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1. Introduction

A historic breakthrough has been made with the increased effi-
ciency of perovskite solar cells (PSCs) from 3% to 25.7% in the

recent years.[1–3] Based on these unprece-
dented power conversion efficiencies
(PCEs), as well as due to the simple produc-
tion process and tunable bandgap, the field
of PSCs has attracted the attention of a size-
able research community.[4–6] Through
continuous control over the device process-
ing and structure, the PSCs are now com-
monly regarded as the most promising
candidates for the next-generation photo-
voltaic devices.[6,7] Taking the advantages
of the potential for practical applications,
the researchers’ focus has shifted to effi-
cient PSCs with long operational lifetime
that would respond to the commercial
demand.[8,9]

However, the operational lifetime
depends on the stability of the PSCs, which
is affected by both external and intrinsic
factors. Poor stability caused by these fac-
tors will inevitably lead to a significant
decline in the performance of the device,

thereby hindering further development of such devices. The
external factors mainly include the impact of the external envi-
ronment such as oxygen, temperature, and humidity. The insta-
bility caused by these external factors can usually be improved by
using different packaging processes and/or materials.[10]

Therefore, as the primary factor that determines the stability
of the device remain the internal factors which are rooted in
the light-absorbing layer material and the contact between the
light-absorbing layer and the charge-transport layers.[11]

Specifically, the reasons for limiting stability are related to
hygroscopicity, thermal degradation, and defects. Based on the
aforementioned problems, the process engineering, composition
engineering, and interface engineering are continuously
optimized to reduce the defects or to increase resistance to
humidity or temperature, with the ultimate goal to prepare stable
PSCs.[12,13] As part of these ongoing efforts, materials such as 2D
perovskites,[14] metallic oxides,[15] 2D materials,[16] polymers,[17]

fullerene derivatives,[18] and salts[19] have been introduced into
perovskite films or at the interface area to improve the stability
of the devices. Very recently, Yang et al.[20] designed an
ammonium salt, cyclohexylethylammonium iodide (CEAI), for
interfacial engineering to effectively improve the stability of
PCSs due to the enhancement in the surface hydrophobicity
and passivation. However, most of these functional materials
are toxic or difficult to be designed with hydrophobic structure
and chemical interaction with the perovskite, which can improve
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Perovskite solar cells attract widespread attention due to their impressive power
conversion efficiencies, high absorption coefficients, tunable bandgap, and
straightforward manufacturing protocols. However, in the process of further
development and optimization toward mass production, the long-term stability
stands as one of the most urgent challenges that need to be overcome. Given the
excellent thermal stability and high structural designability, ionic liquids (ILs) are
relatively green room-temperature molten salts that have been widely applied to
perovskite photovoltaic devices with promising results in view of improved
stability and enhanced device performance. In this review, the reasons and
mechanisms of instability of such devices under external and internal factors are
analyzed. The current strategies of ILs engineering for improved stability of the
devices are classified and summarized, including the IL-assisted perovskite film
evolution and IL-modified photophysical properties of the perovskite photoactive
layer and the related stability and photovoltaic performance of the devices. The
challenges that stand as obstacles toward further development of perovskite solar
cells based on IL engineering and their prospects are also discussed.
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the stability of the devices, resulting in complex preparation pro-
cess.[21] Therefore, the efforts to find suitable materials for
improvement of the stability of PSCs are continuing.

In recent years, ionic liquids (ILs), being green functional
solvents, have been regarded as potential alternatives to some
traditional additives and interface modifiers to fabricate stable
PSCs. This choice rests with their wide liquid-state range,
designability, high carrier mobility, and thermal and electro-
chemical stability.[22–25] Caprioglio and colleagues reported a
poly(ionic liquid) (PIL) as multifunctional interlayer to improve
the stability of a device and the PIL-treated device had PCE of
21% during 10months in an inert atmosphere without
significant efficiency decrease.[26] The reason for the improve-
ment of stability lies within the synergistic effect of the
hydrophobic surface and reduction of defects induced by
the PIL treatment. Bai et al. proposed an effective strategy
for introducing 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBF4) IL into perovskite film to improve the thermal
stability of PSCs by enhanced chemical interaction between
the perovskite and the IL with suppressed degradation of the
perovskite layer.[27] These works have proven that ILs can indeed
effectively improve the stability of the devices through different
mechanisms. However, there are few reviews containing
systematic discussion of the development of ILs-assisted
perovskite film growth as well as of the application of ILs to
the stability of PSCs. To promote the development of PSCs with
long-term lifetime, in this review, we mainly focus on summa-
rizing and analyzing the different mechanisms for improving
device stability based on ILs. Specifically, strategies for introduc-
tion of hydrophobic groups, defect reduction and formation of
chemical interactions are proposed and discussed. The stability
performance parameters of PSCs with different ILs are also sum-
marized. Finally, we put forward ideas for commercialization by
improving the stability of devices by ILs.

2. Mechanism of Instability and Degradation
of PSCs

The structure of PSCs is usually composed of electrode materi-
als, perovskite photoactive layer, and electron- and hole-transport
layer materials. Each layer of material in the structure plays a
significant role in the performance of the devices and the stability
as an important index of performance. Especially under complex
external conditions such as light, heat, and humidity, each layer
of the device may become unstable and degrade to a varying
extent.[28] According to the function of each layer of material
in PSCs, the contributions of the layers to the stability are divided
into the perovskite layer and the other layers which will be dis-
cussed separately.

2.1. Instability Problems Based on Perovskite Layers

Different preparation processes such as spin-coating, two-step
sequential deposition, blade coating, and blowing have been
employed to prepare perovskite film in PSCs.[29] However,
despite of the continuous optimization of these preparation pro-
cesses, the instability of the perovskite layer has not been over-
come yet. The defects on the surface and grain boundaries of
perovskite films are known to be central to the instability of
the perovskite layer.[30] These features are sensitive to humidity,
oxygen, and heat, resulting in irreversible degradation of the
PSCs, as shown in Figure 1. Being the light-absorbing layer
material, the stability of the perovskite layer directly affects
the stability performance of the device. Humidity is a major
factor that affects the device stability, especially for perovskite
films. Taking the most common methylammonium (MA)-based
perovskite film CH3NH3PbI3 as an example, this material
decomposes to CH3NH3I and PbI2 in a humid environment
under the action of water. The most apparent manifestation of

Figure 1. Schematic diagram of the instability of perovskite solar cells (PSCs) under the effect of different factors and chemical equations of the degra-
dation processes under external factors such as humidity, heat, and light.
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this process is gradual fading of the black perovskite films. In the
initial stage of degradation, the intermediate products, a mono-
hydrate MAPbI3·H2O, and a dihydrate (MA)4PbI6·2H2O were
confirmed to appear successively.[31] When the perovskite films
are continuously exposed to humid air, the strength of the hydro-
gen bond between the PbI6 octahedral anion and the methylam-
monium cation is reduced by the water molecules and finally, an
irreversible reaction occurs to form PbI2.

[32] In addition to the
MA-based perovskite, a similar degradation phenomenon was
discovered in FA-based perovskite under the effect of humidity.
In 2014, Snaith and coworkers found that the FA-based perov-
skite exhibited the similar degradation rate to the MA-based
perovskite when exposing the perovskites to a moist atmo-
sphere.[33] Zhu and colleagues systematically investigated the
degradation mechanism of FAPbI3 in a dry desiccator with a
constant humidity of 15% through the UV–Vis spectrum and
the X-ray diffraction (XRD) pattern.[34] A significant absorption
attenuation above 400 nm was found after humidity treatment
over 18 days due to the perovskite decomposition and formation
of PbI2. After 30 days of storage in a desiccator, the signals of
δ-FAPbI3 and PbI2 can be detected that further confirm the deg-
radation of FAPbI3 by humidity caused by the phase transition of
α-FAPbI3 to δ-FAPbI3 and decomposition to PbI2. Similarly, the
purest CsPbI3 films were sensitive to moisture, which limited the
processing environment to nitrogen atmosphere.[35] The mois-
ture accelerates the polymorphic transition of α-phase CsPbI3
to δ-phase CsPbI3 and leads to conversion from black perovskite
to yellow non-perovskite.[36] The moisture–stability comparison
between CsPbI3 and MAPbI3 was also investigated by Yin and
the coworkers, and the relevant CsPbI3-based PSCs can maintain
75% of the original PCE after 500 h under the average humidity
of 45%–55%, which was obviously superior to 30% of the original
PCE in MAPbI3-based PSCs.[37]

Temperature plays a critical role in the stability of the perov-
skite films. A certain annealing temperature is required for the
formation of high-quality films in the perovskite layer, and
therefore the comprehensive understanding of the influence of
temperature on the stability of perovskite is highly needed.[38,39]

For MA-based perovskite materials, high temperature can cause
decomposition of MAPbI3 into HI, PbI2, and CH3NH2, along
with fading of the dark color of the initial perovskite films.
The residual CH3NH2 in perovskite films can severely under-
mine the photoelectric properties of the device.[40] In contrast
to MAPbI3, FAPbI3 exhibits slightly better thermal stability.
However, FAPbI3 also suffers from long-term stability problems.
For example, the black phase of FAPbI3 can be converted into a
photo-inactive yellow δ phase below 150 °C.[2] Light-illumination
is another important factor that affects the stability of the PSCs.
Halogen free radicals would appear within a perovskite material
under illumination with light and the perovskite material itself
breaks down into halogen diatoms (I2, Br2, and Cl2).

[41]

Meanwhile, light acts together with humidity, oxygen, and heat
and can significantly accelerate the degradation of the PSCs.[42]

2.2. Instability Problems Based on Other Components

The stability of other layers such as electron-transporting layers
(ETLs), hole-transporting layers (HTLs) and electrodes in the

device directly affects the stability of the perovskite devices.
TiO2, ZnO, SnO2, and C60 are widely applied as ETL materials
to fabricate high-performance PSCs. Instability of TiO2 was
reported by Snaith et al.[43] under irradiation with UV light,
and desorption of the surface-absorbed O2 on mesoporous
TiO2 films is due to the sensitivity of the TiO2 layer to UV light,
leading to deep surface traps and instability of the device. ZnO
was applied as a substitute for TiO2 to improve the UV resistance
of ETL in PSCs structure. Nevertheless, the instability still
remains for ZnO-based PSCs. Yang et al.[44] discovered that
acid–base chemical reaction and thermal decomposition of a
perovskite film occur at the interface of the ZnO layer and the
CH3NH3PbI3 layer, and ultimately, the perovskite breaks up into
methylamine and PbI2 driven by this reaction. Similarly, the
stability of PSCs is impacted by the instability of HTLs materials,
such as is the case with the most common HTLs of 2,2 0,7,7 0-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9 0-spirobifluorene (Spiro-
OMeTAD) film. Qi and colleagues[45] discussed the decrease in
performance in PSCs based on the instability of Spiro-OMeTAD
layer with doping of Li-bis(trifluoromethanesulfonyl)-imide
(LiTFSI). The presence of pinholes in the Spiro-OMeTAD layer
resulted in formation of channels across the film, which facilitated
the migration of LiTFSI from the bottom to the top and further
affected the stability of perovskite layer. Poly(3,4-ethylenedioxythio-
phene)/poly(styrenesulfonate) (PEDOT:PSS) as anotherHTLmate-
rial, whose negative impact on the stability of the device due to its
hygroscopic properties, had been shown in previous work.[46] In
addition, electrodes as charge collection layer in PSCs also suffer
from instability. Metals such as Au, Ag, and Al were evaporated on
the transport layer as the most common electrode materials of
PSCs. However, as relatively cheap metal materials compared to
Au, Ag and Al tend to react with the components in perovskite
to form metal halides under humid conditions, which significantly
diminishes the stability of the device. Specifically, the moisture first
diffuses from the pinholes of the Spiro-OMeTAD to the perovskite
layer, inducing the degradation of the perovskite film into HI, PbI2,
and CH3NH3I. These volatile iodine compounds migrate across the
channel of Spiro-OMeTAD layer to react with Ag or Al electrode to
form AgI (AlI3). The continuous degradation of the perovskite and
the generation of metallic compound further accelerate the damping
of device stability.[47] Although Au is stable, it can still diffuse from
the transport layer to the perovskite layer when heated, resulting in
decrease of the overall performance of the device,[48] and the related
high cost is not conducive to development to commercialization.

3. Strategies for Improving of the Stability of
PSCs by ILs

Stability of the devices is regarded as an essential parameter to
evaluate their performance, and as mentioned previously, there
are urgent challenges with fabrication of stable devices that will
respond to the requirements for practical applications. Diverse
strategies such as additive engineering, preparation process engi-
neering, interface engineering, and packaging engineering have
been adopted to enhance the device performance and enable
them to be more resilient to instability caused by both internal
and external factors.[49] Among these engineering approaches,
various kinds of functional materials have been considered for
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their potential in solving the problem of stability of the PSCs.[50]

ILs have attracted special attention as such materials because of
their nontoxicity and designability.[51–53] In this section, we
mainly summarize and focus on strategies for improving the sta-
bility of PSCs by ILs (Figure 2).

3.1. Enhancement of Hydrophobicity

The sensitivity of the PSCs to humidity can be controlled by for-
mation or introduction of hydrophobic groups, which have been

demonstrated to effectively inhibit the decomposition of the
device in humid environment.[26,54] Taking the advantages of
chemical variations, ILs are easy to provide PSCs with hydropho-
bic groups and to enhance the resistance to water molecules in
humid environment.[55–57] Table 1 summarizes the photovoltaic
parameters of stable ILs-treated PSCs through hydrophobicity.
Liu et al.[58] added fluorinated IL additive, methylammonium
trifluoroacetate (MAþCF3COO

�, MAþTFA�) into the perovskite
precursor solution to significantly enhance the ambient stability
of PSCs (Figure 3a). A small amount of MAþTFA� is distributed
in the grain boundaries after the annealing of the perovskite film,
which turns the grain boundaries hydrophobic on account of the
multiple fluorocarbon groups in MAþTFA�. Furthermore, the
hydrophobicity of MAþTFA� improved the wettability and
reduced heterogeneous nucleation, leading to the formation of
perovskite films with large grain domains. As a result, the PSCs
based on MAþTFA�-treated perovskite film exhibited efficiency
decay of only 11% after 336 h at 40% relative humidity (RH).
Similarly, multiple fluorocarbon groups in 1-methyl-3-
(1H,1H,2H,2H-nonafluorohexyl) imidazolium iodide (FIm) were
confirmed by Salado et al.[57] to have a stabilizing effect on the
PSCs (Figure 3b). From the results of XRDmeasurements, incon-
spicuous decomposition occurred in 1% FIm-treated
Cs0.05(MA0.15FA0.85)0.95Pb(I0.85Br0.15)3 perovskite film after
33 days in RH environment of 55–60% and well-defined signal
of PbI2 appeared in Cs0.05(MA0.15FA0.85)0.95Pb(I0.85Br0.15)3 perov-
skite film, which indicated the inhibitory effect on decomposition
reaction of the IL FIm. The corresponding 1% FIm-treated
PSCs remained even more stable for over 1month in
50–55% RH. Based on the same mechanism, application of
the IL 1,3-bis(cyanomethyl)imidazolium bis(trifluoromethylsul-
fonyl)imide ([Bcim][TFSI]) containing multiple fluorocarbon
groups to increase the device lifetime had been reported by
Gao et al.[23]

Moreover, ILs containing long alkyl chains based on imidazole
groups have also been developed as additives to enhance the sta-
bility of perovskite films. Akin et al.[59] employed 1-hexyl-3-meth-
ylimidazolium iodide (HMII) IL as an additive in FAPbI3-based
PSCs to suppress the transition from the black phase (α-FAPbI3)
to the non-perovskite yellow phase (δ-FAPbI3) for stabilization of
the PSCs (Figure 3c,d). The grain coarsening and defects

Figure 2. Illustration of strategies including enhanced hydrophobicity, defect
reduction, and chemistry interaction for preparation of stable PSCs. Images
for ‘formation of hydrophobicity’: Reproduced with permission.[63] Copyright
2018 Elsevier Inc. Images for ‘defect reduction’: Reproduced with permis-
sion.[66] Copyright 2019 Elsevier B.V. Images for ‘chemistry interaction’:
Reproduced under the terms of the Creative Commons CC-BY license.[80]

Copyright 2021, The Authors. Published by Wiley-VCH.

Table 1. Summary of the photovoltaic parameters of stable ILs-treated PSCs via hydrophobicity.

ILs Device structure PCE [%] Stability References

MAþTFA� FTO/TiO2/MAPbI3/Spiro-OMeTAD/Au 20.10 336 h, 40% RH, room temperature (RT), 80% of PCE [58]

FIm FTO/TiO2/Cs0.05(MA0.15FA0.85)0.95Pb(I0.85Br0.15)3 Spiro-OMeTAD/Au 16.32 150 days 55–60% RH, Stable [57]

[Bcim][TFSI] FTO/cp-TiO2/mp-TiO2/SnO2/(Cs0.08FA0.8MA0.12)Pb(I0.88Br0.12)3 /PEAI/HTM/Au 21.06 150 days 20–30% RH exceed 90% of PCE [23]

HMII FTO/c-TiO2/mp-TiO2/FAPbI3/Spiro-OMeTAD/Au 20.60 250 h, 60%� 10% RH, 80% of PCE [59]

HMImCl FTO/TiO2/MAPbI3/NPs/CsFAMA/Spiro-OMeTAD/Au 19.44 6000 h, 30�40% RH, 90% of PCE [60]

DMIMPF6 FTO/TiO2/Cs0.08FA0.92PbI3/DMIMPF6/spiro-OMeTAD/Au 23.25 3 h, continuous illumination, 90% of PCE
480 h, 45% RH, 89% of PCE

[62]

BMPyTFSI FTO/c-TiO2/mp-TiO2/Cs0.1(FAPbI3)0.81(MAPbBr3)0.09/ FDT/Au 18.24 NA [64]

BMPyTFSI FTO/c-TiO2/mp-TiO2/(FAPbI3)0.85(MAPbBr3)0.1/Spiro-OMeTApD/Au 14.96 200 days, 50% RH, 80% of PCE [63]

APMimPF6 ITO/TiO2/C7H16N3PbI3PF6/ CuSeCN/Au 17.30 2months, 57% RH, 98% of PCE [56]

[BMMIm]Cl FTO/c-TiO2/m-TiO2/CsPbBr3/[BMMIm]Cl/carbon 9.92 30 days, 70% RH, 99.3% of PCE [83]

[bvbim]Cl) FTO/TiO2/MAPbI3/Spiro-OMeTAD/Au 19.92 1000 h, 45� 5% RH, 90% of PCE [54]

www.advancedsciencenews.com www.small-structures.com

Small Struct. 2022, 2200048 2200048 (4 of 13) © 2022 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.small-structures.com


reduction induced by HMII IL promote the enhancement of PCE
to 20.6%. In terms of device stability, the pristine film experi-
enced obvious transition process of the black phase to the yellow
phase and the absence of non-perovskite δ-phase was observed in
HMII-assisted perovskite films after 10 days in RH of about
60� 10% from the XRD patterns, indicative of considerably
enhanced resistance to moisture due to the high hydrophobicity
of the long alkyl chain in HMII IL. The chemical interaction
between the perovskite material and IL HMII molecules has
strongly suppressed the migration of ions, which effectively
inhibits the phase transition from the black phase to the yellow
phase, stabilizing the existence of the black phase of the perov-
skite material. The control PSCs only remain 70% of the original
PCE after 30 h at 60%� 10% RHwithout encapsulation, whereas
the HMII-treated PSCs maintained over 80% of original PCE
after 250 h under the same conditions. Shahiduzzaman
et al.[60,61] reported that 1-hexyl-3-methylimidazolium chloride
(HMICl)-assisted perovskite can significantly improve the

stability of the perovskite device due to the hydrophobicity of
its long alkyl chain.

By addition of IL as additives into the perovskite precursor
solution to provide hydrophobic groups, researches have
reported that ILs can be employed in the interfaces of PSCs
via interfacial engineering to improve the humidity stability
based on the introduction of hydrophobic groups. Zhu et al.[62]

introduced 1,3-dimethyl-3-imidazolium hexafluorophosphate
(DMIMPF6) IL into the interface between the perovskite layer
and the electron transport layer to enhance the stability of the
PSCs due to the hydrophobic group of DMIMPF6 (Figure 3e).
The hydrophobic properties of the DMIMPF6 layer suppressed
moisture permeation efficiently, resulting in significantly
enhanced stability in a high-humidity environment.
Unencapsulated DMIMPF6-treated devices retained 89% of their
initial PCE after 480 h in 45% relative humidity, which was sig-
nificantly superior to stability of a control device with 20% loss in
the PCE under the same conditions (Figure 3f ). Moreover, the

Figure 3. a) Schematic diagram of hydrophobic ionic liquids (IL) MAþCF3COO�-assisted crystallization of MAPbI3 perovskite thin films. Reproduced with
permission.[58] Copyright 2019, The Royal Society of Chemistry. b) Schematic diagram of the role and interaction of fluorocarbon groups in 1-methyl-3-
(1H,1H,2H,2H-nonafluorohexyl) imidazolium iodide (FIm) on perovskite layer. Reproduced with permission.[57] Copyright 2017, Wiley-VCH.
c) Schematic illustration of devices structure and molecular structure of the 1-hexyl-3-methylimidazolium (HMIþ). d) Schematic diagram of effects
of HMI iodide (HMII) IL on perovskite FAPbI3 active layer. Reproduced with permission.[59] Copyright 2020, Wiley-VCH. e) Cross-sectional scanning
electron microscope (SEM) images of DMIMPF6-treated perovskite device. f ) Normalized power conversion efficiencies (PCEs) of perovskite devices
stored at 45% relative humidity for 480 h. Reproduced with permission.[62] Copyright 2020, Wiley-VCH. g) Schematic diagram of the IL BMPyTFSI-treated
PSCs based on the (2 0,7 0-bis(bis(4-methoxyphenyl)amino)spiro-[cyclopenta[2,1-b:3,4-b 0]dithiophene-4,9 0-fluorene]) (FDT) as hole-transporting layers
(HTL). Reproduced with permission.[64] Copyright 2020, American Chemical Society.
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heat stability of the DMIMPF6-treated device was also confirmed
to be improved compared to the control device. The DMIMPF6
device maintained 90% of its initial efficiency after 3 h at 65 °C
while the control device showed a significant decline in
efficiency.

Spiro-OMeTAD with LiTFSI was often used in the HTL layer
of the PSCs structure. However, the moisture was absorbed from
the atmosphere by the lithium salts due to their strong hygro-
scopicity, leading to degradation of HTL under high humidity
in the atmosphere. Based on the instability of the transport layer,
ILs were adopted in the transport layer engineering to improve
the stability of PSCs. Calio et al.[63]proposed a new strategy for
enhancing the longevity of devices through the hydrophobic
1-butyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide
(BMPyTFSI) IL-based doping in HTL layer. According to optical
images recorded by optical microscope and scanning electron
microscope (SEM), the HTL film with BMPyTFSI as dopant
showed the characteristics of uniformity and smoothness with
fewer pinholes. Meanwhile, the contact of the interface between
the HTL and the perovskite layer was also significantly improved.
These consequences pointed toward the effects of IL BMPyTFSI
in promoting the formation of high-quality HTL film. The
contact-angle value of Spiro-OMeTAD with IL BMPyTFSI was
further illustrated with a significant increase from a lower value
of 78° of conventional doped layer to 90° due to the introduction
of hydrophobic groups, which cooperated with reduced pinholes
to prevent the diffusion of moisture. BMPyTFSI-treated Spiro-
OMeTAD-based PSCs showed only 20% loss of efficiency over
7months in humid (50% RH) conditions and the contrast
was obvious with conventional doped PSCs, which showed a
50% decrease compared to its initial efficiency. Similarly,
Ahmad et al.[64] reported that IL BMPyTFSI was introduced into
the HTL material of FDT (2 0,7 0-bis(bis(4-methoxyphenyl)amino)
spiro-[cyclopenta[2,1-b:3,4-b 0]dithiophene-4,9 0-fluorene]) to con-
trol the water sensitive of PSCs through hydrophobicity of IL
BMPyTFSI (Figure 3g). The contact angle (with deionized [DI]
water) of pristine FDT-based HTM was <80°, while for the
FDT-based HTM with 16mol% of BMPyTFSI-doped one it
has remarkably increased to 97°, which explained the function
of IL BMPyTFSI on protecting perovskite layer from
moisture absorption for long-term stability of PSCs. These
strategies of hydrophobic IL doping on the HTL could boost
the conductivity and hole mobility, which was beneficial to

optimize the efficiency of the device. In contrast, they extended
the operational lifetime of the device and ensured durability of
the device.

3.2. Defect Reduction

Previous studies had reported that defects at grain boundaries
and interfaces are particularly important in causing device insta-
bility.[65] These areas are prone to irreversible degradation of the
PSCs owing to their sensitivity to factors such as oxygen, mois-
ture, and heat. Therefore, searching for appropriate strategies to
reduce these defects could effectively improve the resistance to
instability of the PSCs under the aforementioned factors. ILs
have been widely confirmed to promote formation of high-quality
perovskite films with fewer defects and to reduce interface
defects. The photovoltaic parameters of stable ILs-treated
PSCs through defect reduction are summarized in Table 2.

Zhou et al.[66] reported that by mixing 1-ethylamine hydrobro-
mide-3-methylimidazolium hexafluorophosphate (ILPF6) with
the perovskite precursor solution, it is possible to obtain high-
efficiency and stable carbon-based hole-conductor-free PSCs
based on ILPF6-treated perovskite film with large grain size
and low concentration of defects (Figure 4a). From the results
obtained by SEM, the control perovskite film possessed poor
crystal quality with many grain boundaries and the improvement
was obvious with enhancement of crystalline quality in ILPF6-
treated perovskite film, which was attributed to the effect of
ILPF6 on optimization of the crystallization and morphology
by suppressing the nucleation and decreasing the crystallization
growth rate (Figure 4b). Ultimately, unencapsulated ILPF6-
treated PSCs could retain 94% of their initial PCE in RH of
20% after 840 h due to reduction of defects at grain boundaries
for blocking the infiltration of water, which was significantly bet-
ter than the 52% with the control device. This strategy of intro-
ducing ILs to reduce defects for improving device stability is
more remarkable in FASnI3 PSCs. Poor crystallinity and quality
of the film usually occur in FASnI3 PSCs because of the faster
reaction of FAI and SnI2 than FAI and PbI2 in the crystallization
process, leading to the existence of redundant defects at the grain
boundary and the surface of the films.[67] Recently, the IL forma-
midine acetate (FAAc) as an additive was introduced into perov-
skite precursor solution by Xu et al.[68] to regulate the
crystallization of the perovskite for preparation of high-quality

Table 2. Summary of the photovoltaic parameters of stable ILs-treated PSCs through defect reduction.

ILs Device structure PCE [%] Stability References

ImI FTO/c-TiO2/m-TiO2/ MAPbI3/ImI/Spiro-OMeTAD/Au 19.90 300 h, light (100mW cm�2) NA [65]

ILPF6 FTO/c-TiO2/m-TiO2/MAPbI3/carbon 13.01 840 h, 20% RH, 25 °C, 94% of PCE [66]

FAAc ITO/PEDOT:PSS/FASnI3/C60/BCP/Ag 9.96 1600 h, light, N2, 82% of PCE [68]

BMIBr ITO/PEDOT:PSS/PVK-BMIBr)/PCBM/BCP/Ag 10.09 1200 h, N2, 85% of PCE
48 h, 50% RH, 40% of PCE

[70]

FBþBF4
� ITO/SnO2/(FAPbI3)1–x(MAPbBr3)x/Spiro-OMeTAD/Au 22.52 2000 h, 30%, 25 °C, 80% of PCE

2000 s, Sun illumination, 96% of PCE
[69]

BMIMBF4 FTO/NiOx/CsPbI2Br/BMIMBF4/PC61BM/BCP/Ag 13.21 1080 h, N2, 86.9% of PCE
500 h, 35% RH, 82% of PCE

[72]

BMIMPF6 FTO/TiO2/BMIMBF6/CsPbI2Br/carbon 13.19 60 days, 20% RH, 91% of PCE [73]
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FASnI3 film (Figure 4c). Taking advantage of the inhibiting effect
on the oxidation process of Sn2þ to Sn4þ by slower crystal
growth, FAAc played an important role in obtaining high-quality
films and effectively reduced defects. Hence, the IL FAAc-treated
device retained 82% of its initial PCE after 1600 h, while the con-
trol device displayed an arresting damping in PCE within
<200 h. The additive zwitterionic IL (ZIL) with tetrafluoroborate
(BF4

�) as anions and phenylammonium (4FBþ) as cations has
also been employed in two-step deposition method for defect pas-
sivation to obtain a high-quality perovskite thin film, leading to
enhanced stability.[69] Specifically, the organic anionic and cat-
ionic defects in a perovskite were effectively passivated by
anchoring of the uncoordinated Pb2þ by the 4FBþ cation and
reduction of halogen defects by the BF4

� anion (Figure 4d).
Moreover, 1-butyl-3-methylimidazolium bromide (BMIBr)[70]

and 1-ethyl-3-methylimidazolium hydrogen sulfate
(EMIMHSO4)

[71] ILs as additives in the perovskite precursor
solution have also been confirmed to reduce the defects for
long-life PSCs. Except for the effect of the above ILs as additives
in the precursor solution, the ILs can also be employed as inter-
face modifiers to decrease the defects on the perovskite surface
and to optimize the contact of the interface. Wang et al.[72] devel-
oped a new strategy to stabilize the CsPbI2Br phase and to reduce
the surface defect density through placement of BMIMBF4 as
interface modifiers between the perovskite layer and the

PCBM layer. After BMIMBF4 modification of the interface, they
observed uniform thickness, excellent adhesion to the NiOx sub-
strate and higher film quality with significantly reduced pinholes.
As a consequence, the corresponding BMIMBF4-treated PSCs
acquired stability by retaining 86.9% of the original PCE over
1000 h in N2 atmosphere and 82% of the original PCE after
500 h in 35% RH (Figure 4e). Similarly, BMIM-based IL 1-
butyl-3-methylimidazole hexafluorophosphate (BMIMPF6) was
used as interface modification layer that is located on the inter-
face of the perovskite layer and the TiO2 layer for improvement of
the device stability by Yin et al.[73] The interface modification of
the IL BMIMPF6 played an important role in the passivation
of perovskite film defects and optimization of the contact of
the TiO2/CsPbI2Br interface.

3.3. Chemistry Interaction

In addition to strategies of introducing hydrophobic groups and
reducing defects by ILs for improving the stability of the device,
chemical interaction was often considered between the ILs and
the perovskite component due to the designability of ILs, which
also affected the stability of the device.[22,74–76] The specifically
designed ILs contained the COO� or HSO4

� groups that possess
the ability to coordinate with Pb2þ or Sn2þ, which can contribute

Figure 4. a) Structure diagram for the glass/fluorine doped tin Oxide (FTO)/c-TiO2/m-TiO2/ILPF6-perovskite/carbon–based PSCs. b) SEM images of the
control and ILPF6-treated CH3NH3PbI3 perovskite films. Reproduced with permission.[66] Copyright 2019, Elsevier B.V. c) Schematic diagram of IL for-
mamidine acetate (FAAc)-assisted perovskite crystallization process. Reproduced with permission.[68] Copyright 2021, American Chemical Society.
d) Schematic diagram of defect passivation by IL for the improvement of solar cell performance and stability. Reproduced with permission.[69]

Copyright 2021, Wiley-VCH. e) Stability test in air (30 °C, 35% relative humidity) of control and 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBF4)-treated devices. Reproduced with permission.[72] Copyright 2020, Elsevier Ltd.

www.advancedsciencenews.com www.small-structures.com

Small Struct. 2022, 2200048 2200048 (7 of 13) © 2022 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.small-structures.com


to the formation of high-quality film for improvement of
stability.[71,77] Moreover, the functionalized ILs with imidazolium
group or quaternary ammonium groups, which are enabled with
the ability to form hydrogen bonds with the I�, Br�, and Cl� in
perovskite materials, effective anchoring the I�, Br�, and Cl� for
inhibition of instability caused by ion migration.[78] The forma-
tion of O⋯H–N hydrogen bonds between the carboxyl and ester
groups in ILs with MAþ or FAþ also leads to the stabilization of
organic ions.[79]

The photovoltaic parameters of stable ILs-treated PSCs
through chemical interaction are summarized in Table 3. Li
et al.[80] employed the IL n-butylammonium acetate (BAAc) to
regulate crystallization of the perovskite crystals through the
O⋯Sn chelating bonds between Ac�(CH3COO

�) and Sn(II)
and the N–H⋯X hydrogen bonds by interaction between BAþ

and X-site anions (Figure 5a). Taking advantage of the multiple
bonds between BAAc and SnI2, the retarded crystal growth rate
of the perovskite films led to the formation of high-quality films
with less defect states. Furthermore, the existence of the hydro-
gen bonds (NH⋯I) in the ammonium group of BAþ and I� effec-
tively suppresses the migration of I� to the surface of the
perovskite film, reducing the defects caused by I�. Moreover,
the formation of the strong coordination between Ac and
Sn(II) through the incorporation of IL BAAc can remarkably
inhibit the oxidation of Sn(II) to Sn(IV), maintaining the stability
of Sn(II) (Figure 5b). Based on the positive role of IL BAAc, the
BAAc-treated PSCs provided significantly improved PCE of
10.4%, which was obviously better than that of the control device
at 8.6%. More importantly, the corresponding PSCs showed
excellent thermal stability and preserved 80% efficiency of the
initial value after 400 h at 85 °C. Instability also exists in MA-
based perovskite devices, as a result of the migration of MAþ

from the bulk to the crystal surface followed by the formation
of MA by the fleeing MAþ from the crystal lattice under external
effects. Recently, Wang et al.[81] reported an effective strategy for
anchoring the MAþ via hydrogen bonding and enhancement of
the Pb–O interaction by methylammonium difluoroacetate
(MAþDFA�) (Figure 5c). In view of the interaction between
fluorinated anion CF2HCOO� in IL MAþDFA� and MAþ in
perovskite precursor solution, the stability of the perovskite

crystal structure at surfaces and at the grain boundaries
was improved. Ultimately, the stability of the devices under
atmospheric and thermal conditions showed obvious improve-
ment with 85% of the initial PCE after 180 days. The
same anchoring effect via bonding between IL BMIBr and the
perovskite film had been proved to play a role in the thermal
stability by Du et al.[82]

Another IL, BMIMBF4, had also been verified to play a signif-
icant role in stability by Bai et al.[27] The anion and cation in ILs
showed different distributions in perovskite films based on the
results from the time-of-flight secondary-ion mass spectrometry
(ToF-SIMS) and while the cation BMIMþ dispersed throughout
the perovskite film, the anion BF4

� mainly existed at the inter-
face. On the basis of the distribution of the anion and the cation
in the perovskite film and the stability experiment by replacing
anion BF4

� or cation BMIMþ, respectively, the improved stability
was attributed to the accumulated BMIM cations, which bind to
surface sites by chemical interaction to increase resistance to
degradation of the perovskite layer. Wang et al.[79] produced
an IL poly(1-vinyl-3-ethyl-acetate) imidazole tetrafluoroborate
(PEa poly-RTMS) to improve the stability and efficiency of
PSCs. The existence of PEa poly-RTMS not only passivated
Pb2þ defects in the perovskite film through the abundant
C¼O groups with strong bonding affinity, but also added to
the perovskite film hydrophobicity and strong resistance under
high temperature and continuous light illumination (Figure 5d,
e). In contract to the ILs RTMS, PEa poly-RTMS formed by poly-
merization of ILs contains the repeating units with the C¼O
groups passivating the Pb2þ defects and multiple anchor points
through the chemical interaction possess strong bonding stabil-
ity. Moreover, PEa poly-RTMS with the high decomposition tem-
perature of 347 °C compared to IL RTMS and higher
hydrophobicity from the polymer chain skeleton enhance the
device stability. As a result, the PEa poly-RTMS-treated PSCs dis-
played a high PCE of 21.4% and a long-term operational stability
that remained more than 92% of its initial efficiency after 1200 h
at 70�75 °C. Taking the advantage of formation of chemical
interaction in the multiple repeating units, the PILs [poly-1,3-
bis(4-ethylbenzyl)-imidazolium chloride (PIL-[bebim]Cl)],[54]

[poly-1-vinyl benzyl-triethylammonium chloride (PIL-Am)], and

Table 3. Summary of the photovoltaic parameters of stable ILs-treated PSCs through chemistry interaction.

ILs Device structure PCE [%] Stability References

RATZ ITO/TiO2/MA/RATZ)/spiro-OMeTAD/Au 20.03 3500 h, 40� 5% RH, 80% of PCE
50 h, 80� 5% RH, 80% of PCE

[22]

MPIB ITO/PEDOT:PSS/MPIB-perovskite/PC61BM/BCP/Ag 18.22 150 h, 40–60%, RT, 78% of PCE 30min, 85 °C, 97% of PCE [74]

IL with CC2 FTO/c-TiO2/meso-TiO2/MAPbI3/spiro-OMeTAD/Au 19.21 460 h, Ar, constant illumination of 100 mW cm�2, 55% of PCE [75]

EMImBF4 FTO/NiO/PVK/EMImBF4/PCBM/BCP/Ag 19.00 30 days, 25 °C, 20% RH, 90% of PCE [76]

BAAc FTO/PEDOT:PSS/FASnI3/C60/BCP/Ag 10.40 1000 h, N2, 96% of PCE
400 h, 85 °C, 80% of PCE

[80]

MAþDFA� (ITO)/CPTA/(FA)0.15(MA)0.85PbI2.55Br0.45/Spiro-OMeTAD/MoOx/Ag 21.46 180 days, N2, RT, 85% of PCE
120 h, 85 °C, 87.9% of PCE

[81]

BMIBr FTO/TiO2/MAPbI3/spiro-OMeTAD/Au 10.55 20min, 85 °C, 85% of PCE [82]

BMIMBF4 FTO/NiO/(FA0.83MA0.17)0.95Cs0.05Pb(I0.9Br0.1)3/spiro-OMeTAD/Au 19.80 100 h, 60–65 °C, 86% of PCE [27]

poly-RTMS ITO/NiOx/poly-RTMS-FAMACs/PCBM/BCP/Cr/Au 21.47 5000 h, RT, 35� 5% RH, 94% of PCE
1200 h, 70–75 °C, 40� 5% RH, 92% of PCE

[79]
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[poly-1-vinyl benzyl-3-methylimidazole chloride (PIL-Im)][78]

have been also employed to improve device stability. These
PILs that combine the advantage of polymers and ILs include
the structural designability, excellent chemical durability and
thermal stability, which adds to the polymerizable ILs or PILs
the potential of prolonging the service life of the device.

4. Summary and Prospects

The unfavorable stability of the PSCs stands as an important
problem to be overcome en route to commercialization of
PSCs. As one of the strategies to overcome this challenge, ILs
as functional materials are introduced into PSCs and effectively
improve the stability of the devices. In this review, we focus on
the analysis of the reasons for the instability of each individual
part of the device and the degradation of the device based on both

external and intrinsic factors. For the perovskite layer, we mainly
concentrate on the discussion of the decomposition mechanism
and processes of MA-based, FA-based, and all-inorganic-based
perovskite films under different factors. Moreover, a deep under-
standing on the device degradation caused by the instability of
transport layer materials and electrode materials is summarized.
According to the causes of these instabilities, we also summarize
the strategies for improving the stability of the devices by ILs,
including the effects of increased hydrophobicity, defect reduc-
tion, and chemistry interaction. Specifically, we note that hydro-
phobic groups with the fluorocarbon groups, polymer chain, and
long alkyl chains based on imidazole groups are introduced by
chemically specially designed ILs, which effectively enhances the
resistance of perovskite devices to humidity to inhibit the pene-
tration of water in the PSCs. Another strategy is defect reduction
by adding ILs into devices, which can control the sensitivity of the
device to the external environment and contribute to the delayed

Figure 5. a) Schematic diagram of IL n-butylammonium acetate (BAAc)-assisted crystallization kinetics of Sn-based perovskite films. b) High-resolution
X-ray photoelectron spectroscopy (XPS) spectra of Sn 3d for reference film and IL BAAc-treated films. Reproduced under the terms of the Creative
Commons CC-BY license.[80] Copyright 2021, The Authors. Published by Wiley-VCH. c) Schematic diagram of the interactions between MAþDFA�

and perovskites. Reproduced with permission.[81] Copyright 2020, Wiley-VCH. d) Chemical structure analysis and design of IL and poly(ionic liquid)
(PIL). e) Schematic diagram of the interactions between PIL and perovskites. Reproduced with permission.[79] Copyright 2020, The Royal Society of
Chemistry.
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degradation of the device. The designed ILs generally are
employed through additive engineering and interface modifica-
tion engineering for grain boundaries and interfaces defects.
Moreover, introducing chemical interaction between the ILs
and the perovskite is an effective strategy to improving the sta-
bility of the devices. Even though several remarkable achieve-
ments of applications have been reported, the mechanism of
the improved stability of PSCs with ILs remains unclear.
Therefore, we summarize the challenges and prospects as fol-
lows. The design and selection of ILs need to be further explored,
and the effect on stability of PSCs based on the structure of ILs
needs to be explicated. An in-depth understanding of the specific
chemical interaction between the designed ILs and the perovskite
for anchoring the organic and inorganic ions in perovskite can
effectively promote the device stability. Therefore, selecting the
appropriate ILs based on their structure for perovskite devices is
promising to extend the operational lifetime of the devices. The
intermediate phase produced by the interaction between the ILs
and the perovskite requires further consideration, which
will generate the complex effects on crystallization and
stability of the perovskite films. Furthermore, the mechanism
of the influence of different anions and cations in the ILs on
the temporary phase needs to be researched. At present, most
of the preparation processes of high-stability PSCs based on
ILs are spin coating, while blade-coating and large-scale
roll-to-roll technologies are rarely explored.

After addressing these issues, we believe that the ILs hold a
great potential for obtaining highly efficient, stable PSCs.
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