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Organic—inorganic halide CH3NH3zPbls (MAPbIs) perovskite solar cells (PSCs) have attracted intensive
attention due to their high power conversion efficiency and low fabrication cost. However, MAPbIs is
known to be very sensitive to humidity, and the intrinsic long-term stability of the MAPbIs film remains
a critical challenge. 2-Aminoethanethiol (2-AET) was used as a ligand to bridge the organic compound

(MAI) and inorganic compound (Pbl;), which restricted the fast growth of Pbl, to realize the synchronous

growth environment of MAI and Pbl, crystals, resulting in the formation of a compact MAPblIs film with
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polygonal grains. Due to the compact (Pbly)—-2-AET—-(MAI) molecule barrier layers in the MAPbIs

structure, the resulting perovskite films showed excellent intrinsic water-resistance, with the MAPbIs
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Introduction

Methylammonium lead halide organic-inorganic hybrid
perovskites, such as CH;NH3PbI; (MAPbI;), have recently
attracted enormous attention for thin-film solar cells due to
their high optical absorption coefficient, long free carrier
diffusion length, low exciton binding energy and simple low
temperature solution-based processing.’* Such organic-inor-
ganic hybrid perovskite materials were first made several
decades ago, the unique structure of the organic-inorganic
perovskites show the potential applications in the electrical and
optical fields.>® To date, the highest power conversion effi-
ciencies (PCEs) of the perovskite solar cells (PSCs) are above
21%,' approaching the record efficiencies of monocrystalline
silicon-based solar cells (25.6%) and thin film single-crystalline
GaAs cells (28.8%).""*> A serious current deficiency of PSCs is
the high sensitivity of MAPDbI; to humidity. The PCE drops
nearly 90% under an ambient environment (T = 25 °C, 30-50%
humidity) in a few days.* It has been shown that MAPbI; can be
easily degraded to MAI, Pbl,, and HI in a few hours under a high
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perovskite crystal structure retained for a long time (>10 minutes) after immersion in water. This work
makes a step towards obtaining long-term stable MAPbIs perovskite devices.

humidity environment.**** Moisture in air is considered a key
factor causing the decomposition of MAPbI;. Compared to
monocrystalline silicon-based solar cells with 20-30 years
guaranteed lifetime, the poor stability of PSCs is a crucial
barrier to their practical applicability.

Moisture stability has become one of the focus areas of
MAPDI; research. For example, the surfaces of devices or
perovskite were covered by p-type metal oxides, hydrophobic
materials or insulating polymers to enhance the stability of
PSCs under an ambient atmosphere.”*'®” However, the
intrinsic water sensitivity of perovskite films remains an
unsolved problem. Recently, it was demonstrated that hydrate
intermediate compounds, such as MAPbI;-H,O and (MA),-
Pbls-2H,0, were formed at the initial stage of the MAPDI;
decomposition process under controlled humidity conditions,
and the degradation reaction could be reversed by drying
treatment."®> In MAPbI; perovskite crystals, inorganic Pbl,
frameworks and organic MA" cations are bound together by
weak hydrogen and ionic bonds. The migration activation
energy for MA" is approximately 0.84 eV, determined by first-
principles calculations.*** The strength of hydrogen bonding
will be reduced when the perovskite crystal is exposed to H,O or
other polar solvents, and MA" would readily separate from
octahedral Pbl,, resulting in a rapid decomposition of MAPbI;
and degradation of solar cell performance. It has been sug-
gested that chemical modification between organic cation MA"
and inorganic framework Pbls in MAPbI; perovskite can be
a way to achieve inherent moisture stability.***® For example,
butylphosphonic acid 4-ammonium chloride was chosen to
crosslink neighboring perovskite grains through hydrogen
bonding, leading to increased photovoltaic performance and

This journal is © The Royal Society of Chemistry 2016
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moisture stability.** 2-Aminoethanethiol (2-AET) has been
extensively used as a bidentate chelating agent in coordination
chemistry, and shows a high affinity toward binding to Pb**
through the thiolate group.””*' In addition, the ammonium
group in 2-AET molecules would bind MAI by hydrogen bonds
in the perovskite structure. Therefore, 2-AET can be a great
ligand to improve the intrinsic long-term stability of MAPbI;
perovskite.

The present paper reports the fabrication of a novel water-
resistant MAPDbI; - 2-AET perovskite film, with the MAPbI; crystal
structure retained after immersion in water at room tempera-
ture (RT) for a long time (>10 minutes). When 2-AET was added
into perovskite precursor solution, the thiolate group of 2-AET
molecules facilitates strong interaction with Pbl,, while the
ammonium group can anchor MAI to form PbI,-2-AET-MAI
when DMF is removed, providing a homogeneous environment
for perovskite crystal nucleation and growth, and leading to
uniform perovskite films with excellent crystallinity.

Experimental section

Materials synthesis and perovskite film fabrication

CH;3;NH;I (MAI) was prepared by the reported method.*
Methylamine (33 wt% in methanol) was mixed with hydroiodic
acid (HI, 57 wt%) in a molar ratio of 1.2 : 1 at 0 °C. After stirring
for 2 h under a N, atmosphere, the solvent was removed by
using a rotary evaporator at 50 °C. Then the obtained powder
was washed with ethyl acetate (EA) three times, and then
recrystallized in methanol. Finally, the product powder was
dried at 60 °C in a vacuum oven for 24 h.

The standard perovskite precursor solutions were prepared
by sequentially dissolving the synthesized 159 mg MAI powder
and 462 mg PbI, (Yingkou You Xuan Trade Co., LTD) in 1 mL
N,N-dimethylformamide (DMF, 99.8%, Sigma-Aldrich).*
2-Aminoethanethiol (2-AET, 95%, Adamas Regent, Ltd.) was
added into the perovskite precursor solutions. The precursor
solutions were filtered by using a 0.22 um pore PVDF syringe
filter before spin coating.

45 pL standard perovskite precursor solution was spin
coated onto FTO substrates at 3500 rpm for 20 s and 5000 rpm
for 10 s, followed by annealing at 100 °C for 10 min.

A MAI-2-AET complex was obtained by adding 3 mL ethyl
acetate into 1 mL MAI/2-AET (1 : 1 mol%) DMF solution, and the
solid complex was filtered and dried at 60 °C in a vacuum oven for
3 h. The MAI/PbI, complex was obtained by adding 3 mL ethyl
acetate into perovskite precursor solution (1 : 1 mol%), and the
solid complex was filtered and dried at 60 °C in a vacuum oven for
3 h. The MAI-2-AET- Pbl, complex was obtained by adding 3 mL
ethyl acetate into 1 mL 2-AET added perovskite precursor solution
(1:1:1 mol%), and the solid complex was filtered and dried at
60 °C in a vacuum oven for 3 h.

Characterization

The IR spectra were measured by using a Bruker Vertex 80v
Fourier transform infrared (FTIR) spectrometer. The scanning
electron microscopy (SEM) measurements were performed
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using a cold field emission scanning electron microscope
(SU8020, Hitachi). The crystal structure was analyzed by using
an X-ray diffractometer (PANalytical, Netherlands) with
a monochromatic Cu Ko radiation source (A = 1.54056 A). The
absorption spectra were recorded using an ultraviolet-visible
(UV-vis) spectrophotometer (UV-3600, Shi-madzu). The photo-
luminescence (PL) spectra were measured using a steady state
fluorescence spectrometer (FLS980, Edinburgh), and the exci-
tation wavelength was 465 nm. The weight loss was measured
on a TGA/DSC instrument (STA 4493F3, NETZSCH) from
30-350 °C with a heating rate of 5 °C min™ .

Results and discussion

Fig. 1(a) shows the chemical structures of MAI, PbI, and 2-AET;
the 2-AET molecule contains thiolate and ammonium func-
tional groups. In order to completely dissolve Pbl, in DMF
solvent, a heating process at 70 °C was usually needed due to the
weak interaction of Pb-O coordination bonds between Pbl, and
DMF.***® However, as shown in Fig. S1,T Pbl, was quickly dis-
solved in DMF when 0.2 M 2-AET was added into DMF solution
at RT. Fig. 1(b) shows the Fourier transform infrared (FTIR)
spectra of pure DMF, PbI, and PbI,/2-AET DMF solution. The
stretching vibration of the C=0 bond appears at 1660 cm™* for
pure DMF, which is shifted to 1633 cm™" for PbI, DMF solution,
and then the shoulder on the shorter wavenumber side disap-
pears when 2-AET is added into Pbl, solution. Considering that
the interaction between Pb-S coordination bonds is stronger
than that between Pb-O coordination bonds,****' the Pb-O
coordination bond is replaced by the Pb-S coordination bond
when 2-AET is added into PbI, DMF solution. It demonstrates
that the strong interaction of the Pb-S coordination bond
between Pbl, and 2-AET is formed in PbI, DMF solution.
Fig. S217 shows FTIR spectra of MAI and MAI/2-AET DMF
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Fig.1 Chemical structures (a) of MAI, Pbl, and 2-AET; FTIR spectra of
pure DMF, Pbl, DMF solution and 2-AET/Pbl, DMF solution in the
range of 1750-1550 cm™ (b); FTIR spectra of MAI, 2-AET and MAI-2-
AET solid complexes in the range of 4000-1700 cm™ (c) and
1700-1300 cm~* (d).
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solution, and there is no obvious peak shift, which implies that
the interaction between MAI and 2-AET is not formed in DMF
solution. In order to further understand the effect of 2-AET on
the interaction among PbI,, MAI and DMF, the solid complexes
were extracted from the precursor solution with ethyl acetate
(EA) as an extraction agent. Fig. S3(a)t shows the complex
without 2-AET dividing into a white upper layer and a yellow
bottom layer. The white and yellow products are MAI and Pbl,,
respectively. It demonstrates that there is weak interaction
among Pbl,, MAI and DMF. No separated layers in the small
volume of yellow complexes are found when 2-AET is added into
the precursor solution. The complex is fluid, indicating that the
strong interaction among Pbl,, MAI and 2-AET is formed after
extraction. Fig. S3(b)T shows the Tyndall effect in the complex
with the addition of 2-AET under red light illumination, indi-
cating the colloidal characteristic of the complex. Fig. 1(c) and
(d) show FTIR spectra of MAI, 2-AET and MAI-2-AET solid
complexes. The N-H bending vibration and N-H stretching
vibration appear at 1597 cm ™" and 2989 cm ™" for 2-AET, and at
1564 cm ' and 3099 cm ™~ for MAI. However, the N-H bending
vibration and N-H stretching vibration of the MAI-2-AET
complex shift to 1578 cm™" and 3059 cm ™', respectively. The
N-H vibration frequency of the MAI-2-AET complex is between
the 2-AET and MAI, providing evidence for interaction between
2-AET and MAL. Fig. S3(c) and (d)} show X-ray diffraction (XRD)
patterns of the complexes with and without the additive of
2-AET. It can be seen that the diffraction peaks could not be
indexed to MAI, Pbl, or MAPDI; for the complex without 2-AET,
as reported in the literature.*” XRD patterns of the complex with
the addition of 2-AET show several peaks of the new interme-
diate phase, due to the coordination interaction of 2-AET.
Notably, the color of the solid complex without 2-AET changes
from yellow to black at the edge after measurement, but the
solid complex with the 2-AET sample remains yellow, which
implies that 2-AET can retard the change of the intermediate
phase to the MAPbI; phase at RT. The intermediate phases
changed to the MAPbI; phase when the complexes were
annealed at 100 °C for 30 min in air. The thiolate group in 2-AET
can interact with Pbl, to form a Pbl,-2-AET complex in 2-AET
added perovskite precursor solution, while the ammonium
group can anchor MAI to form Pbl,-2-AET-MAI when DMF is
removed.

The scanning electron microscopy (SEM) images, XRD
patterns and statistical grain size distribution of final MAPbI; - (x)
2-AET perovskite films are illustrated in Fig. 2. In the case of the
perovskite film without 2-AET, it clearly shows the typical branch-
like perovskite grains with poor coverage on the FTO substrate,
which is in accordance with the literature.**** The morphology of
MAPbDI; perovskite is usually related to the reaction rate between
PbI, and MAI, which depends on their respective solubility and
diffusivity in precursor solution.**** Due to the good crystal-
linity and poor solubility of Pbl, in precursor solution,* Pbl,
crystals first precipitate out to form an inorganic framework
during the spin coating process, and then react with MAI to form
MAPDI; crystals. So the MAPbI; crystallization process is domi-
nated by the crystallization rate of Pbl,. The asynchronous reac-
tion for Pbl, and MAI is likely to lead to the growth of branch-like
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Fig. 2 SEM images of MAPbIs-(x)2-AET perovskite films prepared on
FTO substrates, (a) x = 0; (b) x = 0.15M; (c) x = 0.25 M; (d) x = 0.5 M; (e)
x = 0.75 M; (f) x = 1 M. XRD patterns (g) and statistical grain size
distribution (h) of MAPbIz-(x)2-AET perovskite films.

crystals of MAPDbI;. Retarding the crystallization rate of Pbl, is
considered an efficient method to obtain uniaxial grains for high
performance of PSCs.*** As shown in Fig. 2(b)-(f), the addition of
2-AET has changed the morphology, surface coverage and
roughness of the perovskite films. The MAPbI; film consists of
compact polygonal perovskite grains when 0.25 M 2-AET is added
into the precursor solution. The average size of perovskite grains
increases with increasing the addition of 2-AET. As shown in
Fig. 2(h), the average grain size is determined to be ~320 nm for
0.25 M, ~350 nm for 0.5 M, ~460 nm for 0.75 M and ~490 nm for
1 M. The addition of 2-AET reduces the crystallization rate of Pbl,,
which makes the crystallization synchronization of PbI, and
MAPDI; form polygonal grains. Fig. 2(g) shows XRD patterns of
final MAPDI;-(x)2-AET perovskite films. Diffraction peaks at
14.14° and 28.45° are the only peaks and correspond to (110) and
(220) crystal planes of the MAPbI; perovskite structure,*”* and
revealed significantly preferred orientation with increasing the
addition of 2-AET. The diffraction intensity of the perovskite films
with 0.5 M and 0.75 M 2-AET increases by an order of magnitude
as compared with the perovskite film without 2-AET, which
implied better crystallinity of MAPDI;- (x)2-AET perovskite films.
No obvious position shift of diffraction peaks is observed. A
uniform and compact perovskite film with excellent crystallinity
is one of the essential requirements for PSC application.*>*”*
The effect of thermal treatment on the MAPDbI; perovskite
films was investigated. Fig. 3(a)-(f) show SEM images of
MAPDI;-(0.5)2-AET perovskite films heated at 100 °C for
different times. There are many pinholes in the MAPbI; film
without annealing. With the increase of annealing time,
perovskite grains grow up and decrease the pinholes. The
average grain size of the MAPbI; grows up to ~490 nm after
annealing at 100 °C for 12 min. So the compact perovskite films
are obtained. 2-AET also boosts the growth rate of perovskite
crystals during annealing. Fig. S41 shows that the surface

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 SEM images of MAPbIs-(0.5)2-AET perovskite films with
different thermal annealing times at 100 °C, (a) 0 min; (b) 3 min; (c)
6 min; (d) 9 min; (e) 12 min; (f) 15 min. XRD patterns (g) of MAPbl3-(0.5)
2-AET perovskite films with different thermal annealing times at 100 °C
prepared on FTO substrates; selected ranges (h) which contain char-
acteristic diffraction peaks at 13.5-14.5° and 27-29°. The diamond
indicates the FTO diffraction peaks at 26.52°.

coverage of the MAPDI;-(0.75)2-AET perovskite film is higher
than that of the MAPDI;-(0.5)2-AET perovskite film after
annealing, indicating that the growth rate of perovskite is
accelerated by 2-AET. Fig. 3(g) and (h) show XRD patterns of
MAPDI; perovskite films after thermal annealing at 100 °C for
different durations. All annealed perovskite films present
increased intensity of diffraction peaks of (110) and (220) crystal
planes of the MAPDI; perovskite structure at 14.14° and 28.45°.
There is no detectable peak in the films with increasing the
duration of thermal annealing. Table S11 shows the decreased
full width at half maximum (FWHM) from 0.22 to 0.11,
demonstrating the increased crystallinity of perovskite with
increased annealing time. The characteristic peaks of the
perovskite films are found to shift to lower angles after
annealing for 3 min, and then shift back to higher angles after
annealing for 12 min. The reason is ascribed to the effect of
2-AET in the MAPDI; structure. For MAPbI; - (0.5)2-AET, a part of
the free Pbl, and MAI change to MAPbI; after spin coating. The
initially formed film has a poor crystallinity and weak optical
absorption of MAPbI; as shown in Table S1 and Fig. S5.1 During
the annealing process, the 2-AET additive was gradually pushed
out to the boundaries of perovskite grains, which increased the
perovskite crystal plane spacing. Subsequently, perovskite
grains grew up, which tended to gradually decrease the crystal
plane spacing.

Fig. 4 is the schematic illustration of the crystallization
process of MAPbI;. The branch-like crystals of MAPbI; are ob-
tained from standard precursor solution via the asynchronous
reaction between Pbl, and MAI. When 2-AET is added into the
standard precursor solution, the Pbl,-2-AET coordination

This journal is © The Royal Society of Chemistry 2016
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Fig.4 Schematic illustration of crystallographic conversion during the
annealing process. (a) Without the 2-AET additive and (b) with the
2-AET additive.

complex is formed to retard the fast crystallization of Pbl,. After
spin coating at RT, the Pbl,-MAI-DMF-2-AET films are ob-
tained, which provide the synchronous growth environment of
MAI and Pbl, crystals. There are three stages to finish the
crystallization of perovskite crystals during the annealing
process. The remnant DMF gradually evaporates and the
MAPDI; - Pbl,-MAI-2-AET intermediate phase is formed during
the annealing stage (1). Then the intermediate phases obtain
enough thermal energy to break the coordination interaction of
2-AET in the annealing stage (2), and the 2-AET additive is
concentrated in the grain boundaries of perovskite grains.
Finally, together with the growth process of perovskite grains,
the 2-AET additive is driven from grain boundaries to the
surface of perovskite grains in the stage (3) as shown in
Fig. S4(d).T

Fig. 5(a) shows UV-vis absorbance of MAPDI; perovskite films
prepared with different additions of 2-AET. Without 2-AET, the
shape of the spectrum shows clear evidence that the film does
not provide perfect coverage and consists of areas of high
optical density mixed with uncovered parts.>® The perovskite
film prepared with 0.15 M 2-AET shows less of this effect.
Clearly, the higher concentration of M 2-AET leads to a high-
quality film with close to perfect coverage. We point out that the
absorption of perovskite films gradually drops when the addi-
tion is more than 0.25 M. It should be attributed to the strong
coordination interaction of 2-AET in the perovskite film, which
forms the complex in the final film, as indicated by the
unknown XRD peaks in Fig. S6.f Besides, the decrease of the

J. Mater. Chem. A, 2016, 4, 17018-17024 | 17021
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Fig. 5 UV-vis absorption spectra (a) and normalized steady-state
photoluminescence (PL) spectra (b) of MAPbIs-(x)2-AET perovskite
films. The excitation wavelength is 465 nm.

absorption of the perovskite films in the 775-800 nm region is
caused by the reduced light scattering. The weak light scattering
for 2-AET added perovskite films is attributed to the uniform
morphology. UV-vis absorption spectra also show a blue shift by
~30 nm from MAPbI; to MAPbI;-(0.25)2-AET, which is another
evidence for the interaction between Pbl,, MAI and 2-AET. The
steady-state photoluminescence (PL) spectra in Fig. 5(b) show
that the peak of the MAPDbI;-(0.5)2-AET perovskite film is blue
shifted by ~30 nm compared to MAPbI; perovskite.

Fig. 6(a) and (b) show the photographs of MAPbI; and
MAPDI;-(0.5)2-AET perovskite films immersed in water for
different times at RT. SEM images of the films are shown in
Fig. S7 and S8.1 It can be seen that the color of MAPbI;-(0.5)
2-AET perovskite films remains dark brown after immersion in

(@) ()

© @
001) (220) 3008,
003
| —A ,(l,?*l,) 102) (‘(bf | \ 1805S|
= 1808 | —~
3 3 608
Sl ) —es oo | ] <
'g —10s 1 E L ) —308
£ (110) £ ‘ j
(220)
—108
—os ol
JCPDS No. D7—0235| A —0S
10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
(e) 2 Theta (deg.) () 2 Theta (deg.)

(=)

1 —os

— 108
| —e0s
—180S

[N

Absorption (a.u.)
Normalized PL intensity (a.u.)

Intensity (a.u.)

0 T T T T T T T T T
300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

660 680 700 720 740 760 780 800 820
Wavelength (nm)

Fig. 6 Photographs (a and b) of MAPbIs-(0.5)2-AET (top) MAPbIs
(bottom) perovskite films immersed in water at different times; XRD
patterns of (c) MAPbIls perovskite films and (d) MAPblz-(0.5)2-AET
perovskite films immersed in water at different times. UV-vis absorp-
tion spectra (e) and normalized steady photoluminescence spectra (f)
of MAPDbIs (black) and MAPbIs-(0.5)2-AET (red) perovskite films
immersed in water at different times, respectively. The excitation
wavelength is 465 nm.
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water, while MAPbI; perovskite films undergo a rapid color
change from dark brown to yellow. This process has also been
recorded in Movie S1.7 XRD patterns of MAPbI; and MAPbI;-(0.5)
2-AET are shown in Fig. 6(c) and (d). For MAPbI; perovskite films,
PbI, characteristic peaks at 12.7°, 25.9°, and 34.3° appear after
immersion in water for 10 s, and are well indexed to hexagonal
PbI, (JCPDS card no. 07-0235). For MAPbI;-(0.5)2-AET perovskite
films, characteristic peaks at 14.15° and 28.46° of MAPbI; remain
after immersion in water from 10 s to 300 s, without the presence
of detectable crystalline Pbl,. However, the intensity of the peaks
decreases gradually with increasing immersion time from 10 s to
300 s. No visible diffraction peak offset nor impurity peaks were
observed. Compared to the pristine MAPDI;-(0.5)2-AET perov-
skite film, the UV-vis absorption of the film is first enhanced in
the wavelength range from 450 nm to 800 nm after immersion in
water for 10 s as shown in Fig. 6(e). The possible reason is that the
excess 2-AET in the perovskite grain boundary is gradually dis-
solved in water to form holes in the perovskite film (as shown in
Fig. S87), which enhances the light trapping and the light scat-
tering. Then the absorption is gradually decreased in the short
wavelength range with increasing immersion time. However, the
absorption edge of Pbl, at ~520 nm as reported in the literature
is not found.* A red shift of the absorption edge from ~770 nm to
~780 nm was also observed for all MAPDI;-(0.5)2-AET perovskite
films after immersion due to the light scattering. As shown in
Fig. 6(f), after immersion, the PL peaks also shift 10 nm from
742 nm to 752 nm. After that, the PL curves do not change with
increasing immersion time, indicating that the structure of
MAPDI;-(0.5)2-AET is stable in water.

Fig. 7(a) shows XRD patterns of MAPbI; perovskite films
prepared with low addition of 2-AET after immersion in water
for 15 s. The degradation rate of MAPDI;-(x)2-AET increases as
the amount of 2-AET addition decreases. As shown in Table S2,+
after immersion in water for 15 s, the diffraction peak of Pbl, at
12.79° shifts to 12.22° when the addition of 2-AET increases
from 0 M to 0.3 M. The decreased intensity with increased
FWHM of Pbl, characteristic peaks implies that the MAPbI;
degradation process is suppressed by the presence of 2-AET.
The schematic diagram of the degradation process of MAPbI;
and possible mechanism of water-resistant MAPDbI;-(x)2-AET
perovskite in water are presented in Fig. 7(b) and (c). The

(a) e priStine perovskite
0.15M

—025M ——0.30M

(b)
s

In water

.;:L.,.,".

¥rE

o,
lln water

bl g

10 15 20 25 30 35 40
2 Theta (deg.)

SRR g

«2-AET AW Pbl, ~H,0

4P oMA'

Fig. 7 XRD patterns (a) of MAPbIz-(x)2-AET perovskite films immersed
in water 15 s. Schematic diagram to show (b) the degradation process
of MAPDbIz and (c) the mechanisms for water-resistant MAPDbIs-(x)
2-AET perovskite in water.

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 DSC/TGA curves of MAPDbIs (a) and MAPbIz-(0.75)2-AET (b) in
the range of 30-350 °C at 5 °C min~! of heating rate. DSC curve (red
line), TGA curve (blue line). The inset photographs are perovskite
powders before (left) and after (right) measurement.

MAPDI; film prepared without the addition of 2-AET degrades
rapidly to hexagonal Pbl,. However, in the case of the MAPbI;
film prepared with addition of 2-AET, the distribution of 2-AET
in perovskite grain boundaries forms compact (Pbl,)-2-AET-
(MATI) molecule barrier layers, which can effectively prevent H,O
from penetrating into MAPDI; crystals. As a result, although 2-
AET dissolves easily in water, MAPbI;-(x)2-AET perovskite
shows excellent water-resistance due to the coordination inter-
action between 2-AET and MAPbI; by hydrogen bonds.

Fig. 8 shows differential scanning calorimetry/thermogravi-
metric analysis (DSC/TGA) curves of MAPbI; and MAPbI;-(0.75)
2-AET. The color of MAPbI;-(0.75)2-AET powders changed from
yellow to black after the TGA/DSC measurement, while the color
of MAPDI; still remained black. The weight loss for both perov-
skite powders is approximately the same, 4% from RT to 125 °C,
which is attributed to the evaporation of physically adsorbed H,O
or DMF. For MAPbI; powder, the TGA curve stepwise decreases
with an obvious endothermic peak at ~125 °C, likely due to the
removal of combined water.* In the case of MAPbI;-(0.75)2-AET
powder, the mass consecutively drops with an increasing
temperature from 30 °C to 125 °C, and there is no endothermic
peak at ~125 °C, so the weight loss is related to evaporation of
DMF. This may imply that the reported hydrate intermediate
compounds (MAPbI; - H,O or (MA),Pbls-2H,0) are not formed in
MAPbI;-(0.75)2-AET powder.'®* No visible weight loss is
observed between 125 °C and 225 °C for MAPbI; powder, which is
consistent with other reports.®>* The weight loss is 6.64%
between 150 °C and 225 °C for MAPbI;-(0.75)2-AET powder,
which is close to the amount of (8.54%) 2-AET added into
precursor solution. However, as shown in Fig. S9, for pure 2-AET
powder, the weight loss is only 6.27%. In addition, the DSC curve
shows obvious endothermic peaks at 200-225 °C, so the poor
thermal stability should be attributed to a series of reactions
between MAPbI; and 2-AET, and the reaction products will be
evaporated from the perovskite powder.

Conclusions

Excellent and intrinsic water-resistant MAPbI; - (x)2-AET perov-
skite films have been grown and demonstrated. 2-AET is
a ligand with strong coordination interactions not only
observed in the perovskite precursor solutions, but also in the
resulting perovskite crystal structure. The colloidal

This journal is © The Royal Society of Chemistry 2016
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Pbl,-2-AET-MAI complexes have a great influence on the
nucleation and growth process, and the synchronous growth of
MAI and Pbl, crystals is realized during a one step spin coating
process. MAPDI;-(x)2-AET during the thermal annealing
process leads to the growth of compact perovskite films with
significant preferential orientation of (110) and (220) planes
and enhanced crystallinity. Due to the compact (Pbl,)-2-AET-
(MAI) molecule barrier layers in the MAPDI; structure, the
perovskite films show excellent intrinsic water-resistance, with
the MAPDI; perovskite crystal structure retained after immer-
sion in water for a long time (>10 minutes).
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