
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 8

/3
/2

02
5 

10
:1

0:
38

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Crystalline engin
aDepartment of Electronics and Commu

Mathura-281406, India
bDepartment of Chemistry, School of Sc

Bengaluru, Karnataka-560069, India
cDepartment of Sciences, Vivekananda Glob

India
dDepartment of Physics and Astronomy, Coll

Box 2455, Riyadh 11451, Saudi Arabia
eDepartment of Electronics and Communica

Innovation, Chandigarh Engineering Co

Jhanjeri, Mohali-140307, Punjab, India
fDepartment of Electronics and Communica

University, Gangoh, Uttar Pradesh, 247341,
gDepartment of Electrical and Electroni

Jamshedpur, Jharkhand-831001, India
hApplied Science Research Center, Applied S
iJadara University Research Center, Jadara U
jCentre for Research Impact & Outcome, Ch

and Technology, Chitkara University, Rajpu
kDepartment of Refrigeration and Air Condi

Engineering, The Islamic University, Najaf

outlook.com
lDepartment of Refrigeration and Air Condi

Engineering, The Islamic University of Al Di

Cite this: RSC Adv., 2024, 14, 34027

Received 12th August 2024
Accepted 15th October 2024

DOI: 10.1039/d4ra05864j

rsc.li/rsc-advances

© 2024 The Author(s). Published by
eering of FAPbI3 via pyrrolidinium
ionic liquid for stable perovskite solar cells with
21.72% efficiency

Anjan Kumar, a Mandeep Kaur,bc M. Atif,d Jatinder Kaur,e Ramneet Kaur,fg

Mohammed A. El-Meligy,hi Parminder Singhj and Merwa Alhadrawi *kl

Improving the crystallinity of formamidinium triiodide (FAPbI3) perovskite layer is one of the most effective

approaches to increase the photovoltaic performance and stability of FAPbI3-based solar cells (FSCs). In the

current study, FAPbI3 layers were fabricated through a sequential deposition method. The morphology and

crystalline properties of the FAPbI3 layers were modified by controlling the lead iodide (PbI2) precursor by

adding pyrrolidinium (Pyr) material into the PbI2 layer and modulating the FAPbI3 crystallization. The Pyr

contributed to obtain (001)-preferred FAPbI3 orientation with no yellow photo-inactive phase.

Subsequently, it reduced the unreacted PbI2 phase in the perovskite layer and suppressed the defect

density, resulting in extended carrier lifetimes and improved ambient air and illumination stabilities. The

Pyr-mediated FSCs recorded a champion efficiency of 21.72%, which is higher than that of control FSCs

with a maximum efficiency of 19.08%. The developed Pyr-mediated method offers a practical and

effective approach to fabricate stable and efficient FSCs.
1. Introduction

Given the depletion of fossil fuels, steady rise in environmental
pollution and energy consumption worldwide, there is
a growing need for research on renewable and sustainable
energy sources.1–3 Using renewable energy is one of the most
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encouraging ways to meet the rising demands of electricity for
future generations without negatively impacting the global
environment.4 Tidal, hydroelectric, geothermal, and solar
energy are a few examples of these renewable energy sources.
Light energy can be converted into electricity using solar cell
technology, which is a sustainable and environmentally benign
energy source.

Since the introduction of metal halide perovskite solar cells
(PSCs) in 2009, their power conversion efficiency (PCE) has
displayed substantial progress, rising from 3.8% to 26.1%.5–8

These advancements in conversion efficiencies can be attrib-
uted to the effective passivation of different defects present in
perovskite thin lms, as well as the enhanced suppression of
non-radiative recombination processes.9–13 The
formamidinium-based perovskite (FAPbI3), among the various
organic–inorganic hybrid perovskites available, has garnered
signicant attention due to the numerous advantages it offers.
These include a larger and thermally stable organic for-
mamidinium (FA) cation that can substitute for the less stable
methylammonium (MA) cation, a narrow energy bandgap that
facilitates near-infrared absorption, and a higher decomposi-
tion temperature. FAPbI3 is considered the most capable
material for high-efficiency solar cells due to its tunable
bandgap (ranging from 1.5 to 1.4 eV), low exciton binding
energy (less than 50 mV), high absorption coefficient in the
range of 104 to 105 cm−1, and long charge carrier diffusion
length (ranging from 0.1 to 1.0 mm).14–16

Perovskite lmsmainly consist of four types of defects: three-
dimensional lead clusters, point defects, intrinsic impurities,
RSC Adv., 2024, 14, 34027–34036 | 34027
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and grain boundaries. These defects may negatively affect
generated carrier movement and aggregation, leading to non-
radiative recombination. In addition, they may serve as path-
ways for ion migration, thereby accelerating the deterioration of
perovskite materials.17,18 Additionally, poor surface and grain
boundaries might act as direct pathways for the entry of air and
moisture.19 In order to tackle these challenges, defect passiv-
ation has emerged as a highly effective approach for addressing
the long-term stability of perovskite materials from within.

Researchers worldwide are actively addressing the chal-
lenges associated with perovskite devices, focusing on various
factors such as the development of superior absorber materials,
high-quality lms, efficient charge injection and extraction, and
durable constituent materials. To improve the efficiency and
stability of perovskite devices, there has been signicant
interest in utilizing ionic liquids. These liquids exhibit excep-
tional versatility due to their distinct and intriguing properties.
Ionic liquids have been extensively studied for several decades
and have found applications in various elds, including
synthesis, catalysts, energy, and medicine.20,21

Impressive progress has been made in the exploration of
ionic liquids (ILs), a family of molten salts having a melting
temperature below 100 °C, for potential use in PSCs. Different
organic cations (such as triazolium, imidazolium, piper-
idinium, ammonium, pyrrolidinium, pyridinium, and phos-
phonium) and organic or inorganic anions (such as phosphate,
halide, sulfonic acid, tetrauoroborate, hexauorophosphate,
carboxylic acid, and imide) are typically found in ILs. In general,
ILs exhibit a wide range of special qualities, including strong
conductivity, solvate capability, low toxicity, wide electro-
chemical window, and wide liquid range. Notably, ILs have been
extensively studied in the realm of PSCs and have demonstrated
various functionalities in the development of efficient and
durable PSC devices.22,23

Achieving a smooth and homogeneous morphology in
perovskite lms is crucial for enhancing the performance and
stability of the devices.24 Shahiduzzaman et al.25 employed
a facile spin coating technique and added 1 wt% of the ionic
liquid 1-hexyl-3-methylimidazolium chloride (HMImCl) to
a 25 wt% solution of MAPbI3 in DMF. This approach resulted in
a uniform MAPbI3 lm without pinholes. Wan and co-worker
used26 1-ethylpyridinium chloride (1-EC) ionic liquid in a one-
step approach on a PEDOT:PSS substrate to study an inverted
perovskite solar cell. Experimental results showed remarkable
surface coverage, and these ionic liquids were able to produce
a pinhole-free MAPbI3 lm. The non-passivated sample had
photovoltaic PCEs that were less than half of those of optimized
devices, which had an optimal concentration of 1 weight
percent IL. Seo et al.27 fabricated a compact perovskite absorber
layer on an FTO substrate covered with SnO2 by using the ionic
liquid methylammonium formate (MAFa) in another investi-
gation. This approach aimed to improve the lm quality. In this
study, the advantages of incorporating Pyr-ionic liquid into the
PbI2 layer of FPSCs was investigated to enhance their perfor-
mance and stability. By fabricating solar cells with varying
concentrations of Pyr and conducting a range of analyses, it was
found that the optimal amount of Pyr signicantly enhanced
34028 | RSC Adv., 2024, 14, 34027–34036
PCEs, charge carrier dynamics, and crystal growth within the
perovskite lm. The inclusion of Pyr also led to reduced
recombination losses, improved interfacial carrier transfer
dynamics, and lower recombination rates, all contributing to
higher device efficiency. Additionally, Pyr-IL modication
enhanced the stability of PSCs under ambient air and contin-
uous illumination conditions. Overall, these ndings highlight
the positive impact of Pyr in advancing the performance and
stability of FSC, offering promising prospects for future
renewable energy technologies.
2. Materials and methods
2.1. Solar cell preparation

A 66 mM SnCl2$2H2O solution was prepared in ethanol (99.8%,
Merck) and 50 mL of it was spin-coated over the FTO at 3350 rpm
for 30 s. Then, the prepared layers were annealed in air at 195 °C
for 55 min. Here, to fabricate the FAPbI3 light-harvesting layer,
sequential deposition method was employed. First, lead iodide
(PbI2, 99.99%, SunLab) was dissolved into dimethyl sulfoxide
(99.9%, Merck) and dimethylformamide (99.8%, Merck) mixed
solvent (1 : 4 v/v) to obtain a 1.4 M PbI2 precursor. The PbI2
solution was stirred at 80 °C for 30 min, and then 50 mL of it was
spin coated over the SnO2$ETL at 1600 rpm for 15 s and
4100 rpm for 45 s. The primitive PbI2 layers were annealed at
90 °C for 45 s. To prepare the pyrrolidinium + PbI2 solutions,
different amounts of pyrrolidinium (Pyr, 99.7%, Sigma-Aldrich)
material were poured into the PbI2 solution and stirred at 50 °C
for 30 min. Deposition of Pyr–PbI2 solution is the same as the
pure PbI2 solution. Second, FAI/MACl/MABr precursor was
prepared by dissolving 110 mg formamidinium iodide (FAI,
99.9%, Sigma-Aldrich), 11 mg methylammonium bromide
(MABr, 99.9%, Sigma-Aldrich), and 11 mg methylammonium
chloride (MACl, 99.9%, Sigma-Aldrich) in 1 mL isopropyl
alcohol. 50 mL of FAI/MACl/MABr precursor was spin coated
over the PbI2 or Pyr–PbI2 layer at a speed of 2000 rpm for 20 s,
followed by annealing at 145 °C for 13min. Thereaer, standard
2,20,7,70-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,90-spirobi-
uorene (Spiro-OMeTAD, 99%, Sigma-Aldrich) solution was
prepared as reported in literature, and 60 mL of it was deposited
on the FAPbI3 light-harvesting layer at 4000 rpm for 30 s. At the
end, 100 nm gold electrodes were evaporated over the hole
transport layer (HTL). The proposed layered device congura-
tion is depicted in Fig. 1. It should be noted that all fabrication
steps were conducted in ambient air with a relative humidity of
25%.
2.2. Measurements

An electrochemical potentiostat (Zahner Zennium) was used to
measure the electrochemical impedance spectra (EIS) of
samples. Themorphology of photoactive layers was investigated
by recording top-view FESEM images using a TESCAN FESEM
instrument (Mira3). An X-ray diffractometer (XRD, STAD IP) was
employed to record XRD patterns of lms. A UV-VIS Thermo
Biomate5 spectrophotometer was used to measure the absor-
bance spectra of perovskite lms. Photoluminescence (PL)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Proposed perovskite solar cell structure.
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curves of photoactive layers were measured using a PL Varian
device. J–V curves of PSCs under simulated sunlight (calibrated
with a silicon solar cell) or hole-only devices under dark
conditions with an active area of 2 mm × 4 mm were recorded
using a Keithley 2400 source. AFM images of perovskite layers
were obtained using a BIRISK AFM instrument.
3. Results and discussion

To investigate the advantages of incorporating Pyr material into
the PbI2 layer of FSCs, solar cell devices were fabricated with
different percentages of Pyr added into the PbI2 layer using the
FTO/ETL/perovskite/HTL/Au device structure. The perfor-
mances of these FSCs were evaluated by measuring the J–V
curves under AM 1.5G illumination conditions. The results, as
summarized in Table 1, indicate that the introduction of Pyr led
to improved power PCE in the devices. The enhancement in PCE
was directly proportional to the percentage of Pyr used. Notably,
the highest PCE of 21.72% was achieved when the device was
fabricated with 1.75% Pyr. This suggests that 1.75% Pyr added
into the PbI2 layer is the optimal amount for achieving the best
PCE. These ndings emphasize the positive impact of Pyr in
Table 1 Photovoltaic parameters of control and treated FSCs

Device VOC (V)

Control Average 1.077 � 0.013
Best 1.095

0.50% Average 1.090 � 0.011
Best 1.105

1.00% Average 1.100 � 0.012
Best 1.115

1.75% Average 1.115 � 0.008
Best 1.125

2.25% Average 1.107 � 0.010
Best 1.115

© 2024 The Author(s). Published by the Royal Society of Chemistry
FSCs, attributed to factors such as enhanced charge carrier
transport, reduced recombination losses, and improved device
stability. The presence of Pyr IL contributes to the improved
device performance, leading to higher PCE.

Fig. 2a illustrates the J–V characteristics of the optimized
FSCs using control and Pyr-mediated perovskite layers. These
measurements were performed under AM 1.5G illumination,
comparing samples with and without the presence of IL. In the
absence of IL, the device exhibited a Jsc of 24.37 mA cm−2, Voc of
1.095 V, FF of 71.57%, and PCE of 19.08%. In contrast, with IL,
the device showed a Jsc of 24.47 mA cm−2, Voc of 1.125 V, FF of
78.8%, and PCE of 21.72%. The inclusion of IL in the lms
resulted in an enhanced PCE compared to the control (without
IL). To investigate the hysteresis behavior of FSCs, the J–V
responses of a typical FSC as control and Pyr-mediated group
with different voltage-sweep directions were measured (Fig. 2b).
To measure the hysteresis index (HI) of samples, the equation

HI ¼
�
PCEreverse � PCEforward

PCEreverse

�
� 100% was used. Values of

11.14% and 3.44% were obtained for the control and Pyr-
mediated FSCs, respectively. To gain further insight into the
effects of the addition of Pyr concentration on the crystalline
qualities of lms and the optoelectronic properties of the FSCs,
the optoelectronic attributes and charge transfer/
recombination kinetics of the lms were investigated using
steady-state photoluminescence (PL), as shown in Fig. 2c. The
Pyr-mediated perovskite layers have higher PL peak intensity
compared to the pure perovskite lm. Increasing the concen-
tration of Pyr from 0.5 to 1.75 wt% initially boosted the PL peak
intensity, but it then decreased in the case of 2.25 wt%. The
highest intensity was achieved at 1.75 wt%. As a result, the
passivation impact of Pyr on defects might be responsible for
the varying intensities of the PL peaks. The defect state density
in the perovskite lm and at the interface between the electron
transport layer (ETL) and the perovskite lm reaches its
minimum level when the concentration is 1.75%. It is impor-
tant to remember that IL concentrations shouldn't be exces-
sively high, as it may have an impact on the lm's solubility and
cause an uneven coating, which would then have an impact on
the perovskite's future growth and crystallization.

To examine how Pyr affects the transfer dynamics of carriers
at the interface in FSCs, electrochemical impedance spectros-
copy (EIS) measurements were performed in the absence of
JSC (mA cm−2) FF (%) PCE (%)

24.18 � 0.13 70.84 � 0.52 18.42 � 0.37
24.37 71.57 19.08
24.20 � 0.17 71.91 � 0.91 18.98 � 0.51
24.41 73.05 19.70
24.31 � 0.14 75.40 � 0.49 20.17 � 0.35
24.46 76.13 20.76
24.30 � 0.13 78.33 � 1.05 21.22 � 0.31
24.47 78.87 21.72
24.31 � 0.17 76.38 � 0.95 20.56 � 0.39
24.54 76.93 21.05

RSC Adv., 2024, 14, 34027–34036 | 34029
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Fig. 2 (a) J–V curves of the optimized FSCs based on control and Pyr-mediated perovskite layers. (b) J–V curves of typical FSCs in reverse and
forward directions in each group. (c) PL spectra of different perovskite layers fabricated on glass substrates. (d) EIS responses of different FSCs
measured at open-circuit voltage in dark conditions. Inset of (d) shows equivalent electrical circuit to fit Nyquist plots.
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light at the open-circuit voltage. Fig. 2d displays the Nyquist
plots for different FSCs. The results demonstrate that incorpo-
rating Pyr into the PbI2 layer enhances the charge carrier
dynamics within the FSCs, leading to improved photovoltaic
parameters (refer to Table 1). In particular, the photovoltaic
solar cells containing 1.75% Pyr demonstrate a noticeably high
charge recombination resistance (Rrec) value of 1418.2 U. In
contrast, the control devices and the FSCs with 2.25% Pyr show
reduced Rrec values of 684.2 and 1241.4 U, respectively. This
indicates that the electron–hole recombination rate at the
interfaces can be mitigated with the optimal Pyr concentra-
tion.28 The impedance graph further suggests that the integra-
tion of Pyr improves the internal electrical properties of the
FSCs, potentially resulting in lower charge transfer resistance
and higher charge collection efficiency. These ndings high-
light the positive inuence of Pyr on the interfacial carrier
transfer dynamics in FSCs. Overall, the recorded Rrec values for
the control, 0.50%-, 1.00%-, 1.25%-, 1.75%-, and 2.25%-Pyr
mediated perovskite layers are 684.2, 854.3, 1187.3, 1418.2, and
1241.4 U. In addition, the recorded Rct values for the control,
0.50%-, 1.00%-, 1.25%-, 1.75%-, and 2.25%-Pyr mediated
perovskite layers are 301.41, 271.32, 152.93, 122.81, 174.36 U.

Our work aims to evaluate the inuence of Pyr on the crys-
tallization process of perovskite lms, given the important role
that perovskite morphology plays in the performance of FSCs;
34030 | RSC Adv., 2024, 14, 34027–34036
this was evaluated using atomic force microscopy (AFM) and
scanning electron microscopy (SEM). In comparison to the
control, the SEM images of the Pyr-based perovskite lms
showed better coverage and bigger grain sizes (Fig. 3). Addi-
tionally, the SEM study shown in Fig. 3d showed that the
perovskite layers based on 2.25% Pyr showed tiny voids and
pinholes close to the grain boundaries. The perovskite layer
based on 1.75% Pyr (Fig. 3c), on the other hand, showed full
coverage and noticeably bigger grain sizes. Based on these data
along with XRD (Fig. 5b, will be discussed later) and PL (Fig. 2c)
observations, it can be concluded that the presence of Pyr
increases the crystallinity of the perovskite layers. To support
the claim of larger grain size in Pyr-mediated lms, the statis-
tical grain size distributions of the perovskite layers were
measured and are depicted in Fig. 3e. As seen in Fig. 3e, the
average perovskite grain size of the control layer is 769.8 nm,
while that of the 1.75%-Pyr mediated perovskite layer increases
to 1452.2 nm.

The AFM analysis provided additional evidence to support
the aforementioned observation (Fig. 4a and b). The root mean
square (RMS) roughness of the perovskite lms with and
without the inclusion of the Pyr IL were measured to be
24.19 nm and 36.13 nm, respectively. These results conrm that
the addition of the Pyr IL in the spin-coating process leads to
the formation of a smooth and uniform perovskite lm. This
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FESEM images of (a) control, (b) 1.00%-, (c) 1.75%-, and (d) 2.25%-Pyr based perovskite layers. (e) Grain size distributions of different
perovskite layers.
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evidence suggests that the incorporation of an IL in the spin-
coating of perovskite solution promotes enhanced surface
smoothness and uniformity in the resulting perovskite lms, as
indicated by the signicant decrease in RMS roughness
compared to lms without IL.

Fig. 5a displays the UV-Vis spectra of FAPbI3 lms, both with
and without the presence of ionic liquids (IL). When comparing
the UV-Vis absorption spectra of the Pyr-mediated perovskite
Fig. 4 AFM images of (a) control and (b) Pyr-mediated perovskite layers

© 2024 The Author(s). Published by the Royal Society of Chemistry
lm to that of the control, it is evident that they exhibit minimal
differences. Expectations were met by the lack of appreciable
differences in the UV-Vis spectra between the Pyr-mediated
perovskite layer and the control. This is due to the Pyr
cations' large size, which keeps them from tting into the for-
mamidinium lead triiodide lattice.

The produced perovskite layers' X-ray diffraction (XRD)
patterns were examined, comparing samples with and without
.

RSC Adv., 2024, 14, 34027–34036 | 34031
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Fig. 5 (a) Absorbance spectra and (b) XRD patterns of control and Pyr-mediated perovskite layers.
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the inclusion of an IL (Fig. 5b). Both samples exhibited the same
crystal structures, as evidenced by the presence of peaks at
specic angles (2q). The peaks observed at 2q = 14.09°, 24.99°,
28.21°, 31.54°, 40.49°, and 42.96° corresponded to the crystal
planes (001), (111), (002), (012), (022), and (003), respectively.29,30

This demonstrates that FAPbI3 perovskite has formed. The (001)
peak's intensity increased aer the IL was added to the perov-
skite, suggesting better crystal formation. Furthermore, the
addition of Pyr material to the PbI2 component resulted in
a decrease in the primary peak's full width at half maximum
(FWHM) at 14.09°, from 0.177 to 0.147, without affecting its
position. This decrease implies that the perovskite structure
contains a higher degree of molecular organization. As a result,
Pyr helps the FAPbI3 lm to have improved grain orientation
and preferential growth along the (001) direction. During the
annealing of perovskite lms, the formation of a cubic PbI2
structure can occur, leading to a detectable signal at 12.79° in
the XRD pattern.31 This signal serves as an indication of the
presence of residual PbI2 in the lm. However, when the
perovskite lm is treated with Pyr, the intensity of the PbI2 peak
is reduced compared to that of the control cell. This reduction
Fig. 6 (a) Voltage versus light intensity plot of control and Pyr-mediated
and (c) Pyr-mediated perovskite films.

34032 | RSC Adv., 2024, 14, 34027–34036
implies a decrease in the quantity of remaining PbI2 in the
modied perovskite lm.

There are two main reasons for the demand for bigger
perovskite crystal sizes. First of all, because grain boundaries
might serve as locations for charge recombination, it is prefer-
able to minimize their existence. Second, larger crystal sizes
may lessen the number of grain boundaries per volume, which
would lessen the negative consequences of charge recombina-
tion. This improvement in crystal size can enhance both the
open-circuit voltage (Voc) and ll factor (FF) of a solar cell.32,33

Larger perovskite crystals facilitate the movement of photoin-
duced charges over longer distances during charge transfer,
leading to improved device performance.34,35

The relationship between the Voc and light intensity was
analyzed to determine the ideality factor (n), which is associated
with trap-assisted recombination. The graph in Fig. 6 shows
that the Pyr-mediated FSCs have a lower ideality factor (n =

1.46) compared to the control device (n = 2.63). This indicates
a reduction in trap-assisted recombination in the Pyr-mediated
FSCs.36,37 The improved charge carrier dynamics within these
FSCs are likely responsible for this decrease in the ideality
PSCs. Dark SCLC curves for hole-only devices based on the (b) control

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Stability tests of unsealed control and Pyr-mediated FPSCs (a) in humid ambient air in dark condition and (b) in ambient air under simulated
light irradiance.
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factor. The lower n value suggests that the Pyr-mediated FSCs
experience lower recombination rates, potentially leading to
higher efficiencies in converting light into electricity.

To quantitatively characterize the defect properties of
perovskite layers, space-charge limited current (SCLC)
measurements were conducted on hole-only devices with
a structure of FTO/PEDOT:PSS/bare or Pyr-mediated FAPbI3/
Spiro-OMeTAD/Au (Fig. 6b and c). As seen in Fig. 6b and c, the
current enhances linearly with the voltage (ohmic region) up to
a critical point, aer which the current rises faster due to trap-
state lling by the injected carriers. Then, by further increasing
the voltage, the trap state is fully lled and a SCLC regime is
created, where the current reveals a quadratic voltage depen-
dence. The critical point's voltage is dened as the trap-lled
limit voltage (VTFL), which, as reported in ref. 38 and 39, is
directly related to trap density. The electron trap densities of the
control and Pyr-mediated samples were calculated to be 12.75×
1015 and 5.19 × 1015 cm−3, respectively. This demonstrates that
the defects of the Pyr-mediated perovskite layer have been
considerably reduced. In addition, the hole mobility values of
the layers were investigated using SCLC results, as reported in
ref. 37, 40 and 41. The hole mobility (mh) of the perovskite layer
aer the addition of Pyr IL was increased to 1.25× 10−4 cm2 V−1

s−1 compared to 2.28× 10−5 cm2 V−1 s−1 for the control sample.
Table 2 Summary of perovskite solar cells fabricated based on sequent

Perovskite material Strategy

Perovskite seeds added to PbI2 layer
FAPbI3 Biguanide hydrochloride added to PbI2 la
FAPbI3 Added 4-(triuoromethyl)benzylammoniu
FAPbI3 Temperature-assisted crystal growth
FAPbI3 Cesium acetate added to PbI2 layer
(MAFA)Pb(IBr)3 Methylammonium thiocyanate added to
Cs0.2MA0.2FA0.6Pb(I0.22Br0.78)3 FABr, PbBr2, and MABr added to PbI2 lay
(MAFA)Pb(IBr)3 Introduced d-CsPbI2Br into PbI2 layer
FAPbI3 Added pyrrolidinium to PbI2 layer

© 2024 The Author(s). Published by the Royal Society of Chemistry
These enhancements could reduce carrier recombination and
are supposed to boost the FF and VOC of the device.

The presence of Pyr-IL not only enhances the PCE but also
contributes to the overall stability and performance of FSCs.
Fig. 7 illustrates the normalized efficiency of Pyr-mediated FSCs
and control devices over time under different conditions.
Specically, Fig. 7a demonstrates the ambient air stability of
unsealed FSCs at room temperature in dark conditions. The
graph clearly shows that the Pyr-mediated FSCs exhibit higher
stability compared to the control FSCs, as their efficiency
declines at a slower rate over time. It is important to investigate
the effect of introducing Pyr-IL on the stability of the device
under continuous illumination, considering the stability of the
perovskite material itself and the interfacial stability of FSC
(Fig. 7b). Aer 72 days of continuous illumination, the unsealed
Pyr-mediated FSCs maintained 80% of their initial efficiency,
while the unsealed control devices quickly lost their initial
efficiency. This improvement in stability can be attributed to the
introduction of Pyr-IL, which helps passivate interface defects
and suppress ion migration. Consequently, the Pyr-IL modi-
cation signicantly enhances the stability of the FSCs compared
to the control devices.

Table 2 lists the PCEs and HI values of different reported
sequential-deposited PSCs and compares them with those of
the current study. The 21.72% efficiency obtained here with the
ial deposition method and their efficiencies and hysteresis indexes

PCE (%) Hysteresis index (%) Ref.

21.50 1.86 42
yer 22.12 Almost eliminated 43
m iodide to perovskite 22.40 1.83 44

18.41 Not reported 45
22.19 Not reported 46

PbI2 layer 20.40 Not reported 47
er 21.50 4.88 48

21.62 7.17 49
21.72 3.44% This study
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assistance of Pyr-based modication is comparable with re-
ported PCE values in literature.

4. Conclusions

This work demonstrates the signicant benets of incorpo-
rating pyrrolidinium (Pyr) ionic liquid into the PbI2 layer of
FSCs. The incorporation of Pyr-ionic liquid into the PbI2 layer of
FPSCs has shown encouraging results in improving the overall
performance and stability of the fabricated devices. The addi-
tion of Pyr was found to substantially improve the PCEs of the
devices, with the highest PCE of 21.72% achieved with
a 1.75 wt% Pyr concentration. The experimental results showed
that the optimal concentration of Pyr-IL in the perovskite layer
can lead to enhanced conversion efficiency, enhanced charge
carrier dynamics, and better growth of crystal within the
perovskite lm. This led to reduced defect density, reduced
recombination, and suppressed charge transfer resistance at
the interfaces. Furthermore, the Pyr-IL modication was shown
to improve the stability of FSCs under ambient air and contin-
uous illumination conditions, further emphasizing its potential
for practical applications in renewable and clean energy
resources. These results highlight the signicant impact of Pyr-
IL in advancing the performance and stability of FSCs, showing
the way for upcoming research and development in the eld of
solar energy technologies.
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