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Stabilization of formamidinium lead iodide perovskite precursor
solution for blade-coating efficient carbon electrode

perovskite solar cells∗
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Laboratory of Advanced Optoelectronic Materials, College of Chemistry, Chemical Engineering and Materials Science,
Soochow University, Suzhou 215123, China

(Received 31 March 2021; revised manuscript received 24 April 2021; accepted manuscript online 27 April 2021)

Formamidinium lead triiodide (FAPbI3) is a research hotspot in perovskite photovoltaics due to its broad light ab-
sorption and proper thermal stability. However, quite a few researches focused on the stability of the FAPbI3 perovskite
precursor solutions. Besides, the most efficient FAPbI3 layers are prepared by the spin-coating method, which is limited
to the size of the device. Herein, the stability of FAPbI3 perovskite solution with methylammonium chloride (MACl) or
cesium chloride (CsCl) additive is studied for preparing perovskite film through an upscalable blade-coating method. Each
additive works well for achieving a high-quality FAPbI3 film, resulting in efficient carbon electrode perovskite solar cells
(pero-SCs) in the ambient condition. However, the perovskite solution with MACl additive shows poor aging stability that
no α-FAPbI3 phase is observed when the solution is aged over one week. While the perovskite solution with CsCl additive
shows promising aging stability that it still forms high-quality pure α-FAPbI3 perovskite film even the solution is aged over
one month. During the solution aging process, the MACl could be decomposed into methylamine which will form some
unfavored intermediated phase inducing δ -phase FAPbI3. Whereas, replacing MACl with CsCl could effectively solve this
issue. Our founding shows that there is a great need to develop a non-MACl FAPbI3 perovskite precursor solution for
cost-effective preparation of pero-SCs.

Keywords: perovskite precursor solution, formamidinium lead iodide, blade-coating, carbon electrode
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1. Introduction

Formamidinium lead triiodide (FAPbI3) has a lower
bandgap of ∼ 1.45 eV, which affords a broader solar light ab-
sorption and better thermal stability with respect to methy-
lammonium lead triiodide (MAPbI3).[1,2] In 2019, a certi-
fied power conversion efficiency (PCE) of 23.7% was ob-
tained by Seok et al., along with a high short-circuit den-
sity (Jsc) up to 26.7 mA/cm.[3] Recently, the certified PCE
of FAPbI3 pero-SCs has been increased up to 25.2%, with
a Jsc of 26.25 mA/cm2, a Voc of 1.174 V, and a fill factor
(FF) of 81.8%, which indicates its promising potential for the
commercialization of FAPbI3 photovoltaic devices.[4] How-
ever, spontaneous conversion of the desired trigonal black α-
phase into the undesired wide-bandgap δ -phase with hexago-
nal symmetry under ambient conditions at room temperature
poses a serious challenge for its practical applications.[5] To
enhance the phase stability of FAPbI3 perovskite, many re-
searchers incorporated MAPbBr3 into the perovskite to form
(FAPbI3)1−x(MAPbBr3)x perovskite films, which give lots of
start-of-art results.[5–10] In addition, incorporating methylam-

monium chloride (MACl) into the FAPbI3 perovskite precur-
sor solution is widely used to induce an intermediate to the
pure α-phase FAPbI3, along with the improved morphology of
the perovskite film.[3,4,11,12] However, it has been reported that
it can easily form the δ -phase FAPbI3 over the aging time of
the FA perovskite precursor solution with MA+ cations, which
will directly affect its photovoltaic performance.[13] There-
fore, the long-term stability of the perovskite precursor solu-
tion needs to be considered in the preparation of cost-efficient
perovskite devices for the future application of perovskite pho-
tovoltaics.

On the other hand, most of FAPbI3 pero-SCs with the
impressive PCE results have been fabricated by spin-coating,
which is limited to film area, wastes most of the solution,
and not compatible with the upscaling process.[14–17] Blade-
coating is the most frequently employed process next to spin
coating in lab-scale experiments for fabricating films of well-
defined thickness.[18–20] It can serve as a lab-scale analogue to
the slot die coating process which could be applied on a roll to
roll and sheet to sheet manufacturing process. However, most
perovskite films fabricated by the blade-coating method are
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MA only or MA–FA mixed perovskites which usually have
the risk in the long-term stability for the devices because of
the low thermal and light instability of MA.[18,19,21–28] Be-
sides, most researches in blade-coating pero-SCs only fabri-
cate the perovskite films by blade-coating method, and still use
spin-coating and evaporation methods for preparing the charge
transport layers and top electrode, which is limited for the up-
scaling process and consume a lot of energy. Therefore, fully
blade-coating the high-quality MA-free pero-SCs with ther-
mal stability and moisture resistance is highly desired for per-
fect PSCs, which is challenging but urgently required. Owing
to the high electrical conductivity, low cost, easy fabrication,
upscalable, and chemical stability, carbon electrode has great
potential in the application on efficient and stable perovskite
solar cells.[29,30]

In this paper, through optimizing MACl additive content
in the perovskite precursor solution to improve the film qual-
ity and avoid the δ -phase FAPbI3, pure α-phase FAPbI3 per-
ovskite film with grain size over 2 µm was successfully pre-
pared by the gas-quenching assisted blade-coating method in
the ambient air condition. Through blade-coating the elec-
tron transport layer, perovskite layer, hole transport layer, the
carbon as the top electrode, PCE over 15% was achieved in
this planar carbon electrode perovskite solar cells. However,
the MACl additive perovskite solution was unstable which re-
sulted in a high δ -phase FAPbI3 content in the perovskite
film when kept the caped solution at ambient atmosphere
for 1 week. Those results were confirmed by x-ray diffrac-
tion (XRD) and ultraviolet-visible (UV-vis) spectra. On the
other hand, replacing MACl with cesium chloride (CsCl) also
worked well for increasing the film quality and obtaining

the pure α-phase FAPbI3 perovskite film through the blade-
coating method. Besides, the perovskite solution with CsCl
additive is highly stable and it still can form high-quality α-
phase FAPbI3 perovskite film even it is aged over one month.
The reason for the low stability MACl additive perovskite pre-
cursor solution is that the decompose of MA+ to methylamine
could induce the δ -phase FAPbI3.

2. Results and discussion
2.1. FAPbI3 perovskite film analysis

The effects of different content of MACl and CsCl as the
additive in FAPbI3 perovskite precursor solution on the mor-
phology of the FAPbI3 perovskite film were studied by us-
ing field emission scanning electron microscopy (FE-SEM).
Figure 1 shows that all the perovskite films are pin-hole free
films and the grain size is gradually increased when increasing
the MACl or CsCl content in the perovskite precursor solu-
tion. At last, the grain size could be over 2 µm when over
20% MACl or 10% CsCl was incorporated. The grain size is
one of the governing parameters for determining the diffusion
length and the charge carrier recombination rate of the per-
ovskite layer.[31–33] A large number of grain boundaries are
presented in the perovskite layer with small grain size, which
will not only act as charge trap sites, but also prone to attack by
water molecules which will accelerate the degradation of the
perovskite.[34] Figure S5 shows the relative strain as a func-
tion of CsCl content. The relative strain was calculated by the
Williamson–Hall plot using a linear fitting. A reduced strain
was found for the perovskite film with 10% CsCl. Further in-
creasing CsCl content over 10% led to increased strain.

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 1. Top-view SEM images of annealed FAPbI3 perovskite films prepared by gas-quenching assisted blade-coating of precursor solutions
with different molar ratios of MACl or CsCl. (a) Control, (b) 10% mol MACl, (c) 20% mol MACl, (d) 30% mol MACl, (e) 40% mol MACl,
(f) 5% mol CsCl, (g) 10% mol CsCl, (h) 15% mol. CsCl. Scale bars are 1 µm.

Then, the FAPbI3 film quality derived from the different
conditions of MACl and CsCl additive was explored by XRD
spectra and UV-vis spectra shown in Fig. 2. Upon inducing
MACl and CsCl additive, two typical peaks at 14.3◦ and 28.6◦

were observed which are assigned to the (001) and (002) crys-

tal planes of α-FAPbI3. Besides, the characteristic peak of
the non-perovskite δ -FAPbI3 phase was found at 11.8◦ in the
pristine perovskite film. While the δ -FAPbI3 phase disappears
when intruding MACl or CsCl into the perovskite precursor
solution. Upon increasing the content of MACl or CsCl ad-
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ditive inside the perovskite precursor solution, the intensity of
peaks for the α-FAPbI3 phase is greatly improved, which is
in agreement with the SEM results. Further, the lead iodide
peak located at 12.7◦ is also decreased when increasing the
ratio of the MACl and CsCl additive, which will be a bene-
fit for the stability of the perovskites film as the degradation
rate of the perovskite film could be accelerated because of the
PbI2 residue present in the perovskite film. The UV-vis spec-

tra shown in Figs. 2(c) and 2(d) exhibit a greatly enhanced
absorption when inducing MACl or CsCl as the additive, in-
dicating an improved film quality, which can be attributed to
better surface coverage and improved crystallinity. However,
when increasing the content of CsCl additive over 10% mol,
the absorption edge shifts to a lower wavelength, which indi-
cates that the bandgap of perovskite becomes wider due to the
incorporation of Cs into the perovskite crystal lattice.
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Fig. 2. Effect of the addition of different concentrations of MACl or CsCl to the precursor solution of FAPbI3 on the properties of the final
FAPbI3 perovskite film. XRD spectra of (a) MACl, (b) CsCl. UV-vis spectra of (c) MACl, (d) CsCl.

2.2. Device performance

To check the effect of the perovskite film derived from the
different additive conditions, pero-SCs with the architecture of
ITO/SnO2/perovskite/poly(3-hexylthiophene) (P3HT)/carbon
were fabricated and the photovoltaic statistical results are
shown in Fig. 3. The current density is slightly increased
when increasing the MACl additive ratio from 10% mol to
40% mol, while it is decreased when the ratio is 50% mol,
resulting in the highest Jsc of 22.6± 0.3 mA/cm2 at the case
of 40% mol MACl. Voc is increased from 986.7± 11.4 mV
of the control to 1027.7± 13.1 mV of the 10% mol MACl,
1034.3± 11.7 mV of the 20% mol MACl, 1060.4± 15.5 mV
of the 30% mol MACl, 1076.3± 9.6 mV of the 40% mol
MACl, and 1110.6± 10.7 mV of the 50% mol MACl. The
FF shows a similar trend as that of the current density with
the best FF of 63.5± 1.7% for the case of 40% mol MACl.
As a result, the best PCE of 15.5± 0.6% is obtained for the
case of 40% mol MACl additive. In addition, the performance
trend of the CsCl additive is similar to that of MACl with the

best performance achieved for the case of 10% mol CsCl with
an average Jsc of 22.1±0.5 mA/cm2, Voc of 1064±18.3 mV,
FF of 60.5±1.2%, PCE of 14.3±0.4%. Figure S1 shows the
J–V curves of the PSCs derived from the perovskite solution
with different content of additive. In conclusion, both additive
cases work well for improving the performance of FAPbI3 per-
ovskite devices.

2.3. Stability of perovskite solution

The stability of the perovskite precursor solution was
explored by checking the solution with 40% mol MACl or
10% mol CsCl respectively. The precursor solution was aged
at ambient air condition with a relative humidity of 30–40%
R.H. for different time. Then the aged solution was blade
coated for preparing the perovskite film and solar cells. Fig-
ure 4 shows the XRD results of the perovskite film derived
from the aged solution. Strong non-perovskite δ -FAPbI3

phase at 11.8◦ is shown in Fig. 4(a) when aging the case of
40% mol MACl additive over one week. Meanwhile, the typi-
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cal peaks at 14.3◦ and 28.6◦ almost disappear, indicating no
α-FAPbI3 exists in the perovskite film. There is no black
color from the photograph of the perovskite film which agrees
with the XRD results. On the other hand, for the case of
10% mol CsCl, the α-FAPbI3 peaks at 14.3◦ and 28.6◦ are
almost not changed even the perovskite solution aging over
one month along with no non-perovskite δ -FAPbI3 phase at
11.8◦ shown in the film, indicating high stability of the per-
ovskite solution of the CsCl additive case. Figure S2 shows
the FAPbI3 perovskite derived from different content of MACl
(0, 10% mol, 20% mol, 30% mol, 40% mol, 50% mol) addi-
tive in the FAPbI3 perovskite precursor solution aged for one
week. Upon increasing the MACl content, the perovskite so-
lution became worse over one week aging, which indicates the
poor stability of the MACl additive FAPbI3 perovskite precur-
sor solution, which also conforms from the XRD results from
Fig. S3. While the perovskite solution with different content
of CsCl (0, 5% mol, 10% mol, 15% mol) additive is highly
stable which can be proved by the XRD results in Fig. S4. The
stability of FAPbI3 perovskite solution without additive also
works well which can be illustrated in the following XRD re-
sult of the perovskite film derived from the FAPbI3 perovskite
pristine solution aged for a different time (Fig. S6). However,
it needs to mention that the film quality would become worse
without additive which resulted in less efficient perovskite so-
lar cells shown in Fig. 3.

Pero-SCs based on the above perovskite film were pre-
pared and the results are shown in Fig. 5. Performance of the
devices derived the aged 40% MACl additive in FAPbI3 per-
ovskite solution decreases rapidly to 4.9±0.4% mainly due to
the decreased Jsc and FF . However, there is just a slight drop

of the performance of the devices derived from the aged 10%
CsCl additive perovskite solution with a stable Jsc. Those re-
sults are in accordance with the XRD results shown in Fig. 4,
which clearly proves the long-term stability of the CsCl addi-
tive FAPbI3 precursor solution.
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2.4. Mechanism explanation

Next, the proposed mechanism for the low-stability of
MACl additive FAPbI3 perovskite solution is explored and
proposed as

CH3NH3Cl→ CH3NH2 +HCl,

FAI+PbI2
CH3NH2−−−−−→ δ −FAPbI3.

Methylammonium chloride will decompose to methy-
lamine during the aging of MACl additive FAPbI3 per-
ovskite precursor solution, which will form some intermediate
phase inducing the non-perovskite δ -FAPbI3 phase.[13] This i
could be proved by the UV-vis absorbance spectra shown in
Figs. 6(a) and 6(b), which indicates that there is a clear differ-
ence in the intermediate state as the absorbance discrepancy of

the non-annealed perovskite film derived from the aged one-
month MACl or CsCl additive perovskite solution. Besides,
UV-vis absorbance spectra shown in Figs. 6(b) and 6(c) clearly
exhibit that there is a significant difference in a range from the
wavelength of 450 nm to 700 nm for the non-annealed per-
ovskite film derived from the aged one-month MACl or CsCl
additive perovskite solution, indicating that the intermediate
state is greatly affected by the MACl decomposition. This will
directly induce the non-perovskite δ -FAPbI3 phase, which is
also proved by Pang et al.[13] This non-perovskite δ -FAPbI3

phenomenon can exclude the effect of Cl from the MACl as
CsCl additive solution worked well in the aged solution. The
above results show the great potential of the non-MACl per-
ovskite precursor solution for the cost-effective preparation of
perovskite solar cells.
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Fig. 6. UV-vis spectra of the perovskite wet film prepared for different time under the preparing condition (pink curve: just coated and before
gas quenching, green curve: during gas quenching, red curve: just after gas quenching). Films deposited from the over one-month aged precursor
solution with 40% mol MACl (a) or 10% mol CsCl (b).

3. Conclusion
We have successfully optimized MACl, CsCl as an ad-

ditive into the FAPbI3 perovskite precursor solution to im-
prove the film quality and avoid the δ -phase FAPbI3 by the
gas-quenching assisted blade-coating method in the ambient
air condition. Besides, SnO2, the perovskite layer, P3HT, and
the carbon electrode were blade-coated for preparing a fully
printable device with PCE over 15%. However, the MACl ad-
ditive perovskite solution is unstable which resulted in a high
δ -phase FAPbI3 content in the perovskite film even kept the
caped solution at ambient atmosphere for 1 day. On the other
hand, replacing MACl with CsCl as the additive leads a highly
stable precursor solution which can still provide pure α-phase
FAPbI3 perovskite even those films are prepared by the over
one-month aged perovskite precursor solution. The reason for
the low stability MACl additive perovskite precursor solution
is that the decompose of MA+ to methylamine could form an
unfavored intermediate phase, inducing the δ -phase FAPbI3.
The above results show the great potential of the non-MACl
FAPbI3 perovskite precursor solution for cost-effective prepa-
ration of perovskite solar cells.
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