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Abstract: Two pseudohalide thiocyanate ions (SCN~) have
been used to replace two iodides in CH;NH;Pbl; and the
resulting perovskite material was used as the active material in
solar cells. In accelerated stability tests, the CH;NH;Pb(SCN),1
perovskite films were shown to be superior to the conventional
CH;NH;PbI; films as no significant degradation was observed
after the film had been exposed to air with a relative humidity
of 95% for over four hours, whereas CH;NH;Pbl; films
degraded in less than 1.5 hours. Solar cells based on
CH;NH;Pb(SCN),I thin films exhibited an efficiency of
8.3 %, which is comparable to that of CH;NH;PbI; based
cells fabricated in the same way.

P erovskite-type CH;NH;PbX; solid-state solar cells with
over 19% efficiency have recently been reported."! They
represent promising candidates for next-generation photo-
voltaic devices owing to their astoundingly high efficiency, the
low costs associated with their solution-based fabrication, and
tunable optical properties.”! Furthermore, this material
performs very well in terms of both charge transport
(electron/hole diffusion lengths of ca. 1 um and 1.2 um,
respectively, for CH;NH,PbI, .Cl,),” and light absorption
(1.5x10* cm™ at 550 nm)."! In general, perovskite solar cells
are configured as a sandwich structure, and the photoanode
morphologies affect the performance of the overall device."
Typically, a layer of three-dimensional (3D) TiO, is used as
the photoanode with perovskite materials.”! These 3D
structures, acting as an electron-buffer, structure-supporting,
and reflection layer, are filled up with a CH;NH;PbX;
perovskite as the photovoltaically active layer, followed by
capping with a layer of hole transport material (HTM) and
a metal counter electrode, such as Au'®! or Ag.”!

Despite success in boosting their efficiency, perovskite
solar cells are still facing several critical challenges, including
stability issues, the use of environmentally hazardous lead,”
the expensive complex organic compounds in the HTM
layer,"! and the use of precious metals as the back cath-
ode."*! Great efforts have been made to replace the lead with
non-toxic tin," the organic HTMs with cheaper inorganic
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HTMs, "™ and the noble metal Au with cheaper metals, such
as Ni.l'”l In particular, perovskite materials decompose in
moist air,®"¥ which is the main barrier for their future
commercialization. Only a handful of studies have been
conducted to improve the stability of perovskite materials, for
example by wusing NH,CH=NH,Pbl; instead of
CH,NH,PbL,"! and by changing the morphology of the
perovskite material.™® Herein, however, we describe a meth-
ods for the design of new perovskite materials that involves
the replacement of the halide ions with pseudohalide ions.

Pseudohalides have similar chemical behaviors and prop-
erties to true halides." In this study, we developed a new
perovskite material, CH;NH;Pb(SCN),I, for perovskite solar
cells by replacing two iodides in CH;NH;Pbl; with two
thiocyanate ions. As illustrated in Figure 1, two thirds of the I™
ions in traditional CH;NH;Pbl; have been replaced by
pseudohalide SCN™ ions.

Figure 1. Perovskite structures of CH;NH;Pb(SCN),! (left) and
CH;NH;Pbl; (right) for comparison. Carbon gray, iodine red, lead pink,
nitrogen blue, sulfur yellow.

According to the crystal structure of CH;NH;PbXj;
perovskites, the lead and halide ions form the frame of the
perovskite structure.'”’ The first step of degradation in
moisture involves the formation of a hydrated intermediate
containing isolated PbX¢'~ octahedra."™ The formation
constant of the lead halide complex is essentially its equilib-
rium constant, which reflects the binding tightness between
the halides and the central Pb*" ion. The formation constant
K, (cumulative formation constant ,=K, x K, x...K,) has
been calculated to be only 3.5 for PbI,>~,"8 which is in the
range of the weak interactions between 1" and Pb*'. In the
case of CH;NH;Pb(SCN),I, the interaction between Pb*" and
SCN™ is much stronger, and the formation constant K, is up to
7 for Pb(SCN),>~.") Comparing the spherical shape of I” ions
with the linear shape of SCN™ ions as indicated by their Lewis
structures, the lone pairs of electrons from the S and N atoms
in SCN™ can interact strongly with the Pb ion, which in turn
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stabilizes the frame structure of CH;NH;Pb(SCN),I. We show
that a direct improvement of moisture tolerance has been
observed for CH;NH;Pb(SCN),I in accelerated stability tests
compared with the traditional CH;NH;Pbl; perovskite mate-
rial.

Figure 2 shows the X-ray diffraction (XRD) patterns of
perovskite-type CH;NH;Pb(SCN),I in comparison to with
those of CH;NH;PbI;, Pb(SCN),, and CH;NH;I (MAI). The
XRD peaks (20) characteristic for the conventional perov-
skite CH;NH,PbI; are located at 14°, 20°, 29°, 32°, and 41°,2"
which are all present as expected. These peaks are also found
for CH;NH;Pb(SCN),I, which strongly indicates that the
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Figure 2. XRD patterns of the CH;NH;Pbl; and CH;NH;Pb(SCN),l
perovskite materials.

CH;NH;Pb(SCN),I material also has a perovskite structure.
The calculated XRD pattern for CH;NH;Pb(SCN),I matches
well with the major experimentally determined XRD peaks.
XRD patterns for Pb(SCN), and MAI are also given in
Figure 2 as references. The changes in the XRD patterns of
both the CH;NH;Pb(SCN),I and CH;NH,;PbI; films resulting
from exposure to air with 95 % relative humidity are listed in
the Supporting Information, Figure S2. No obvious changes
could be observed for CH;NH;Pb(SCN),I after four hours,
whereas the XRD pattern of the CH;NH;Pbl; film had
severely deteriorated already after exposure to air with 95 %
relative humidity for 1.5 hours, as confirmed by the appear-
ance of the peaks characteristic for Pbl,.

The accelerated moisture-tolerance tests for perovskite
materials were performed by monitoring the reflection of the
corresponding perovskite films in air with 95% relative
humidity at room temperature. The increase in reflection for
CH;NH;Pbl; is due to the decomposition of the perovskite
structure when subjected to moisture (Figure 3a).® Perov-
skite-type CH;NH;PbI; started to decompose immediately
after being exposed to moisture. After 1.5 hours, most of the
black film had decomposed and turned yellow, which is due to
the formation of Pbl,, and the corresponding reflection
increased from approximately 10 to 20%. In the case of
CH;NH;Pb(SCN),I (Figure 3b), no obvious increase in
reflection was observed even after exposure to moisture for
four hours. The corresponding reflection increased by only
2% after four hours of exposure to moisture, from approx-
imately 6 to 8 %. Some very small white patches emerged at
the corners, which are likely due to Pb(SCN),. Furthermore,
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Figure 3. Accelerated stability tests with a) CH;NH;Pbl; and
b) CH;NH;Pb(SCN),l in air with 95% relative humidity.

the black color of the CH;NH;Pb(SCN),I film could last for
months when the film was kept in air with a relative humidity
of <40%. The bottom insets in Figure 3a and 3b show the
CH;NH;Pbl; and CH;NH;Pb(SCN),I films, respectively, after
30 days in air with a relative humidity of 20-40%.

To gain further insights into the stability of the perovskite
CH;NH;Pb(SCN),I during the accelerated moisture-toler-
ance tests, the changes in the band gaps were also determined
by plotting the square of the Kubelka—-Munk function
[F(R,) x photon energy(hv)] versus hv.?!! The band gap of
CH;NH;Pbl; was determined to be 1.504 eV, which is in
accordance with previously reported values (Figure 4a).[?%%!
The band gap decreased to 1.470 eV after 2.5 hours, which
indicates the decomposition of the CH;NH;Pbl; perovskite
structure in moisture, resulting in the formation of a mixture
of MAI-H,0O, MAIPDI,, Pbl,-H,0, and other iodide complex-
es.® 1 In contrast, CH;NH;Pb(SCN),I exhibited a slightly
wider band gap of 1.532 eV, which remained nearly the same
after four hours of exposure to air with 95% relative
humidity, suggesting that CH;NH;Pb(SCN),I is a more
stable perovskite structure (Figure 4b).

The presence of SCN groups in the material was further
confirmed by total internal reflection Fourier transform
infrared (TIR-FTIR) spectroscopy. Indeed, we observed the
characteristic thiocyanate FTIR peak®! at approximately
2050 cm™! for both a pure CH;NH,;Pb(SCN),I film on glass
and spin-coated CH;NH;Pb(SCN),I on a TiO, nanoparticle
photoanode (Figure S1). Furthermore, energy-dispersive X-
ray spectroscopy (EDXS) measurements suggest that the
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Figure 4. Tauc plots from accelerated stability tests with
a) CH;NH;Pbl; and b) CH;NH;Pb(SCN),l in air with 95% relative
humidity.

CH;NH;Pb(SCN),I based device contains pronouncedly
more sulfur than the CH;NH;PbI; based device. (Tables S1-
S3). The sulfur in the CH;NH;Pbl; based device originates
from the HTM layer, which contains lithium bis(trifluorome-
thane)sulfonamide.

Scanning electron microscopy (SEM) images of the cross-
sections of solar cells with CH;NH;Pbl; and CH;NH,Pb-
(SCN),I as the active materials are shown in Figure 5a and
5b, respectively. Both solar cells used an approximately
500 nm thick TiO, nanoparticle as the photoanode, a 200 nm
thick HTM layer, and a 80 nm thick Au layer. No obvious
morphological differences can be observed for these two solar
cells.

The J-V curves of solar cells that are based on either
CH;NH;Pb(SCN),I or CH;NH;PbI; but use the same types of
photoanodes, HTM layers, and Au counter electrodes and
were prepared in our laboratory are compared in Figure 6.
Apparently, CH;NH,;Pb(SCN),I exhibits a lower current
density (15.1 mAcm™?) than CH;NH;Pbl; (21.1 mAcm™2).
However, the CH;NH;Pb(SCN),I based cell displays better
V.. and FFvalues (V,,=0.87V, FF=0.63) than the
CH;NH,PbI; based solar cell (V,.=0.80 V, FF=0.52). The
efficiencies of the two cells were relatively similar, namely
8.3% for the CH;NH;Pb(SCN),I based cell and 8.8 % for the
CH;NH;Pbl; based cell. Compared to the best reported
efficiency for CH;NH;PbI; cells, the lower efficiency of our
cells is mainly due to the low V. value, which is largely due to
the crystallinity of the perovskite film, the quality of the
interfaces, and the film engineering procedure. All of the
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Figure 5. SEM images of perovskite solar cells. a, b) Cross-sections of
CH;NH;Pbl; (a) and CH;NH;Pb(SCN),! (b) based solar cells. c,d) Top
views of CH;NH;Pbl; (c) and CH;NH;Pb(SCN),! (d) based solar cells.
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Figure 6. J-V curves of perovskite solar cells with CH;NH;Pb(SCN),!
or CH;NH;Pbl; as the active layer.

critical parameters highlighting the photovoltaic performance
of the devices are given in Table 1. The J-V curves of the cell
made with CH;NH;Pb(SCN),I that were recorded on the first
day and on the 14th day after fabrication, and the corre-
sponding curves of the cell made with CH;NH;Pbl; on the
first and seventh day are shown in Figure S3. The efficiency of
the CH;NH;PbI; cell dropped from 8.8 % on the first day to
6.9% on the seventh day; in contrast, the efficiency of the
CH;NH;Pb(SCN),I cell only dropped from 8.3 % on the first
day to 7.4% on the 14th day (Table S4), which thus exhibits
a much better stability than the CH;NH;Pbl; cell.

Table 1: Photovoltaic performance of solar cells with CH;NH;Pb(SCN),|
or CH;NH;Pbl; as the active layer.

Cell Jsc[mAcm™] V. [V] FF n[%] R4[Q] R [Q]
CH,NH,Pbl, 21.1 0.80 052 88 5550 19.1
CH,NH, Pb(SCN),I 15.1 087 063 83 981.7 314

FF =fill factor, J,.= short-circuit current density, V.. = open-circuit
voltage, R, =series resistance, Ry, =shunt resistance.
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In summary, we have developed a new type of perovskite
material, CH;NH;Pb(SCN),I. The replacement of two iodides
by two thiocyanate ions in a conventional CH;NH;PbI;
material drastically improved the moisture tolerance of the
resulting perovskite material.

Experimental Section

Synthesis of Pb(SCN),: An aqueous solution of Pb(BF,) (10 mL,
Aldrich) and NaSCN (3.5 g, Aldrich) were mixed under stirring in
deionized (DI) water (10 mL). The precipitate was filtered off and
washed 6 times with DI water to obtain Pb(SCN),. CH;NH;I was
synthesized as described previously.”” The CH;NH;PbI, precursor
solution was prepared as follows: Pbl, (0.289 g, Aldrich) and
CH;NH;I (0.1 g) were dissolved in y-butyrolactone (0.52 mL,
Aldrich) at 60°C under stirring for 3 h.[*! The CH,NH;Pb(SCN),I
precursor solution was prepared as follows: Pb(SCN), (0.203 g) and
CH;NH;I (0.15g) were dissolved in dimethylformamide (DMEF,
0.6 mL) under stirring at 60°C for 3 h. The HTM layer was prepared
by dissolving 2,2',7,7'-tetrakis(N,N-di-para-methoxyphenylamine)-
9,9'-spiro-bifluorene (spiro-MeOTAD, 92 mg), lithium bis(trifluoro-
methane)sulfonamide (7.2 mg), and 4-tert-butylpyridine (12 mg), in
chlorobenzene (1 mL).[%

The photoanodes were prepared as follows: Titanium(IV)
bis(ethyl acetoacetato) diisopropoxide in 1-butanol (0.2m) was
sprayed on pre-cleaned FTO glass substrates at 400°C, followed by
sintering at 450°C for 1 h to form a blocking layer. The electrodes
were then soaked in TiCl, (0.2Mm) in a sealed vial at 70°C for 2 h !
followed by sintering at 500°C for 0.5 h. The resulting TiO,/FTO
electrodes were dipped into a solution of H,O,/NH;-H,O (9:1, v/v) for
20's, and the substrates were then washed with DI water and ethanol.
Finally, the electrodes were soaked in TiCl, (0.04 M) in a sealed vial at
70°C for 1 h, and then heated to 500°C for 0.5 h.

Fabrication of the corresponding perovskite solar cells: The
perovskite precursor solution was spin-coated onto the photoanodes
at 2000 rmp for 1 min in dry air, followed by annealing at 105°C in air
for 30 min. The HTM layer was spin-coated at 2500 rpm. An 80 nm
thick Au film was thermally coated atop the HTM layer using an
Edward 306 A thermal evaporator.

Characterization: A potentiostat (Gamry Reference 600) and
a solar simulator (Photo Emission Inc. CA, model SS50B) were used
to acquire the current density-voltage (/-V) curves. SEM images
were taken on a Tescan scanning electron microscope (Vega II SBH).
Diffusive reflectance measurements were conducted with a Filmetrics
F20-EXR thin-film analyzer with an integrating sphere for measuring
the reflectance. XRD spectra were collected on a Miniflex X-ray
diffractometer. EDX spectra were recorded with a scanning electron
microscope equipped with an INCAX-act Analytical Standard EDX
Detector (Oxford Instruments). FTIR spectra were recorded with
a reflective infrared spectrometer (ATI Mattson). Band-gap energies
were calculated according to literature.?'! The calculation of the XRD
patterns for CH;NH;Pb(SCN),I was carried out using Accelrys MS
modelling software (version 3.0.1).

Keywords: moisture tolerance - perovskite phases -
pseudohalides - solar cells - thiocyanates
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Pseudohalide-Induced Moisture
Tolerance in Perovskite
CH;NH,Pb(SCN),!I Thin Films

30 days in open air
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The replacement of two iodides by two
pseudohalide thiocyanate ions in
CH;NH;Pbl; results in a perovskite
material with superior tolerance to mois-
ture when used as the active material of
a solar cell. For the CH;NH;Pb(SCN),!
perovskite films, no significant degrada-
tion was observed after the film had been

exposed to air with a relative humidity of
95% for over four hours, whereas the

CH;NH;Pbl; films degraded in less than
1.5 hours.
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