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1. Introduction

With the rapid growth of the world�s energy demand, the
traditional fossil energy is increasingly unable to meet our
energy needs and especially not in terms of clean, adequate,
efficient, and safe energy solutions. Solar energy, inexhaus-
tible and clean without any pollution has become one of the
most potential avenues of new energy. The solar cell is
a photoelectric device which can directly convert solar energy
into electric energy, and offers the advantages of high light
absorbing capacity, long cycle life, and low maintenance
requirements. Since the first silicon single-crystal p–n junction
solar cell was published by Bell Telephone Laboratories in
1954,[1] the study of solar cells has exponentially increased
over half a century moving from crystalline silicon solar cells
to inorganic thin-film solar cells and dye-sensitized/polymer
solar cells.[2] Recently, a new generation of thin-film photo-
voltaic cells based on hybrid organic–inorganic metal halide
perovskite absorbers has emerged. This new generation
exhibits high efficiencies, exceeding 20 % in 2015[3] and 22%
in 2016,[4] surpassing by a large margin the organic photo-
voltaics and rivaling established photovoltaic technologies
based on Si, CdTe, CuInGaSe, and GaAs.

Perovskites are solids with an ABX3 composition in which
X is an anion and A and B are cations of different sizes
(A being larger than B, e.g., A = CH3NH3

+, CH(NH2)2
+, Cs+;

B = Pb2+, Sn2+; X = Cl� , Br� , I�).[5] The B and X ions form
MX6

4� octahedra. The A cation is located in the cavity
between the four MX6

4� octahedra and is surrounded by 12
nearest neighbors. Their crystallographic stability and prob-
able structure is preliminarily deduced by a tolerance factor
t and an octahedral factor m.[6] The t can be expressed as t =

(rA + rX)/[
ffiffiffi

2
p

(rB + rX)] and m is defined as the ratio of rB/rX,
where rA, rB, and rX are the radius of cations A, metals ions B,
and anions X, respectively.[7] For halide perovskites (X = F,
Cl, Br, I), 0.81< t< 1.11 and 0.44< m< 0.90 are generally
required for a stable perovskite structure. If t lies in the
narrower range 0.89–1.0, the cubic structure is more possible,
while lower t values give less-symmetric tetragonal or
orthorhombic structures. The m value usually determines the
stability of the octahedral phase and thus the stability of the
perovskite structure. Currently, the t and m values of the most
widely used perovskite CH3NH3PbI3 are 0.834 and 0.541,

respectively (rA = 180 pm, rB = 119 pm, rX = 220 pm). By
entirely or partly introducing ions with different sizes, the
t and m values can be adjusted and thus a more stable crystal
structure could be obtained. The ionic radius is not the only
factor that has an effect on the perovskite crystal phase,
temperature has a great influence on whether a perovskite
will form. Taking CH3NH3PbI3 as an example, the orthogonal
phase dominates at low temperature while the tetragonal and
cubic phases dominate at temperatures higher than 162 K and
330 K, respectively.[8, 9]

The development of perovskite solar cells has focused on
two important issues with respect to practical applications.
One is photoelectric conversion efficiency (PCE) and the
other is stability.[10, 11] The PCE has been increased from less
than 4% to over 22.1 % in just a few years[4, 12] through device
engineering and materials design based on the desired
optoelectronic properties, for example, broad spectral absorp-
tion,[5] high charge carrier mobility,[13] small exciton binding
energy (ca. 50 meV),[14] and long exciton diffusion length.[15,16]

The PCEs of perovskite solar cells are now competitive with
those of traditional crystalline solar cells, thus concern has
recently turned to the long-term operational stability of
perovskite solar cells with exposure to prolonged humidity,
heat, light, and oxygen. To be marketable within the industry,
perovskite solar cells must be able to operate continuously for
close to 25 years in outdoor conditions.[17] More research has
been done on the long-term stability, with increased recog-
nition of instability of the component materials under
humidity, heat, light, and oxygen,[18–25] as shown in
Scheme 1. Perovskite materials most often suffer from
a rapid degradation upon exposure to humidity.[9, 26–28] This
process also appears to be accelerated by heat. The possible
mechanisms of decomposition in moisture may be as follows
[Eq. (1)–(4)]:[29]
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In recent years, organometal trihalide perovskites have emerged as
promising materials for low-cost, flexible, and highly efficient solar
cells. Despite their processing advantages, before the technology can be
commercialized the poor stability of the organic–inorganic hybrid
perovskite materials with regard to humidity, heat, light, and oxygen
has be to overcome. Herein, we distill the current state-of-the-art and
highlight recent advances in improving the chemical stability of
perovskite materials by substitution of the A-cation and X-anion. Our
hope is to pave the way for the rational design of perovskite materials
to realize perovskite solar cells with unprecedented improvement in
stability.
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CH3NH3PbI3ðsÞ
H2O
��! �� PbI2ðsÞ þ CH3NH3Iðaq:Þ ð1Þ

CH3NH3Iðaq:Þ ! CH3NH2ðaq:Þ þHIðaq:Þ ð2Þ

4 HIðaq:Þ þO2
! 2 I2ðsÞ þ 2 H2OðlÞ ð3Þ

2 HIðaq:Þ
hn
�! � H2ðgÞ þ I2ðsÞ ð4Þ

Interestingly, Walsh et al. demonstrated a novel idea that
trace amounts of water in a closed system caused the hybrid
perovskite to partially decompose.[30] In their theory, H2O is
regarded as a Lewis base. Once the perovskite is exposed to
water, the proton of ammonium in CH3NH3PbI3 will
coordinate with H2O to an intermediate
[(CH3NH3

+)n�1(CH3NH2)nPbI3][H3O]. Then the intermediate
will continue to decompose into HI, CH3NH2, and solid PbI2.

In addition, at temperatures higher than 150 8C, the
perovskite readily decomposes due in an endothermic
reaction into its components PbI2, CH3NH2, and HI.[9,31–34]

The decomposition reaction of the perovskite is the reverse
reaction of perovskite formation, [Eq. (5),(6)]:

PbI2 þ CH3NH3I ! CH3NH3PbI3 ð5Þ

CH3NH3PbI3

D! PbI2 þ CH3NH2 þHI ð6Þ

While the instability caused by humidity and heat are
commonly observed in a wide range of hybrid perovskites, the
current class of hybrid perovskites faces another challenge:
they are unstable to light illumination.[35–39] The possible
mechanism of decomposition on exposure to light is as follows
[Eq. (7)–(10)]:

CH3NH3PbI3

hn
�! � PbI2 þ CH3NH2 " þHI " ð7Þ

2 I�
hn
�! � I2 þ 2 e�

ðat the interface between TiO2 and MAPbI3Þ
ð8Þ

3 CH3NH3
þ hn
�! � 3 CH3NH2 " þ3 Hþ ð9Þ

I� þ I2 þ 3 Hþ þ 2 e� ! 3 HI " ð10Þ

On exposure to light, TiO2 as an electron transport layer,
can extract electrons from I� , oxidizing I� to iodine and the
perovskite crystal structure is deconstructed. At the same
time, methylammonium ion loses a proton, resulting in
methylamine gas. Finally, iodine acquires electrons and
combines with protons to generate HI gas.

Moreover, when exposed to both light and dry air the
CH3NH3PbI3 photoactive layers could rapidly decompose
into a Al2O3 mesoporous structure yielding CH3NH2, PbI2,
and I2 as products.[40,41] Since the methylammonium compo-
nent in CH3NH3PbI3 has acidic protons, the degradation is
initiated by the reaction of superoxide (O2

�) with the
methylammonium moiety of the perovskite absorber. The
possible mechanism of decomposition by light is as follows
[Eq. (11)–(13)]:

CH3NH3PbI3
Light, no moisture
���������! CH3NH3PbI3* ð11Þ

O2
MAPbI3*
�����! O2*� ð12Þ

CH3NH3PbI3 þO2*� Deprotonation
�������! MeNH2 þ PbI2 þ 1=2I2 þH2O

ð13Þ

The degradation of the Al2O3/CH3NH3PbI3 sample in
a moisture-free environment can be accounted for by the
generation of superoxide through electron transfer from the
photoexcited perovskite phase to molecular oxygen. The
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Scheme 1. The decomposition route of perovskite materials under
A) humidity, B) heat, C) light, and D) oxygen.
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deprotonation of the methylammonium cation ultimately
leads to the formation of CH3NH2, PbI2, I2, and H2O. Further,
the resulting water could then participate in further degrada-
tion pathways as shown above.

The above discussion leaves no question that moisture is
a critical cause of instability of perovskite materials in devices.
This extreme vulnerability to moisture has spurred efforts to
make the top charge-transporting layer of the device the first
line of defense against moisture ingress. We can differentiate
between several approaches: the employment of a thin
blocking layer between the perovskite and the hole- or
electron-transporting material, [27, 42–48] the use of hydrophobic
polymer or metal oxide hole- and electron-transporting
layers,[49–72] the use of hydrophobic carbon electrodes,[73–79]

and some others special methods.[80–88] The approaches
significantly improve the stability of perovskite solar cells
by device engineering. However, these require careful design
of charge-transporting materials and the light- and heat-
induced instability issues remain. Recently, more research
focuses on the modification of perovskite materials to
improve the stability of perovskites themselves since a small
lattice expansion or distortion will cause a symmetry change
that will give structural stability to the material. In addition,
the device performance can
also be simultaneously
improved.

Herein, we focus on
recent advances to improve
the chemical stability of
perovskite materials
through substitution of the
A-cation and X-anion. The
aim is to open new perspec-
tives for the rational design
of perovskite materials to
create perovskite solar cells
with unprecedented stabil-
ity. We hope this approach
will help the reader under-
stand the issues of substitu-
tion of the A-cation and X-
anion which affect the sta-
bility of perovskite solar

cells. We believe our insights will provide useful information
to the community for the development of reasonably stable
and high-PCE perovskite solar cells for outdoor applications
in the near future.

2. Effect of the A Cation and Its Substitution on
Stability

The A cation (e.g., CH3NH3
+(MA+), CH(NH2)2

+(FA+),
Cs+) occupies the central position of the 3D perovskite
structure which is a key part of the perovskite that determines
its structure and dimensionality. It has a direct influence on
the stability and opto-electronic properties of the material. To
effectively substitute the A cation and keep or improve the
device performance, we will to work within the constraint that
the cavity between four vertex sharing BX6 octahedra only
permits, with respect to a tolerance factor, the incorporation
of cations with similar radii to the original cation into the 3D
perovskite structure. The aim of substituting the A cation is to
obtain a more-stable cubic phase and the appropriate
dynamic position of the conduction band of the perovskite
films, which plays a major role in improving the stability.[89]

However, to date only a restricted range of cations were
investigated and shown to give stable and evenly distorted 3D
perovskite structure (Scheme 2).

2.1. Effect of the FA Cation

The most investigated organic cation counterpart for the
substitution of the MA+ ion has been the FA+ ion, which gives
rise to a t value of 0.88, higher than the t value of 0.83 for
MAPbI3.

[90] Baikie and Mathews et al. reported FAPbI3

perovskite for the first time.[91] FAPbI3 perovskite has a similar
crystal structure to MAPbI3 (Figure 1A). Moreover, com-
pared to MA+, FA+ has a relatively large radius and was
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Scheme 2. Effect of cations and their substitutions on the stability of perovskite materials.
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confirmed to form a 3D perovskite with a lower band gap of
about 1.47 eV.[91–93] The organic cation was considered to not
take part in determining the band structure, but works to
fulfill charge neutrality within the lattice.[94] However, its size
is vital. The size of the organic cation can cause the entire
network to enlarge or be compressed. Therefore, both the
stability and performance could be expected to improve
simultaneously. Park et al. demonstrated FAPbI3 perovskite
has a good thermal stability at a temperature of 150 8C for
25 min.[95] Zhao et al. also showed a good thermal stability of
the FAPbI3 perovskite at 160 8C for 80 minutes[96] from a new
precursor of HPbI3 to replace PbI2 for synthesis of FAPbI3.
Using a chemical vapor deposition method to fabricate
FAPbI3 and MAPbI3 thin films, the FAPbI3 is more stable
than the MAPbI3 at 120 8C in air with relative humidity 50 %.
The MAPbI3 thin film decomposed substantially in 17 h while,
under the same conditions, FAPbI3 maintained a similar color
to the pristine sample (Figure 1B).[97] The improvement of
thermal stability may be attributed to the more-stable cubic
phase of FAPbI3 compared to tetragonal phase of MAPbI3.

Moreover, Seok et al. demonstrated FA+ can also protect Sn2+

from oxidation to Sn4+ and showed that FASnI3 did not
exhibit an efficiency loss when encapsulated and stored in the
dark under a relative humidity about 25 % and temperature
about 25 8C for more than 100 days.[98] The thermal stability of
completely FA+ substituted perovskite was also enhanced in
oxygen. Jin et al. compared the thermal degradation of
MAPbI3 and FAPbI3 in nitrogen and oxygen, respectively
(Figure 1C), and suggested that FAPbI3 is the more thermally
stable in nitrogen and oxygen.[99] Beyond electrostatics, in
fact, the interaction between the A cations and the halides in
the perovskite structure mainly occur through hydrogen
bonding between the acidic MA or FA hydrogen atoms and
the perovskite iodides. Furthermore, regardless of the cation
size, the tetragonal-to-quasi cubic structural evolution when
moving from MA+ to FA+ is due to enhanced hydrogen
bonding to the inorganic matrix and thus alters the covalent/
ionic character of Pb�I bonds.[92] Therefore, the greater
thermal stability of FAPbI3 in nitrogen and oxygen may
originate from the enhanced hydrogen bonding between FA+

Figure 1. A) Perovskite structure. B) The color change of perovskite made by MAI and FAI under 120 8C in air with relative humidity 50 %.[97]

C) TGA curves of MAPbI3 and FAPbI3 in nitrogen or oxygen. D),H),F), and J) light absorbance value for MAPbBr3, MAPbI3, FAPbI3, and FAPbBr3

on TiO2 substrate under UV/Vis illumination for 24 h; E),G),I), and K) XRD patterns for MAPbBr3, MAPbI3, FAPbI3, and FAPbBr3 on TiO2 substrate
before and after UV/Vis illumination for 24 h.[104]
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and I� since the FA+ has a higher propensity to form hydrogen
bonds.[92, 100] This propensity may be due to the statistically
enhanced probability of forming hydrogen bonds because of
the increased number of protons in FA+ than in MA+.
Moreover, replacing MA with FA can reduce the extent of Sn
oxidation in FASnI3 perovskite because FA forms a stronger
hydrogen bond with H2O, leading to a partial expansion of the
perovskite network.[101]

The light stability in humidity of FAPbI3 is also improved
compared to MAPbI3.

[102] The main mechanism of the poor
light stability of MAPbI3 is that MA+ will release protons
under light illumination, which makes the protons and the I�

combine to generate HI.[27,38] For FAPbI3, the main reason for
the stability under light illumination is that it is difficult for
FA+ to release protons. This is mainly because the FA+ is
stabilized by the resonance characteristics of the C�N
bonds.[100, 103] Ito and co-workers investigated perovskite
light stability under UV/Vis light illumination for 24 h
(Figure 1D–K). The light absorbance of FAPbI3 and
FAPbBr3 can remain stable under light illumination for 8 h

while light absorbance dropped quickly after light illumina-
tion for MAPbI3 and MAPbBr3.

[104] The corresponding XRD
patterns and inserted photos also match well with the
absorption.[103]

Etgar and co-workers[105] described a much more stable
perovskite in which there was partial substitution of FA+ by
MA+. MAPbI3 and FAPbI3 perovskite both actually showed
very poor thermal stability in hole-conductor-free perovskite
solar cells. A MAPbI3 perovskite thin film with the best
surface coverage is formed when the annealing temperature is
100 8C (Figures 2A,D,G). However, at a temperature of
175 8C, the film changed to a honeycombed structure and
the surface coverage is worse while at a temperature of 230 8C
it becomes yellow, which suggests MAPbI3 gradually decom-
poses into PbI2, indicating a serious thermal instability. The
mixed perovskite with partial substitution of MA+ by FA+

showed no significant change in surface coverage under
annealing temperatures of 100 8C, 175 8C, and 230 8C, indicat-
ing that the partial substitution of MA+ is a way to improve
perovskite thermal stability (Figure 2B,E,H). However, it is

Figure 2. SEM images of perovskite thin films prepared at different annealing temperatures. A),D), and G) MAPbI3 annealing at 100 8C, 175 8C,
and 230 8C; B),E), and H) MAPbI3/FAPbI3 in 1:1 annealing at 100 8C, 175 8C, and 230 8C; C),F), and I) FAPbI3 annealing at 100 8C, 175 8C, and
230 8C. J) FAPbI3 and MAPbI3 on substrates, prepared at different annealing temperatures.[105] K) The transformation of FAPbI3 with different
crystal phases. XRD curves of yellow phase of FAPbI3 (L) and FAPbI3 with 15% MAI (M). Red line is the theoretical XRD curve.[100]
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clear that the surface coverage of the FAPbI3 perovskite
changes little with gradually increasing the temperature from
100 8C to 175 8C and 230 8C, showing a much better stability
than MAPbI3 (Figure 2C,F,I). Although with further increas-
ing the temperature to 290 8C the FAPbI3 perovskite decom-
poses into yellow PbI2 (Figure 2 J), however, FAPbI3 is more
stable than the MAPbI3 perovskite, which may totally lose
activity at 260 8C. Moreover, it is also beneficial to form
a FAPbI3 crystal with an a phase at low temperature with the
partial substitution of FA+ by MA+. The transformation of
FAPbI3 with different crystal phases is presented in Fig-
ure 2K. The XRD curve of FAPbI3 matches well with
theoretical pattern of yellow and black FAPbI3 (Fig-
ure 2L,M), but the perovskite can be stabilized with 15%
CH3NH3I(MAI).[100] This change may be achieved by enhanc-
ing the I–H hydrogen bond between the cations and inorganic
ligands, or by enhancing the Madelung energy of the
structure, which improved the decomposed energy of this
perovskite crystal.[106,107]

2.2. Effect of Cs Cations

Cesium lead halides (e.g., CsPbI3) perovskite solar cells
have recently been intensively investigated as a result of the
appropriate ionic radius of Cs+ for the perovskite 3D
structure and resulting improved stability. Snaith et al. first
demonstrated that cubic CsPbI3 perovskite can be formed
over 310 8C and it is very stable at low temperature for
200 days when it�s stored in inert air, indicating it is
a significantly more thermally stable material.[108] Moreover,
a much more stable perovskite material CsPbI2Br was
fabricated by partial substitution of I� in CsPbI3 with Br� .
Snaith et al. compared the stability of CsPbI2Br and MAP-
bI2Br for 300 mins under heating at 85 8C in relative humidity
of 20–25%, as depicted in Figure 3. A dramatically decreased
absorption value indicates MAPbI2Br is not stable when
heating at 85 8C in relative humidity of 20–25 % (Fig-
ure 3A).[109] However, CsPbI2Br is stable showing no change
in absorption under same conditions (Figure 3 B). The XRD
patterns also confirmed this (Figure 3C,D) with CsPbI2Br

Figure 3. Absorbance of MAPbI2Br (A) and CsPbI2Br (B) heated at 85 8C for different times in a relative humidity of 20–25%. Inset: The
normalized absorbance value at 670 nm for MAPbI2Br and at 627 nm for CsPbI2Br. XRD patterns for CsPbI2Br (C) and MAPbI2Br (D) after heating
at 85 8C in relative humidity of 20–25% for 270 min.[109] Absorbance of CsPbI2Br (E) and MAPbI2Br (F) heated for different times at 180 8C.[111]

G) Stability in current density of MAPbBr3 and CsPbBr3 solar cells under 100 mWcm�2 AM 1.5 illumination. H) Stability in efficiency of MAPbBr3

and CsPbBr3 solar cells exposed into ambient air under relative humidity of 60%–70%. I) TGA curves of MAPbBr3, CsPbBr3, and their
components.[112]
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showing little change while a new peak of PbI2 appeared in
MAPbI2Br curves accompanied by weaker perovskite dif-
fraction. Similar work has been conducted by McGehee et al.
and Huang et al. with similar results, further confirming the
stability of CsPbI2Br and CsPbIBr2 Perovskite, respec-
tively.[110, 111] As shown in Figure 3E,F, the absorbance value
dropped for MAPbI2Br but was stable for CsPbI2Br after
heating at 180 8C for 30 mins. Moreover, the total substitution
of I� by Br� (CsPbBr3) can further improve the stability of the
perovskite and its related perovskite solar cells under full light
illumination (Figure 3G) and exposure to ambient air under
relative humidity of 60 %–70% (Figure 3H). The main reason
for the enhanced stability is the more thermally stable
component CsBr (Figure 3I). The decomposition of
MAPbBr3 was dominated by two steps: the first step onset
at around 220 8C corresponds to the loss of MABr; the second
step onset at about 450 8C corresponds to the loss of PbBr2.
However, from the TGA analysis (Figure 3I), the CsBr has
a higher decomposition temperature than PbBr2, and much
higher than MABr, which inversely contributes to the
improvement of CsPbBr3.

[112]

The t value is an empirical index for predicting stable
crystal structures of perovskite materials. The t value of Cs+

incorporated FA1�xCsxPbI3 perovskite was systematically
investigated by Zhu and co-workers.[113] They found that this
perovskite FA0.85Cs0.15PbI3 with 15 % Cs+ incorporation has
a t value of 0.9 with a cubic and a phase. FAPbI3 and
FA0.85Cs0.15PbI3 thin films were exposed to a humid environ-
ment for 18 days, the absorbance value of FAPbI3 thin films
decreased very fast while that of FA0.85Cs0.15PbI3 thin films
remained stable (Figures 4 A,B). Accordingly, the perfor-
mance of FA0.85Cs0.15PbI3 and FAPbI3 perovskite solar cells
follows similar trends as the absorbance spectra under the
same conditions (Figure 4C,D). The PCE of the
FA0.85Cs0.15PbI3 solar cell showed almost no change while
that of FAPbI3 decreased to about half the initial value when
exposed to humid air for 400 h (Figure 4E). From Figure 4F,
the improved stability of the FA0.85Cs0.15PbI3 perovskite can
clearly be seen.[114] Moreover, Gr�tzel et al. found that a 20%
incorporation of Cs+ to give the FA0.8Cs0.2PbI2.84Br0.16 per-
ovskite can also improve the stability compared to FAPbI3

perovskite on exposure to a humid environment in 1000 h
(Figure 4G).[113]

Figure 4. Absorbance of FAPbI3 (A) and FA0.85Cs0.15PbI3 (B) thin films exposed to the air. J–V curves of devices based on FAPbI3 (C) and
FA0.85Cs0.15PbI3 (D) thin films exposed to the air for 15 days. E) Normalized PCE of FAPbI3 and FA0.85Cs0.15PbI3 based devices in humid
conditions.[114] F) Stability of FAPbI3 and FA0.8Cs0.2PbI2.84Br0.16 exposed into humid air for 1000 h. G) Comparison of degradation of FAPbI3 and
FA0.85Cs0.15PbI3 in humid conditions for 4 h.[113]
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Recently, a partial substitution of FA+ by Cs+ in FAPbI3

perovskite was found to substantially improve photo- and
moisture stability along with photovoltaic performance.
When FAPbI3 is doped with different levels of Cs+, the
FAPbI3 crystal phase will be different and there will be
changes in the absorption and XRD patterns (Figures 5A,B).
When 10 % of FA+ is replaced by Cs+, the stability of the
perovskite thin films under light illumination and moisture
are significantly improved. FAPbI3 and FA0.9Cs0.1PbI3 gave
similar absorptions for the first 8 h of illumination monitored
at 630 nm under the light illumination in 100 mW cm�2,

however, the absorption of FAPbI3 decreased rapidly while
the absorption value of FA0.9Cs0.1PbI3 decreased more slowly
than that of FAPbI3 with further illumination (Figure 5C).
Moreover, the absorption of FAPbI3 decreased dramatically
compared to that of FA0.9Cs0.1PbI3 in a relative humidity of
85% The improved stability of the FA0.9Cs0.1PbI3 perovskite is
attributed to the enhanced interaction between FA+ and I�

due to the contraction of the cubo-octahedral cavity by
incorporation of Cs+. Moreover, in a humid environment
FAPbI3 is easily to converted from the black phase to the
yellow phase or there is an accelerate dissociation of FA+ to
ammonia and sym-triazine[9] whereas FA0.9Cs0.1PbI3 is
expected to be more stable because incorporation of 10%
Cs stabilizes the black FAPbI3 phase at relatively low
temperature and Cs+ hardly undergoes such a dissociation.
They have also investigated the stability of non-encapsulated

FAPbI3 and FA0.9Cs0.1PbI3 perovskites under light illumina-
tion (100 mWcm�2) and ambient conditions (RH< 40%) for
30 min, the normalized PCE of FA0.9Cs0.1PbI3 perovskite
decreased 70 % whereas the pristine perovskite decreased
80% (Figure 5D). Furthermore, trap density is reduced by
one order of magnitude upon incorporation of Cs+, which is
responsible for the increased open-circuit voltage and fill
factor, eventually leading to enhancement of average PCE
from 14.9 % to 16.5%.[102]

Moreover, the effect on stability of the presence of Cs+ in
triple cation perovskite Csx(MA0.17FA0.83)(100�x)Pb(I0.83Br0.17)3

(abbreviated as CsxM) has been
systematically investigated by Gr�t-
zel et al., and found that this triple
cation perovskite is more stable
under high temperature and illumi-
nation.[115] The perovskite without
Cs+ [(MA0.17FA0.83)Pb(I0.83Br0.17)3] is
not stable in dry air at 130 8C for 3 h
and develops a very faded film
surface and reduced light absorb-
ance (Figure 6A), however, incor-
poration of 10 % Cs+ into the per-
ovskite can remarkably improve its
thermal stability (Figure 6B).
Moreover, perovskite containing
10 % Cs+ without annealing has
similar XRD diffraction peaks to
the annealed perovskite and its
surface color and absorbance
value is similar to the annealed
perovskite (Figure 6C). Interest-
ingly a perovskite crystal without
Cs+ doping cannot be formed by
spin coating at 18 8C in spite of
being annealed at 100 8C, whereas
after doping with 10 % of Cs a per-
ovskite crystal can be formed at the
same low temperature (Figure 6D),
indicating Cs+ has a significant
effect on the transformation of the
perovskite form the d phase to the
a phase. Moreover, the Cs+ doped

device is stable for over 250 h at room temperature under
constant illumination while for the device without Cs+ doping
the PCE decreased dramatically (Figure 6E). Surprisingly,
the device with 5% Cs+ doping has a stable PCE of 21.1 %,[115]

which is the current record (Figure 6F).

2.3. Substitutions of Aliphatic or Aromatic Alkylammonium
Cations

MA+, FA+, and Cs+ are widely investigated cations to
substitute each other in 3D perovskite structures owing to
their suitable radius in the range of t. If the small MA+, FA+,
or Cs+ is replaced by a much larger organic primary
ammonium cation, the 3D perovskite would move to a 2D
layered structure as a result of steric effects. Very recently,

Figure 5. A) Absorbance at 630 nm with different Cs contents. B) XRD patterns of perovskite
FA1�xCsxPbI3 with different Cs contents. C) Normalized absorbance at 630 nm for FAPbI3 (red solid
circle) and FA0.9Cs0.1PbI3 (blue square) under illumination (100 mWcm�2) and relative humidity 85%.
D) Decreased of the normalized PCE for FAPbI3 (red solid circle) and FA0.9Cs0.1PbI3 (blue square)
during illumination (100 mWcm�2) under relative humidity of 85%.[102]
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layered perovskites have attracted much attention owing to
their moisture stability. 2D perovskites with layered structure
are conceptually derived from the 3D AMX3 perovskite
structure, in which the A and X ions within the planes would
be cut into halves. The general formula is (A)2(MA)n�1MX3n+1

(n is an integer), where A is a primary aliphatic or aromatic
alkylammonium cation, M is a divalent metal ions, and X is
a halide anion. They are analogous to the simplest inorganic
Ruddlesden–Popper phase of the K2NiF4 crystal.[116] The large
alkylammonium cations are inserted between interdigitated
bilayers and confined by inorganic layers of corner-sharing
[MX6]

4� octahedra.[117] To maintain the structural integrity,
the layers are stacked together by a combination of Coulom-
bic and hydrophobic forces.

Karunadasa et al. for the first time demonstrated a 2D
layered perovskite (PEA)2(MA)2[Pb3I10] by integrating
C6H5(CH2)2NH3

+ (PEA+) into a 3D MAPbI3 perovskite.[118]

The crystal structures of MAPbI3 and (PEA)2(MA)2[Pb3I10]
are shown in Figure 7A. High-quality (PEA)2(MA)2[Pb3I10]
films can easily be achieved and high-temperature annealing
is not required for device fabrication. To compare their
moisture stability, three perovskite films
[(PEA)2(MA)2[Pb3I10], MAPbI3 from a precursor solution
of PbI2 and MAI in 1:1, and MAPbI3 film from a precursor
solution of PbCl2 and MAI in 1:3 have been exposed to 52%
relative humidity. After exposure to humidity for 46 days, the
(PEA)2(MA)2[Pb3I10] perovskite film gave the same XRD

pattern as before the exposure (Figure 7B), suggesting a good
stability to moisture. The MAPbI3 perovskite films, however,
showed a new diffraction peak of PbI2 in just 4 days, which
gradually got much stronger (Figures 7C,D). The comparison
of absorption between MAPbI3 and (PEA)2(MA)2[Pb3I10] can
further confirm the improvement of stability (Figure 7E,F).
The property of enhanced moisture stability in this structure
may be attributed to the layers preventing the intrusion of
water molecules. However, decreasing the dimensionality of
the inorganic components from the 3D structure causes an
increase in the band gap to an estimated value of approx-
imately 2.1 eV for (PEA)2(MA)2[Pb3I10], leading to lower
device performance (4.73 %; Figure 7G).

Sargent et al. systematically investigated PEA-based
layered perovskite structures by continuously tuning the
dimensionality of metal halide perovskite compounds by
mixing stoichiometric quantities of PbI2, MAI, and PEAI to
yield compounds with different layer (n) values in the series
PEA2(MA)n�1PbnI3 n+1 with n = 6, 10, 40, 60, and1, where n =

1 corresponds to the cubic 3D perovskite (MAPbI3) and
other n values describe 2D (n = 1) or quasi-2D (n> 1)
perovskite structures (Figure 8A).[119] An energy of 0.36 eV
is required to remove PEAI from the layered perovskite
structure, which is higher than that for MAI. This change
significantly reduced the desorption rate by six orders of
magnitude and slowed film decomposition 1000-fold. The
material stability was investigated as a function of dimen-

Figure 6. A),B) UV/Vis absorption of Cs0M and Cs10M thin films annealed at 130 8C in dry air for 3 h, and the change of their corresponding
images. C) Absorption curves and images of no annealed Cs0M thin film (red line), and Cs10M thin film (black line). Insert: XRD patterns for
Cs0M (red line) and Cs10M (black line). D) No perovskite phase formed in UV/Vis curve for Cs0M in spin coating at 18 8C (red line). But a clearly
perovskite phase formed for Cs0M spin coating at 25 8C (dashed line) and Cs10M spin coating at 18 8C (black line). The insert images are their thin
films annealed at 100 8C for Cs0M spin coating at 18 8C (red), 25 8C (black) or for Cs10M spin coating at 18 8C (black). E) J–V curves of Cs5M
perovskite solar cell under forward and reserve scan. The inset shows the maximum power point tracking for 60 s in forward scan. F) The
maximum power point of perovskite solar cells based on Cs5M (red curve, circles) and Cs0M (black curve, squares) in a nitrogen atmosphere at
room temperature and constant light illumination for 250 h.[115]
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sionality, by absorption, XRD, and transient photolumines-
cence (PL) decay (Figure 8 B,C,D). After two months, the
absorbance of 3D perovskite films at wavelengths longer than
500 nm is significantly suppressed and a new peak at 12.428 of
PbI2 emerges in the XRD pattern for 3D perovskite films
while the quasi-2D perovskites (n = 10, 40, 60) exhibit
significantly improved stability with no or only slight variation
in the absorbance and only a very weak PbI2 reflection
appears in the n = 60 and n = 40 perovskite films, indicating
a significant improvement of stability compared to 3D
perovskite. Their PL decay measurements provide further
support of enhanced stability for quasi-2D perovskites.
Dramatic changes are observed in the PL decay traces for
the 3D perovskite after 10 days storage in air whereas there
was no observable variation in the charge-carrier lifetime of
quasi-2D (n = 40, 60) perovskites. Moreover, the device
stability was also remarkably improved (Figures 8E–I). The
3D perovskite devices degraded over 8 weeks from initial
16.6% to less than 3 % when stored in N2, whereas the quasi-
2D perovskites based devices declined to 11.3 % (n = 60) and
13.1% (n = 40) after 60 days under a low-humidity atmos-
phere. In analogous studies under 55% humidity in air, the
3D perovskite lost the majority of its performance, while the
n = 60 and n = 40 devices decreased to about 13% in each
case. It was concluded that the very low formation energy of

3D perovskites is responsible for their low stability while
much higher formation energies are needed in quasi-2D
perovskites as a result of the appreciable van der Waals forces,
which confer improved stability (Figure 8 J). The additional
organic cations with larger radius can actually protect the
perovskite structure as a capping layer in quasi-2D perov-
skite.

Kanatzidis et al. reported the fabrication and
properties of the 2D lead iodide perovskite
(CH3(CH2)3NH3)2(MA)n�1PbnI3n+1 (n = 1–4) thin films
employing the large alkylammonium ion CH3(CH2)3NH3

+

(BA+).[120] The 2D perovskite films are formed in a self-
assembly fashion with preferentially oriented growth perpen-
dicular to the substrate (Figure 9 A–J). As expected, the
(BA)2(MA)n�1PbnI3n+1 perovskites are moisture resistance
compared to their 3D MAPbI3 analogues. For example, a film
of (BA)2(MA)2Pb3I10 (n = 3) was investigated by XRD and
the peaks remained unchanged after 2 months exposure
under a 40% humid condition (Figure 9A), which shows its
better stability for devices (Figure 9B). Moreover, the color
of these 2D perovskite films remained the same as when they
were fabricated. However, a film of MAPbI3 gradually
decomposed to yellow PbI2 after a short time in the same
moist atmosphere (Figure 9 C). It was proposed that the
moisture-resistance of the (BA)2(MA)n�1PbnI3n+1 perovskites

Figure 7. A) Crystal structure of 3D perovskite MAPbI3, 2D perovskite (PEA)2(MA)2[Pb3I10], and their simple synthesis process. Inset: structure of
PEA+. XRD patterns after different numbers of days: B) (PEA)2(MA)2[Pb3I10], C) MAPbI3 formed from PbI2 with a poor morphology, and D) PbCl2
with better morphology. E),F) Absorption spectra of films of MAPbI3 and (PEA)2(MA)2[Pb3I10] , respectively, upon exposure to a relative humidity of
52%. G) J–V curves for the devices employing (PEA)2(MA)2[Pb3I10] .

[118]
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may result from the hydrophobicity of the long BA+ chain and
the highly oriented and dense nature of the perovskite films,
which prevents direct contact of water molecules with the
perovskite.

Generally, layered 2D perovskites tend to crystallize in
a direction parallel to the substrate.[118, 120,121] As a conse-
quence, the charge transport could be greatly hindered in the
directions perpendicular to the substrate. In this case, Koh
et al. report the controlled growth of nanostructured mixed-
dimensional perovskites, (IC2H4NH3)2(MA)n�1PbnI3 n+1, by
randomizing the crystallizing direction of 2D perovskites to
enhance charge transport and extraction (Figure 10 A).[122]

The nanostructured perovskite films are grown using
a sequential deposition method under ambient conditions.
The dimensionality of the perovskite is controlled by the
dipping duration (Figure 10B–D), however, the exact number
of layers cannot be controlled. The devices were stored under
ambient conditions (25 8C, 70–80% RH) without any encap-
sulation. The photocurrent density decreases over time while
the photovoltage does not change significantly. Finally, the
efficiency of the device decreased just 9% while that of the
3D MAPbI3 device degraded over 30 % (Figure 10 E,F). In
addition, a much larger polymeric-ammonium cation
(PEIH+) was also used to form a moisture-resistant 2D
perovskite, which exhibited good stability, offering greater

tunability at the molecular level for optimization of 2D
perovskite materials.[123]

2.4. Substitution of other Larger Ammonium Cations

Some other larger ammonium cations neither incorporate
into perovskite cavity because of the large size nor transform
the 3D structure into a 2D layered structure. Instead, non-
stoichiometric composition solids were created. However,
their specific functions make them suitable additives in the
formation of perovskite structures, which gives rise to
enhanced structural stability.

Guanidinium (GA+; C(NH2)3
+) has similar properties to

MA+ and FA+ but has a larger radius (278 pm), and ought to
not form a 3D perovskite structure as the sole A-cation.[124–126]

However, Yamashita et al. have theoretically characterized
GAPbI3, which shows better thermodynamic stability, low
formation energy, and low band gap when comparing its
structural and electronic properties with those of well-
established and well-characterized MAPbI3 and FAPbI3.

[127]

Furthermore, GA+ has a zero dipole moment associated with
the D3h symmetry, which could potentially reduce the
experimentally reported hysteresis observed for smaller
cations such as MA+.

Figure 8. A) Unit cell structure of (C8H9NH3)2(MA)n�1PbnI3 n+1 perovskites with different n values. B) Normalized absorption spectra, C) XRD
patterns, and D) PL decay data of MAPbI3 and quasi-2D perovskites before and after 10 days storage. E) PCE of devices based on MAPbI3 and
quasi-2D perovskites before and after 1440 h storage. Stability of F) PCE, G) Jsc, H) FF, and I) Voc of perovskites with different n values. J) DFT
simulation formation energy of perovskites with different n values in different atmospheres.[119]
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Ethylammonium (EA+) with one more CH2 group than
MA+ has a larger radius (230 pm vs. 180 pm), resulting in the
band gap increasing from 1.55 eV (MAPbI3) to 2.2 eV since,
like the even larger GA+ it is hardly able to incorporate into
the cavity in the 3D perovskite structure.[6] However, it also
play a positive role on the morphology (Figure 11 A–C) and
stability of the perovskite. Figure 11D shows the stability of
perovskite solar cells based on MAPbI3�xClx perovskite with
EAI concentrations of 0%, 0.5% and 1% upon storage under
Ar atmosphere in the dark. Devices containing 1% EAI
perovskite exhibited extremely high stability, retaining
approximately 80 % of their PCEs (T80) under accelerated
heating (65 8C) in a dark N2-filled glove box for over 360 h,
whereas the reference device (0% EAI) was relatively
sensitive to this temperature, with a T80 value of only 45 h
(Figure 11 D). It was claimed that the improved stability
originated from the presence of EAI suppressing the mor-
phological change, and thus decreasing the deterioration in
the absorption and crystallinity of the perovskite films.[128]

Bifunctional ammonium cations,[129,130] for example, the 4-
ammonium butyric acid cation, alanine cation, and b-glycine
cation, have been gradually explored in perovskite solar cells
because they bring about a retardation of charge recombina-

tion and better controlled crystal growth. Han et al. first
reported that 5-aminovaleric acid cations (5-AVA+) can be
used as a template for the preferential crystal growth of
MAPbI3 in the mesoporous oxide host by forming hydrogen
bonds between its COOH and NH3

+ groups and I� ions from
the PbI6 octahedra.[74] The COOH group of 5-AVA coordi-
nated with Ti or Zn on the surface of mesoporous TiO2 or
ZnO2 and the NH3

+ ions on the terminal of 5-AVA+ served as
nucleation sites for the formation of the perovskite crystal, as
shown in Figure 11 E,F. The resulting perovskite has better
surface contact with the TiO2 surface and a lower defect
concentration than MAPbI3, resulting in an improved PCE
and excellent long-term stability. The cell with 5-AVA+

modified perovskite worked stably for more than 1000 h in
humid air and under full sunlight (Figure 11G–J).

Bi et al. have developed a new fluorinated 1,1,1-trifluor-
oethyl ammonium iodide (FEAI) additive for MAPbI3

perovskites to enhance the stability to the environment
without sacrificing the performance of the devices.[131] FEA+

has a hydrophilic side and a hydrophobic side (Figure 12A),
which can interact strongly with 3D perovskites and improve
their stability as a result of the hydrophobic CF3 terminal
groups covering the surface of the perovskite. To evaluate the

Figure 9. Crystal structure of A) BA2PbI4, B) MAPbI3, C) (BA)2(MA)Pb2I7, D) (BA)2(MA)2Pb3I10, and E) (BA)2(MA)3Pb4I13 perovskite. Cross-sectional
SEM images of F) MAPbI3, G) (BA)2(MA)3Pb4I13, H) (BA)2(MA)2Pb3I10, I) (BA)2(MA)Pb2I7, and J) BA2PbI4 on TiO2 substrates. K) XRD patterns of
(BA)2(MA)2Pb3I10 perovskite film. L) J–V curves of fresh devices and after 2 months storage. M) Images of five perovskite films with different
n values before and after exposure to humidity.[120]
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influence of adding FEAI to a MAPbI3 precursor solution on
the resulting stability against moisture, two unencapsulated
perovskite solar cells based on a reference perovskite the one
with 3% FEAI were investigated. The perovskite with 3%
FEAI still exhibited 92 % of the initial PCE after storage for

120 days in air while the PCE of the device with pristine
MAPbI3 dropped 21% compared to its initial value (Fig-
ure 12B,C). Moreover, the powder XRD patterns of the
samples were periodically recorded, as shown in Fig-
ure 12D,E, where the 3 % FEAI-modified perovskite film

Figure 10. A) Schematic illustration of the crystalline structure of 2D perovskites. B) Top view SEM images of the (IC2H4NH3)2(MA)n�1PbnI3n+1

perovskites prepared with different dipping durations. C) Cross-sectional SEM images of the (IC2H4NH3)2(MA)n�1PbnI3n+1 perovskites prepared
with different dipping durations. D) Cross-sectional SEM images of the (IC2H4NH3)2(MA)n�1PbnI3n+1 perovskites based devices prepared with
different dipping duration. E) J–V curves of standard 3D MAPbI3 device without encapsulation in 25 8C 70%–80% relative humidity. F) Photo-
voltaic parameters of perovskite solar cells without encapsulation in 25 8C 70%–80% relative humidity fabricated with different dipping durations,
after 1 day to 4 days.[122]
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exhibited much slower degradation to the new phase of PbI2

after 40 days compared to the MAPbI3 perovskite film. The
improved stability may be attributed to the array of FEA
cations stands on the surface of perovskite grains with their
hydrophobic side facing outwards, protecting the perovskite
crystal from direct interaction with water molecules (Fig-
ure 12F). Thus using hydrophobic fluorocarbons is an effec-
tive way to improve the micromorphology of the perovskite
layer and give moisture-resistant properties to perovskite
solar cells.

3. The Effect of Substitution of the X Anion on
Stability

The anions, in organic–
inorganic perovskite materi-
als, are halogens, pseudo
halides, tetrafluoroborate,
or mixtures of them. They
occupy the six vertices of the
octahedral BX6 structure in
perovskites. The tetragonal
structure of the perovskite

can be changed to the cubic structure when X halogen anions,
for example, I� , are replaced by other anions because of their
different radius. These structural distortions may remarkably
affect the band gap, crystal structure, and charge transport of
the perovskite. Moreover, the chemical reaction between
hole-transporting materials (e.g., spiro-OMeTAD+) and
migrating I� , which progressively reduces the conductivity
of hole-transporting materials and deteriorates solar-cell
stability and performance, can be significantly avoided.[132] It
is also possible to significantly improve the stability of
perovskites by tuning the perovskite phase or by establishing
strong interactions with the Pb ions,[7, 26,133] as shown in
Scheme 3.

Scheme 3. Effect of anions and their substitutions on the stability of perovskite materials.

Figure 11. AFM topographical images of MAPbIxCl3�x films prepared using A) 0%, B) 0.5%, and C) 1% concentrations of EAI. D) Long-term
performances of perovskite solar cells, prepared using EAI at concentrations of 0% (black), 0.5% (blue), and 1% (red), at 65 8C after storage in
the dark under Ar.[128] TEM images of E) MAPbI3 and F) (5-AVA)x(MA)(1�x)PbI3 with TiO2 mesoporous film that is infiltrated with perovskites.
Stability of J) Voc, H) Jsc, I) FF, and J) PCE for triple layer (5-AVA)x(MA)(1�x)PbI3 perovskite solar cells in ambient air over 1008 h with an unsealed
device.[74]
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3.1. Substitution of Halogen Anions

As homologues to iodine, chlorine and bromine have
similar properties and suitable atomic radius for incorpora-
tion into perovskites. Sargent et al. successfully fabricated
MAPbBr3 and MAPbCl3 perovskites which had increased
band gaps but greatly improved stability.[134] As shown in
Figure 13, a new diffraction peak of PbI2 appeared in the trace
for MAPbI3 after 7 days, indicating MAPbI3 decomposed into
PbI2 while the MAPbBr3 crystal was only slightly decomposed
and the diffraction peak of MAPbCl3 remained unchanged,

which suggests that chlorine and bromine could potential
improve the stability of perovskite as the cubic phase of
MAPbBr3 and MAPbCl3 are much more stable.

Although the MAPbBr3 and MAPbCl3 perovskites
showed enhanced stability, the device performance was
greatly limited by their large band gaps. Mixed-halide
perovskite, in which the iodide anion was partial substituted
by bromide or chloride anions or by both of them, could
significantly improve the stability of perovskite by controlling
the composition without sacrificing cell performance. Math-
ews et al could show that the addition of chloride by

a sequential deposition
method enhanced the pho-
tovoltaic performance.[135] In
fact, incorporation of
a small amount of Cl into
MAPbI3 could transform
the crystal phase from tet-
ragonal to a more stable
cubic phase of MAPbI3�xClx

at room temperature.[136] Wu
et al. fabricated a perovskite
solar cell based on MAP-
bI3�xClx, which exhibiting
long-term stability under
humid conditions.[137] More-

Figure 12. A) Structure of 1,1,1-trifluoroethyl ammonium iodide (FEAI). Aging test of the perovskite solar cell based MAPbI3 (B), and with 3%
FEAI (C), based on J–V curves under simulated AM 1.5G solar illumination. Powder XRD patterns of perovskite D) MAPbI3 and E) MAPbI3 +3%
FEAI under relative humidity of 30%. F) Diagram of the dispersion of FEAI in the MAPbI3 structure.[131]

Figure 13. XRD curves of 2q between 10 to 20degrees for perovskite A) MAPbI3, B) MAPbBr3, C) MAPbCl3
over 7 days.[134]
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over, retractable and flexibility solar cells based on MAPbI3�

xClx can even work stably for more than 96 h in humid
conditions and fold more than 1000 times.[138] Very recently,
Dai et al. demonstrated for the first time a layer-by-layer
growth of MAPbI3�xClx perovskite, which is a solution-
processed approach involving thermal evaporation of PbCl2,
allowing for precise control over the thickness and to prepare
uniform and compact perovskite films.[139,140] Briefly, a thin
layer of PbCl2 (50 nm) is first deposited by thermal evapo-
ration (Figure 14A). Subsequent dipping of the PbCl2 into
a solution of MAI in 2-propanol (10 mgmL�1) transferred it
into a layer of MAPbI3�xClx perovskite. Similarly, a second
PbCl2 layer (50 nm) was thermally evaporated onto the newly
formed MAPbI3�xClx perovskite film, followed by dipping

into the MAI solution to form the second layer of MAP-
bI3�xClx perovskite in close contacted with the underlying pre-
formed MAPbI3�xClx perovskite layer, and the process can be
repeated (Steps 1 and 2, Figure 14 A) several times to form an
interface-free uniform MAPbI3�xClx perovskite layer of the
desired total thickness. A relatively good control of the
content of Cl (6–8%) was achieved in every single layer,
which is much higher than corresponding solution processed
film. The reduced leak current and more compact morphol-
ogy for the “multilayer” MAPbI3�xClx perovskite film with
respect to its solution-processed counterpart, explained the
observed stability improvement. Accordingly, the perovskite
solar cell based on layer-by-layer MAPbI3�xClx retained 95%
of its initial PCE after storage in an Ar-filled glovebox

without any device encapsula-
tion for 30 days while the PCE
of the one-step solution-pro-
cessed device dropped to 65%
of its original value under the
same conditions (Figure 14B).
The much better long-term sta-
bility observed for the layer-by-
layer MAPbI3�xClx perovskite
solar cell can be attributed to
the more compact and highly
crystalline “multilayered”
MAPbI3�xClx perovskite pin-
hole free film. Moreover, the
pristine MAPbI3�xClx perov-
skite film formed by the layer-
by-layer approach exhibited
slow degradation just at the
film edge whereas the one-step
solution-processed MAP-
bI3�xClx perovskite film
degraded completely into PbI2

across the whole film after 21-
day exposure to the ambient
atmosphere (Figure 14 C).

Seok and co-workers carried
out the first partial substitution
of I� by Br� to form MAP-
bI3�xBrx perovskite, and real-
ized a low-cost, highly efficient,
long-term stabile, and colored
solar cells.[26] The lattice param-
eter of MAPbI3�xBrx phases
exhibits a linear relationship
with the Br content and the
tetragonal to cubic phase tran-
sition point is between x = 0.13
and 0.20. In addition, with
increasing of the value of x,
the band gap of the perovskite
gradually increases, which cor-
responds to the reduced lattice
parameters. Band-gap tuning of
mixed anion perovskites MAP-
b(I1�xBrx)2 was also demon-

Figure 14. A) Device fabrication by layer-by-layer deposition. The procedure and the resulting device
structure. B) PCE decay of the MAPbI3�xClx perovskite solar cells fabricated by the layer-by-layer approach
and one-step solution-processed method. C) Degradation of the MAPbI3�xClx perovskite fabricated by the
layer-by-layer approach and one-step solution-processed method after exposure to ambient atmosphere
for 21 days.[140] D) Stability of efficiency of MAPb(I1�xBrx)3 (x = 0, 0.06, 0.20, 0.29) solar cells without
encapsulation exposed to humidity of 35% for 20 days and 55% for a day.[26] D) XRD of MAPbI2Br thin
films with MABr and PbI2 solution in a ratio of 1:1 a) made in air, b) made in a glove box, and c) a ratio
of 1.2:1 and made in air.[141] F) Stability of Voc, Jsc, FF, and PCE of MAPb(I1�xBrx)3�yCly (x = 0 or 0.5) solar
cells under 1 sun illumination. The devices has been stored in a glovebox under nitrogen atmosphere in
the dark before being prepared for the individual measurements.[143]
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strated by Mathews et al. by means of a sequential deposition
process.[141] To investigate the stability of MAPbI3�xBrx (x = 0,
0.06, 0.20, 0.29) solar cells were exposed to moist air with
a humidity of 35% for 20 days, and the relative humidity was
55% on the fifth day. As show in Figure 14D, the efficiency
slightly decreased in a humidity of 35 % and drastically
decreased in humidity of 55 % for 20 days with x = 0 and 0.06
suggesting that MAPbI3 and MAPbI3�xBrx with tetragonal
phase are not stable in humidity; however, a stable efficiency
has been maintained with x = 0.20 and 0.29, which may
attribute to the stable cubic phase.

The MAPbI3�xBrx perovskite has also been investigated
by Mosca et al.[142] The crystal structure of MAPbI3�xBrx

depends on the ratios of I and Br. When the value of x is
less than 0.57, the perovskite structure is tetragonal, otherwise
it is cubic. The best suitable ratio of MAI and PbBr2 is 3:1,
which provided a perovskite with the formula MAPbI2Br, and
the best PCE is 13.1%. More important, this perovskite
stability is also enhanced. In Figure 14E, three XRD curves of
MAPbI2Br thin films with MABr and PbI2 precursor solution
in a ratio of 1:1 a) made in air, b) made in glove box, and c) a
ratio of 1.2:1 made in air. It is clearly seen that with the same
1:1 ratio of MABr and PbI2 but with different fabrication
conditions significantly influences the perovskite stability.
The XRD curve has a clear PbI2 diffraction peak in curve a in
Figure 14 E, while it does not appear in curve b in Figure 14E,
indicating that MAPbI2Br is not stable in air and easily
decomposes into PbI2. When MAPbI2Br is made in air with
a slight excess of MABr, however, no PbI2 diffraction peak
appears. With excess of Br� , the perovskite seems even more
stable in air (Figure 14 E).

Partly replacing I� with Br� in MAPbI3 perovskites can
significantly improve the perovskite stability. The stability of

ternary halogen perovskite MAPb(I1�xBrx)3�yCly has also
been noticeably influenced by changing the ratio between I-

and Br-.[26] Figure 14F shows the changes of Voc, Jsc, FF, and
PCE in 30 days with x = 1 or 0.5. To evaluate the stability of
the photovoltaic parameters of MAPb(I1�xBrx)3�yCly solar
cells with different Br content, the devices were stored in
a glovebox under nitrogen atmosphere in the dark. The
MAPbI3�yCly perovskite solar cell without Br, undergoes
a PCE drop of 20% in 30 days, however with 50 % Br content
there is a notable increase of PCE of about 37%.[143] This
increased may be caused by the rearrangement of 3D
perovskite structure over time.

3.2. Substitution of Pseudohalogen Anions

Pseudohalogen anions with similar chemical character-
istics and ion radius to real halogen anions can also influence
the t value of perovskite structures.[144] The thiocyanate anion
(SCN�) is a stable pseudohalogen anion that has similar
properties to I� , as has been demonstrated by the incorpo-
ration of SCN� ions into the dye structure in dye-sensitized
solar cells which can significantly enhance the charge trans-
port and optical absorption.[145] Liang et al. fabricated MAP-
bI3�x(SCN)x perovskite by a two-step solution method, in
which a small amount of Pb(SCN)2 was added to a PbI2

solution.[146] Large grains and fewer charge traps were
achieved in the MAPbI3�x(SCN)x perovskite (Figure 15A,B),
which is beneficial to device performance giving a best PCE
of 11.07%. Most importantly, the partial substitution of I� by
SCN� in the perovskite structure can remarkably improve the
stability compared to the traditional iodide-based perovskite.
The PCE of the MAPbI3�x(SCN)x perovskite only dropped by

Figure 15. SEM images of A) MAPbI3 and B) MAPbI3�x(SCN)x.
[146] C) Unit cell structure of MAPbI3 (left) and MAPb(SCN)2I (right) perovskites.

Evolution of reflection curves of D) MAPbI3 for 2.5 h and E) MAPb(SCN)2I for 4 h in 95% relative humidity air. F) J–V curves for MAPbI3 and
MAPb(SCN)2I solar cells exposed to a relative humidity of 95%.[147]
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8% while the MAPbI3 perovskite dropped by 42% under
1 sun light irradiation for 1 h, indicating that light-induced
degradation can dramatically be decreased by the incorpo-
ration of a little SCN� into the MAPbI3 perovskite.

Xu et al. fabricated the MAPb(SCN)2I perovskite by
substituting I� in MAPbI3 with two SCN� (Figure 15 C ).[147]

The formation constant was calculated to be 3.5 for PbI4
2� in

MAPbI3 but 7 for Pb(SCN)4
2� in MAPb(SCN)2I,[148, 149] sug-

gesting a more stable structure for MAPb(SCN)2I since the
formation constant of the lead halide complex reflects the
binding tightness between the halides and the central Pb2+.
Moreover, they recognized that linear shape of SCN� ions
with lone pair electrons around the S and N atoms may
strongly interact with the Pb2+ enhancing the electrostatic
force more than is possible with the spherical I� .[147] The
stability of MAPbI3 and MAPb(SCN)2I thin films exposed to
95% relative humidity air for several hours was first inves-
tigated in the reflection spectrum. A drastically increased
reflection value for MAPbI3 in 0.5 h indicates MAPbI3

perovskite quickly degraded under humidity (Figure 15D).
In contrast, the MAPb(SCN)2I reflection value increased just
a little under the same humidity for 4 h (Figure 15E).
Moreover, the color of the MAPbI3 film was almost
completely changed to yellow in air for 30 days, indicating
the formation of PbI2, whereas no significant change was
observed for MAPb(SCN)2I. Finally, two perovskite solar
cells based on MAPbI3 and MAPb(SCN)2I exposed to 95%
relative humidity air were prepared, in which a PCE value of
MAPbI3 based device decreased from 8.8% to 6.9% in 7 days
while that of the MAPb(SCN)2I based device just decreased
from 8.3% to 7.4% in 14 days. It is worth noting that the
MAPbI3 solar cell completely decomposed in 14 days.

In most cases, perovskite films have to be processed in an
inert atmosphere, which hampers the commercial production
and applications of the perovskite solar cells. Very recently,
Yan et al. prepared high-quality MAPbI3�x(SCN)x in humid-
ity air. The perovskite films and the related devices even when
the relative humidity exceeds 70% in gave an average PCE of
13.49% and a maximum PCE over 15 % (Figure 16 A).[150] In
comparison with typical MAPbI3-based devices which lose
nearly 40 % of the initial average PCE, the MAPbI3�x(SCN)x

solar cells without encapsulation maintain 86.7 % of their
initial average PCE after being stored in air with the average
humidity above 70 % for over 500 h (Figure 16 B). Calcula-
tions showed that the incorporation of SCN� groups into the
perovskite lattice is thermodynamically stable (Figure 16C).
Moreover, there are strong ionic interactions between SCN�

and the adjacent Pb2+ ions and hydrogen bonds can form
between SCN� and MA+, which should contribute to
improved chemical stability. Clearly substitution of I� by
SCN� in 3D MAPbI3 enhances stability.

2D perovskite materials are more promising owing to
their great improved stability as mentioned above. Scanlon
et al. further investigated the 2D perovskite
(MA)2Pb(SCN)2I2, which exhibited a much greater improve-
ment in stability.[151] To explain the stability of this perovskite,
they calculated the decomposition enthalpy and estimated its
stability. MAPbI3 readily decomposed into MAI and PbI2

with a reaction enthalpy of �0.09 eV;[152] however,
(MA)2Pb(SCN)2I2 can decompose in two ways: one is
decomposition into MAI and Pb(SCN)2 with a reaction
enthalpy of 0.38 eV and the other is decomposition into
MASCN and PbI2 with a reaction enthalpy of 1.97 eV. Clearly
the decomposition of (MA)2Pb(SCN)2I2 is more difficult

Figure 16. A) J–V curves of MAPbI3�x(SCN)x and MAPbI3 solar cells prepared in ambient air. B) Evolution of the PCEs of MAPbI3�x(SCN)x and
MAPbI3 solar cells upon ageing in air without encapsulation. C) crystal structures of MAPbI3 (left) and MAPbI3�x(SCN)x (right).[150]
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compared to MAPbI3. Moreover, (MA)2Pb(SCN)2I2 shows
a suitable band gap, which may make it a promising material
for perovskite solar cells applications [Eq. (14)–(16)].

CH3NH3PbI3 ! CH3NH3IþPbI2

DrH ¼ �0:09 eV
ð14Þ

ðCH3NH3Þ2PbðSCNÞ2I2 ! 2 CH3NH3IþPbðSCNÞ2
DrH ¼ 0:38 eV

ð15Þ

ðCH3NH3Þ2PbðSCNÞ2I2 ! 2 CH3NH3ðSCNÞþPbI2

DrH ¼ 1:97 eV
ð16Þ

4. Conclusions and Outlook

Herein, we have reviewed the recent advances in the
substitution of A-cations/X-anions and their effect on the
long-term stability of perovskites with regard to moisture,
heat, light, and oxygen (see Table 1 and Table 2). The
structural stability over thousands of hours under various
conditions must be demonstrated, or else, the devices will
probably not be attractive for commercial applications.
Having elucidated the mechanisms of instability, we conclude
that chemical modification has provided promising results
with significantly enhanced stability. Partial substitution of
FA+ by MA+ can give the a phase under low temperature and
is beneficial to perovskite stability. Moreover, stability against
moisture and light illumination can be remarkably enhanced
by partly substituting FA+ by Cs+; the stability could be
further improved with a mixture of three cations, Cs+/MA+/
FA+. The preparation of 2D perovskite by the insertion of
larger cations, for example, EA+, PEA+, FEA+, and 5-AVA+,
into the 3D MAPbI3 lattice can also improve stability
compared to that of the 3D MAPbI3 analogues, making
them more attractive for large-scale industrial implementa-
tion.

Similar to cation substitution, various anions are also
important to perovskite stability. The perovskite could be
made more stable when anions (X) are Cl� or Br� are added
as a result of the cubic MAPbCl3 and MAPbBr3 structure. In
mixed anions perovskite, the presence of Br� is key to
enhance perovskite stability in humidity or under illumination

with only a slight sacrifice in device performance. Surpris-
ingly, significantly enhanced moisture stability can be ach-
ieved through partly substituting I� by the pseudohalogen ion
SCN� which also gives improved device performance. For
perovskites with either A-cation or X-anion substitutions, the
exposure to atmosphere is undesirable, and thus the develop-
ment of effective encapsulation techniques is paramount.
Moreover, understanding the photophysics and photochem-
istry processes, unraveling interfacial carrier accumulation as
well as exploring effective methods to promote the growth of
mixed cation and anion perovskite crystal are still need to be
addressed.

Perovskites are particularly attractive for photovoltaic
applications because they can be processed in solution, from
cheap earth-abundant materials, and give high device perfor-
mance that is competitive with established commercial
technologies. The most frequent question is their long-term
operational stability. Understanding the multifaceted chemis-
try of perovskites will be key for developing new materials
that will bring this nascent technology to fruition. Manipulat-
ing this extraordinarily versatile platform through chemical
modification could be a promising way for improving stability.
There are still very few species that have been used as A-
cations and X-anions. The substitution of new cations and
anions, such as alkali-metal cations: Li+, Na+, K+, and Rb+,
transition-metal cations: such as, Cu+, Ag+, and Au+,
pseudohalide anions: CN-, OCN� , and SeCN� , will be an
essential part of future perovskite materials. Moreover,

Table 1: Effect of cations on stability.

Perovskite Stability Reference

FAPbI3 Thermally stable at 230 8C and light stable in humid conditions [94–96,98,101,103]
FA1�xMAxPbI3 Stable in humid conditions [102,104]
FASnI3 Stored in a humidity of 25% for more than 100 days [97]
CsPbIxBr(3�x) Stable under humidity, heat, and light [108–111]
CsPbI3 Thermally stable [107]
Csx(MA0.17FA0.83)(100�x)Pb(I0.83Br0.17)3 Stable at 130 8C in dry air for 3 h and stable under constant illumination for 250 h [114]
FA0.85Cs0.15PbI3 Stable under light and humid conditions [112]
(PEA)2(MA)2[Pb3I10] Stable under a humidity of 50% [117]
PEA2(MA)n 1PbnI3 n+1 Stable for 60 days in a humid atmosphere [118]
(CH3(CH2)3NH3)2(MA)n�1PbnI3n+1 Stable in a humid atmosphere for two months [119]
(IC2H4NH3)2(MA)n�1PbnI3n+1 Stable in relative humidity of 70–80% [121]
(MAPbI3)1�x[(PEI)2PbI4]x Stable in humility of 50% for 16 days [123]
(5-AVA)x(MA)1�xPbI3 Stable more than 1000 h in humid air [74]
FEA cations in MAPbI3 Stable under humid conditions for more than 120 days [127]

Table 2: Effect of anions on stability.

Perovskite Stability Reference

MAPbBr3 Stable in cubic structure for 7 days [133]
MAPbCl3 Stable in cubic structure for 7 days [133]
MAPbI3�xBrx Stable in air with a humidity of 35 %

for 20 days
[26,139,140]

MAPbI3�xClx Long term stability under humid con-
ditions

[134–138]

MAPbI3�x(SCN)x Improved stability under sunlight [143,147]
MAPb(SCN)2I Stable under a humidity of 95% for

14 days
[144]

(MA)2Pb(SCN)2I2 Harder to decompose than MAPbI3 [148]
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multiple cation and anion mixtures (more than three) maybe
another compositional strategy to improve both stability and
performance for perovskite solar cells. In 2D perovskites, one
way is to replace MA+ by FA+ to further reduce the band gap
in 2D perovskites and another direction is to explore novel
large organic cations, so that solar devices with even higher
performance without hysteresis could potentially be engi-
neered in the future. In addition, standards of measurements,
for example, the International Electrotechnical Commission
(IEC) 61646 “Thin-film terrestrial photovoltaic (PV) mod-
ules—Design qualification and type approval” or IEC 61215
“Crystalline silicon terrestrial photovoltaic (PV) modules—
Design qualification and type approval”, have not yet been
filed for perovskite solar cells and must be done in the next
few years. Further challenges to be resolved include the
unreliable device performance, for example, hysteresis, and
the inherent toxicity of the lead in the structure. We have
great confidence that, with further progress, the benefits of
perovskites with their great compositional tunability can give
researchers hope to solve the challenges and prepare robust
solar cells.
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Stability of Perovskite Solar Cells: A
Prospective on the Substitution of the
A Cation and X Anion

Stability rising : The recent advances in
improving the chemical stability of per-
ovskite materials in terms of substitution
of A-cation and X-anion are reviewed. The
aim is to open new perspectives for the
rational design of perovskite materials to
create perovskite solar cells with unpre-
cedented stability for outdoor applica-
tions.
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