grain boundaries and improving the carrier
transport capacity.

To verify the interaction between TAPPyl and perovskite, X-
ray photoelectron spectroscopy (XPS) was used to characterize
the perovskite films before and after TAPPyl modification, as
shown in Fig. 3a. The binding energies of Pb 4f;,, and Pb 4f;,, in
the reference perovskite film are 143.40 eV and 138.60 eV,
respectively. After introducing TAPPyI into the perovskite film,

16620 | Chem. Sci, 2024, 15, 16618-16626

the binding energies of Pb 4f;/, and Pb 4f;, shift towards lower
binding energy directions to 143.30 eV and 138.50 eV, respec-
tively. In Fig. S7,1 the binding energies of I 3d;,, and I 3d;/, are
618.17 eV and 629.57 eV, respectively. After introducing TAPPyI,
the binding energies of I 3d3,, and I 3ds,, change to 618.07 eV
and 629.47 eV, respectively. The negative shift in the Pb peak
position is due to the binding of I in TAPPyI with uncoordinated
Pb>", where Pb*>* gains electrons, leading to a decrease in Pb
binding energy, thus passivating the uncoordinated Pb**
defects. Meanwhile, TAPPyI can also interact with I ions in the
perovskite lattice to compensate for halogen vacancies, leading
to negative migration of I. In addition, it was found that after
the introduction of TAPPyl, the two peaks of N 1s in the
perovskite film shifted from 399.47 eV and 401.45 eV to lower
binding energies of 399.37 eV and 401.05 eV, respectively
(Fig. S8t), which may be caused by the hydrogen bonding

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Theoretical calculations. (a) Optimized spatial configuration of TAPPyI; (b) surface electrostatic potential map of TAPPyI; (c) 3D model of
TAPPyl on the perovskite surface; (d) schematic diagram of the structure of the Pb—Pb dimer defect on the perovskite surface; (e) schematic
diagram of TAPPyl passivating the Pb—Pb dimer defect; (f) differential charge map of the Pb—Pb dimer defect on the perovskite surface; (g)
differential charge map of TAPPyl passivating the Pb—Pb dimer defect, where red and blue represent charge accumulation and depletion,
respectively; (h) partial density of states (PDOS) diagram of the Pb—Pb dimer defect; (i) PDOS diagram of TAPPyl passivating the Pb—Pb dimer

defect.

between the four aromatic ammonium groups on TAPPyI and
Pb2+.18

The changes in perovskite defect states and carrier lifetime
in perovskite films before and after the introduction of TAPPyI
can be understood through PL and TRPL tests. As shown in
Fig. 3b, compared to the reference perovskite film, the PL
fluorescence peak of the perovskite film treated with TAPPyI is
stronger, indicating effective suppression of non-radiative
recombination of charge carriers, thereby reducing the
number of defect states in the perovskite film. Additionally,
compared to the reference perovskite film, the PL fluorescence
peak of the perovskite film treated with TAPPyI has undergone
a blue shift caused by the passivation on the uncoordinated
Pb>* defects of TAPPyl, which is favorable for enhancing the
open-circuit voltage (V,.) and improving the PSC performance.
The TRPL results further confirm this conclusion, as shown in
Fig. 3¢, where the carrier lifetime decay trend of the reference
perovskite film is more pronounced. The decay curves are fitted

© 2024 The Author(s). Published by the Royal Society of Chemistry

using a biexponential model with fast (7;) and slow (1)
components to calculate the average lifetime of carriers in the
perovskite film, corresponding to the transport and recombi-
nation of interfacial carriers, as shown in formula (1).

t t
y = A; exp (——) + A, exp (_r_) + ¥ (1)
2

T1
where 4; and 7; (i = 1, 2) represent the decay amplitude and
decay time components, respectively, and detailed lifetime
parameters are shown in Table S1.f Subsequently, the corre-
sponding parameters obtained from fitting the double expo-
nential model are input into the calculation formula for the
average PL lifetime (7,ye), as shown in formula (2), to obtain the
average lifetime of carriers at the interface of the film.
Al‘Clz + A2T22

= - T 2
Tave Al’Cl + Az’fz ( )
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Fig. 3 (a) Characteristic peaks of Pb 4f in the X-ray photoelectron spectroscopy (XPS) spectra of perovskite films before and after modification;

(b) steady-state photoluminescence (PL) spectra; (c) time-resolved photoluminescence (TRPL) spectra of perovskite films before and after
modification; (d) defect density of hole-only devices before and after modification measured by the space-charge-limited current (SCLC)
method; (e) EIS impedance spectra of devices before and after modification under 1.5 G standard solar illumination; (f) hole mobility of devices

before and after modification measured by the SCLC method.

The average carrier lifetime in the reference perovskite film
is calculated to be 81.2 ns, while it significantly increases to
246.9 ns after modifying the perovskite film with TAPPyI, which
implies that the perovskite film with TAPPyI has a lower density
of defect states, making it difficult for charge carriers to be
captured by defect centers during the transport process. The
results show that TAPPyI can effectively passivate the defect
states of the perovskite, significantly reduce the non-radiative
recombination centers, and thus improve the carrier lifetime,
which means higher V,., FF and PCE in PSC with TAPPyI.

To quantify the defect densities of the perovskite film before
and after TAPPyl modification, space-charge-limited current
(SCLC) measurements were conducted. Hole-only devices with
an FTO/PEDOT:PSS/PVK/Spiro-OMeTAD/Au structure and
electron-only devices with an FTO/SnO,/PVK/PCBM/Au struc-
ture were prepared for testing, as shown in Fig. 3d and S9.1 The
corresponding defect density (Nuap) was calculated using
formula (3).

2
eNyapL
2egg

VipL = (3)
where ¢, is the vacuum permittivity, ¢, is the relative permit-
tivity, Vpgr, is the trap-filled limit voltage, e is the elementary
charge, and L is the film thickness. After calculation, the defect
densities of the reference device and the hole-only device with
TAPPyI are 1.97 x 10"° and 5.86 x 10" em™>, respectively. The
defect densities of the electron-only devices are 4.88 x 10"° and

16622 | Chem. Sci., 2024, 15, 16618-16626

1.97 x 10" cm™?, respectively. These results indicate that
TAPPyl has a significant effect on passivating defects in the
perovskite, consistent with the expected outcomes.

Electrochemical impedance spectroscopy (EIS) is often used
to analyze the carrier transport characteristics in PSCs. As
shown in Fig. 3e, under AM 1.5 G solar illumination, the TAPPyI-
modified PSC exhibits a lower transport resistance (Ry)
compared to the reference PSCs. Meanwhile, in a dark envi-
ronment, the recombination resistance (R...) of the TAPPyl-
modified PSC is significantly increased (Fig. S107). These indi-
cate that the TAPPyI-modified PSC effectively suppresses carrier
recombination and exhibits more effective charge transport,
thereby further improving the FF and PCE.

The charge transport capability also reflects the carrier
mobility. So, hole-only devices with an FTO/PEDOT:PSS/PVK/
Spiro/Au structure and electron-only devices with an FTO/
SnO,/PVK/PCBM/Au structure were prepared for measuring the
carrier mobility using the space-charge-limited current (SCLC)
method. The SCLC voltage-current relationship was tested in
a dark environment, and a linear fit was performed for 1.5-3.0 V
to obtain the slope (k), as shown in Fig. 3f and S11.}f The
calculation of mobility is shown in formulae (4) and (5).

9eoerpt Ve
J= °T3ff (4)
. 8000L°k? 5)
k= 9epe;

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where J represents the measured current density, L is the film
thickness, u is the mobility, ¢, is the vacuum permittivity, ¢, is
the relative permittivity, and V¢ is the difference between the
applied voltage (V,pp) and the bias voltage (Vy;). The hole
mobility in the device modified with TAPPyI is 1.60 x 10" cm?
v~ ' 57!, which is significantly higher than that of the reference
device (1.05 x 10™* ecm® V™' s !). Meanwhile, the electron
mobility in the device modified with TAPPyI is 1.76 x 10> ¢cm®
v~ ' 57!, which is also significantly higher than that of the
reference device (9.74 x 10~* em® V™' s7"). It is evident that the
device modified with TAPPyI exhibits a significant enhance-
ment in both electron and hole mobility, indicating that the 2D/
3D heterostructured perovskite formed by TAPPyI can improve
the charge transfer ability of 3D perovskite.

To validate the effect of the 2D/3D heterostructured perov-
skite formed by TAPPyI on the photovoltaic performances of
PSCs, a complete PSC device with an FTO/TiO,/PVK:TAPPyl/
Spiro-OMeTAD/Au structure was fabricated and the cross-
section of the entire PSC is shown in Fig. 1c. Furthermore, the
J-V curves of the PSCs under reverse scan were recorded under
AM 1.5 G solar illumination. Initially, the optimal concentration
of TAPPyI in the perovskite precursor solution was explored. As
shown in Fig. 4a and Table S2,T as the concentration of TAPPyl
increases, the PCE values of the PSCs initially increase and then
decrease. When the concentration of TAPPyI is 0.50 mg mL ",
the PSC achieves the best PCE of 22.73% with an open-circuit
voltage (Vo) of 1.194 V, a short-circuit current density (Js.) of
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24.63 mA cm ™2 and a FF of 0.773. Meanwhile, the reference PSC
without TAPPyI obtains a PCE of 20.51% with a V. of 1.143 V,
a Jsc of 24.32 mA cm ™2, and a FF of 0.738.

The statistical photovoltaic parameter distributions of the
TAPPyl-modified PSCs and reference PSCs are collected in
Fig. 4b. Obviously, the TAPPyI-modified PSCs show higher V.,
Jses FF, and PCE and better reproducibility. It is worth noting
that the enhancement in the photovoltaic parameters of
TAPPyl-modified PSCs can be primarily attributed to two
factors. Firstly, TAPPyl can passivate defects, significantly
reduce defect density, reduce non-radiative recombination of
charge carriers, and extend carrier lifetime, thereby improving
Voe and FF. Secondly, TAPPyI helps with the crystallization of
the perovskite, optimizing the film quality of the perovskite
layer, enhancing the light-harvesting capacity of the perovskite
layer, and thus leading to higher J,.. The external quantum
efficiency (EQE) spectra were recorded to examine the accuracy
of the Js. of PSCs, as shown in Fig. 4c. Both PSCs exhibit similar
spectral responses, and the EQE of the TAPPyI-modified PSC is
higher than that of the reference PSC in the range of 350-
720 nm, which is due to the enhanced light-harvesting capacity
and charge transfer ability of the 2D/3D heterostructured
perovskite formed by TAPPyl. The integrated current densities
of the TAPPyI-modified PSC and reference PSC calculated from
the EQE spectra are 23.11 mA cm > and 22.30 mA cm 2,
respectively. It should be noted that the integrated current
densities are slightly lower than the j;. obtained in J-V
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measurements, which is mainly due to EQE measurements
being conducted at a single wavelength, where the intensity is
much lower than the intensity of full-spectrum irradiation. We
also recorded the J-V curves of the PSCs under forward and
reverse scans to assess hysteresis behavior in Fig. 4d. Compared
to the reference PSC, the TAPPyl-modified PSC has a smaller
hysteresis. Additionally, the steady-state PCE value at the
maximum power point under continuous 1 sun illumination is
shown in Fig. 4e. Compared with the reference PSC, the TAPPyI-
modified PSC has faster photoelectric response and more stable
output capability.

Stability is a crucial factor in evaluating the performance of
the PSCs, and the stability of the PSCs is closely related to the
stability of perovskite films. Next, we first investigated the
influence of TAPPyI on the stability of perovskite films. As
shown in the inset of Fig. 5d, the water contact angle of the
TAPPyI-modified perovskite film was 98.45°, while that of the
reference perovskite film is only 63.09°. When a water droplet
was placed on the reference perovskite film, the film was
immediately destroyed, producing yellow PbI,. However, the
TAPPyI-modified perovskite film was not broken when the water
droplet was placed on it for 10 seconds (Fig. S12+). Fig. S13F
shows the photos of the perovskite films before and after aging
in an environment of 85 °C under a N, atmosphere for 360
hours. After aging, the color of the reference perovskite film
begins to turn yellow and gradually deepens, which is due to the
formation of PbI, by the destruction of the perovskite. However,
the TAPPyI-modified perovskite film was relatively stable and no

View Article Online
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significant color change was observed. In addition, the SEM
images of perovskite films after aging in an environment of 85 °©
C and 85% humidity for 360 hours are shown in Fig. 5a. The
surface of the reference perovskite film shows blurred grain
boundaries, pores, and white particles, which are due to the
precipitation and aggregation of Pbl,, leading to the aggrega-
tion of water molecules, and the easy escape of cations from the
perovskite film under moisture and heating conditions. In
contrast, the TAPPyl-modified perovskite film exhibits
a uniform surface, clear grains and no white particles after
aging. Furthermore, from the photos of the PSCs before and
after aging in an environment of 85 °C and 85% humidity for
360 hours in Fig. 5b, it can be observed that the perovskite film
in the reference PSC significantly fades after aging, while the
color change of the perovskite film in the TAPPyI-modified PSC
is very small. Fig. 5c shows the XRD patterns of the perovskite
films after aging in an environment of 85 °C and 85% humidity
for 360 hours. The reference perovskite film showed a strong
Pbl, peak, indicating that the perovskite has undergone
degradation, producing Pbl,. However, the Pbl, peak of the
TAPPyI-modified perovskite film is still weak, and there is no
significant change in the 2D perovskite peak. The above results
indicate that the TAPPyl-modified perovskite film exhibits high
moisture and heat stability, which is due to the following
reasons: Firstly, the TAPPyl can passivate the defects of the
perovskite film and reduce active sites. Secondly, the interaction
between the four terminal aryl ammonium groups of the TAPPyI
and the perovskite layer through ionic and hydrogen bonds
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Fig. 5 Stability testing of the PSCs. (a) SEM images of the perovskite films aged at 85 °C and 85% humidity for 360 hours; (b) changes on the
backside of the PSCs aged at 85 °C and 85% humidity for 360 hours; (c) XRD patterns of the perovskite films aged at 85 °C and 85% humidity for
360 hours; (d) moisture stability of the PSCs at room temperature with 85% humidity and water contact angles of the perovskite films; (e) heat
stability of the PSCs at 85 °C in a N, environment; (f) overall moisture and heat stability of the PSCs at 85 °C with 85% humidity.
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exposes the hydrophobic pyrene groups and aromatic rings on
the crystal surface. Thirdly, the TAPPyl can effectively fix
[Pbl]*~ together to suppress the migration of cations such as
MA" and FA', further ensuring the structural stability of the
perovskite. Lastly, the introduction of TAPPyI leads to larger
grains and denser grain boundaries in the perovskite film and
forms a more stable 2D structure.

As mentioned above, the TAPPyl-modified perovskite film
has high stability against moisture and heating. Then the
moisture and heating stabilities of the PSCs based on the
TAPPyI-modified perovskite film in different environments were
studied. Firstly, the moisture stability of the PSCs was tested at
room temperature with a relative humidity of 85%. As shown in
Fig. 5d, after 360 hours of aging, the PCE of the TAPPyl-
modified PSC still remained at 90.7% of its initial value, while
the PCE of the reference PSC retained only 74.9% of its initial
value. In addition, we also studied the heat stability of the PSCs
at 85 °C under a N, atmosphere. In Fig. 5e, compared to the
reference PSC, the heat stability of the TAPPyI-modified PSC was
significantly improved, retaining 88.6% of the initial PCE after
360 hours of aging at 85 °C under a N, atmosphere. Further-
more, in order to evaluate the overall stability of the PSCs
against moisture and heating, the PSCs were aged in an envi-
ronment of 85 °C and 85% humidity (ISOS-D-3). As shown in
Fig. 5f, after 360 hours of aging, the reference PSC lost more
than 98% of the initial PCE, whereas the TAPPyI-modified PSC
lost only about 14% of the initial PCE. The above studies
demonstrate that the PSCs with the 2D/3D heterostructured
perovskite formed by TAPPyI indeed exhibit high resistance to
moisture and heating under different aging conditions, which
is consistent with the stability results of the TAPPyI-modified
perovskite film.

3. Conclusion

In summary, in order to enhance the moisture and heat stability
of the PSCs, a new pyreneammonium iodide TAPPyI is intro-
duced into 3D perovskite precursor solution for forming a 2D/
3D heterostructured perovskite. The quality of the 2D/3D het-
erostructured perovskite film has been significantly improved,
increasing grain size while making the surface denser and
smoother. Due to the hydrophobicity of the pyrene and
aromatic ring of TAPPyI, the passivation of perovskite defects by
TAPPyI, and the formation of a more stable 2D/3D hetero-
structured perovskite film, the TAPPyI-modified perovskite film
exhibits high moisture and heat stability, effectively preventing
the escape of cations and film degradation. In addition, the
planar nature of the pyrene group ensures good charge trans-
port performance, and the iodide with aromatic amine side
groups effectively passivates Pb>" defects and compensates for
halide vacancies, reducing defects and non-radiative recombi-
nation, thereby extending carrier lifetime and improving charge
transport ability. Finally, compared to the reference PSC, the
performance of the TAPPyl-modified PSC was significantly
improved, with PCE increasing from 20.51% to 22.73%. At the
same time, the stability of the TAPPyl modified PSC was greatly
improved, retaining 86% of the initial PCE after 360 hours in an

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

environment of 85 °C and 85% humidity (ISOS-D-3), while the
reference PSC retained only 2%. This work demonstrates the
feasibility of using a conjugated planar molecule as a 2D cation
to construct a 2D/3D heterostructured perovskite for improving
the PCE and the stability of PSCs.
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