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ABSTRACT: Perovskite solar cells (PSCs) have achieved huge
success in power conversion efficiency (PCE) and stability.
However, further improving the PCE of PSCs and stability is
still a big challenge. Here, we attempt to improve the PCE and
stability of PSCs using a functional additive named 3-
mercaptopropyltriethoxysilane (SiSH) in the perovskite antisol-
vent. It is revealed that SiSH can release the stress in the film,
reduce the defects, and inhibit lithium-ion migration and lead
leakage. As a result, the target device achieves an efliciency
enhancement from 20.80 to 22.42% as compared to the control
device. Meanwhile, device stability is ameliorated after SiSH
modification. Furthermore, new adsorbents are used to treat the
leaked lead to make it comply with safe drinking water standards.
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This work provides an idea for developing multifunctional antisolvent additives and adsorbents for high PCE, long stability, and

environment-friendly Pb-based PSCs.
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B INTRODUCTION

Perovskite solar cells (PSCs) have made great achievement
since it was first reported due to their significantly lengthy
photoinduced charge carrier diffusion lengths,' ™ longer carrier
lifetime,*"° high optical absorption coefficients, and other
factors.”® PSCs’ power conversion efficiency (PCE) has risen
from 3.8% to a certified 25.7%.° However, there are still
amount of problems that need to be solved such as (1) how to
further enhance the PCE of PSCs; (2) how to improve the
operational and environmental stability of the PSCs, especially
for organic—inorganic PSCs; and (3) how to prevent lead
leakage and recover the leaked lead.

The quality of the perovskite film plays a key role in
preparing the PSCs with high PCE.”'”'" As yet, a lot of
methods have been proposed to ameliorate the quality of the
perovskite thin film, for example, additive engineering,s’n’m
buried engineering,'"'® precursor solvent, and component
engineering.'®'” Besides, the antisolvent engineering'®'’ has
been considered one of the most effective ways to enhance the
quality of the perovskite film. In addition to finding more
suitable and greener antisolvents or mixing antisolvents
engineers,u’18 introducing additives into antisolvents is also
an important content of antisolvent engineering. Liu and co-
workers applied acetylacetone as an additive of the ethyl
acetate antisolvent to treat CH;NH;PbI; film and found that
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acetylacetone indeed can improve the quality of the perovskite
films because of the strong chemical interaction between
acetylacetone and perovskite film, which can reduce the defect
density of the perovskite film.'"® Na and co-workers also
obtained a high-performance device with improved film quality
and carrier transport by adding a functional additive (2-
hydroxyethyl acrylate) in the antisolvent.”” So far, only a few
amounts of works have focused on antisolvent additive
engineering,zo_23 but this is a strategy that cannot be ignored
to improve the PCE of the PSCs. Therefore, this inspires us to
find new and suitable antisolvent additives.

Besides, more and more researchers are drawing their
attention to device stability rather than just improving the PCE
of the PSCs. Previous studies have proved that the stress in
film and interface and Li" migration can influence the device
stability by accelerating the decomposition of the perovskite
film. Up to now, a lot of studies have been conducted to
regulate/release stress' >>*72° or inhibit Li* migration. Tang
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Figure 1. (a) Preparation process of the PSCs used in this work. (b) Statistical image of the photovoltaic parameters modified by different
concentrations of the SiSH. (c) J—V curves and (d) corresponding IPCE spectra of the control and target devices. (e) Time dependence of the
stabilized current and PCE output of the PSCs with and without SiSH modification. (f) FTIR spectra of the Pbl, films without and with SiSH
modifications. (g) Pb 4f XPS spectra of the perovskite films without and with SiSH modifications.

and co-workers attempted to insert the WS, interface layer
between the electron transport layer (ETL) and perovskite
layer to release the perovskite stress due to the matched crystal
lattice structure between perovskite, SnO, and WS,. Mean-
while, the atomically smooth dangling bond-free surface also
acts as a lubricant to an adjacent interface.”” Chen and co-
workers studied the effects of different stress states (tensile-
strain, strain-free, and compressive-strain) on the PCE and
stability of PSCs by using different annealing processes
(forward annealing and inverted annealing).28 Our previous
work also tried to use KPF4 to release the film stress and
improve the environmental stability of the PSCs."”” On the
other hand, lithium-ion migration from the hole transport layer
(Spiro-OMeTAD) to the perovskite layer is also harmful to the
stability of the device, and up to now, there are some strategies
such as top-contact-interface engineering and the hole
transport layer additive engineering to solve this issue.”” ™"’
All the above studies prove that it is a potential and effective
strategy to improve the device’s stability via releasing/
regulating stress or inhibiting lithium-ion migration.

Another concern is that lead leakage comes from PSCs,
which could lead to the irreparable pollution of drinking water
and soil. A lot of technologies have been proposed to reduce
the leaked lead such as superhydrophobic self-assembled
monolayers,”” device packaging, or additive engineering.’>**
However, because of the complex process and single benefit,
these strategies have not been widely promoted. Therefore,
how to further prevent the lead leakage and recover the leaked
lead is also a top priority.

Here, a multifunctional additive in chlorobenzene (CB),
namely, 3-mercaptopropyltriethoxysilane (SiSH) is incorpo-
rated to make better the PCE and stability of the PSCs. After
SiSH is treated, several functions have been realized synergisti-
cally: improving the morphologies of perovskite film by
passivating interfacial defects and facilitating perovskite
crystallization, enhancing device stability by releasing inter-
facial stress, inhibiting lithium-ion migration, reducing the
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irreversible environment pollution by preventing lead leakage,
and achieving lead recovery. In this way, both PCE and
stability are enhanced after SiSH introduction. The device
modified by SiSH achieves a PCE of 22.42%. After aging in the
dark air condition (25 °C, 40~45% RH) for 500 h, the
unencapsulated modified device maintains 95% of its initial
PCE. In addition, lead leakage was significantly inhibited after
SiSH was modified. At the same time, using our synthetic
adsorbent, the lead content is controlled in a safe range.

B RESULTS AND DISCUSSION

The structure of the PSCs used in this work was ITO/SnO,/
Rby 02 (FAg.05C0.05)0.98PbL1.01Bro.03Clo 06/ Spiro-OMeTAD/ Ag,
and the corresponding preparation process is displayed in
Figure la, where SiSH was introduced into CB to prepare the
thin film. Because SiSH molecules contain some functional
groups, it is expected to achieve multiple functions by
introducing the SiSH into perovskite film, and the structure
of SiSH is exhibited in Figure S1. First, sulthydryl (—SH) is
expected to passivate the undercoordinated Pb** defects from
perovskite film by the coordination interaction. Second,
siloxanes have been widely demonstrated to have strong
hydrophobics, which are expected to improve the stability of
the PSCs. Finally, after introducing SiSH with a flexible chain
into perovskite films, it is expected to release the stress in the
perovskite films. All in all, multiple functions are anticipated to
be achieved through the modification of SiSH molecules for
perovskite film.

The photovoltaic performances of the PSCs with different
concentrations of SiSH modifications are shown in Figure 1b
and Table SI1. The result showed that the PCE of PSCs was
increased with the concertation of SiSH increased, and the best
performance of the PSCs was obtained when the concertation
of 8 uL/mL of the SiSH was introduced into CB. Figure lc
exhibits the J—V curves of control and target devices measured
in reverse scan (RS) and forward scan (FS) under simulated
AM 1.5G one sun illumination of 100 mW/cm”. The open-
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Figure 2. AFM topography images of perovskite thin film treated with (a) CB and (b) SiSH + CB. (c) XRD patterns of perovskite film treated with
or without SiSH. (d) PL and (e) TRPL of the perovskite film without or with SiSH modification and deposited on glass. (f) Dark I-V curves with
the structure of ITO/control or target perovskite film/Au. (g) TAS, (h) Mott—Schottky plot, and (i) Nyquist plots of the PSCs without or with

SiSH treatment.

circuit voltage (Vo) and fill factor (FF) were increased
significantly from 1.09 V and 77.2% (control device) to 1.12 V
and 80.1% (target device) after SiSH was introduced, and the
average V¢ and FF increased from 1.09 V and 77.1% (control
device) to 1.12 V and 79.8% (target device), respectively.
Finally, a high PCE of target PSCs (22.42%) was obtained
compared with the control device (20.80%), which is very
competitive (see Supplementary Table S2). Figure 1d shows
the incident photon-to-current conversion efficiency (IPCE)
spectra of the PSCs introduced or not introduced SiSH. The
integrated current density of the device can obtain from IPCE
and is exhibited in Figure 1d. As we can see, the control device
shows a Jgc of 23.14 mA/cm” while the target is 23.65 mA/
cm?, which echoes with that obtained from J—V curves. Figure
le shows the stable output current density and PCE of the
devices with or without SiSH introduced in CB at the
maximum power point with the bias of 0.810 and 0.892 V,
respectively. The SiSH-modified device exhibited a higher
current density of 24.86 mA/ cm? and PCE of 22.18%, while
those of the control device were 24.54 mA/cm” and 19.87%,
respectively.

To explain the dependence of photovoltaic performance on
SiSH, Fourier transform infrared spectroscopy (FTIR) and X-
ray photoelectron spectroscopy (XPS) measurements were
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carried out. As displayed in Figure 1f, where the vibration
peaks of C—S—H in SiSH are located at 920 cm™,>**° after
mixing with Pbl, the peaks shifted to 877 cm™, which
indicated that there is a strong chemical interaction between
—SH and Pb?*. Furthermore, the stretching vibration peaks of
—SH at 2561 cm™ also showed that a shift after Pbl, was
introduced into SiSH.* In addition, as an effective technology,
XPS is often used to characterize the chemical interactions
between elements. As exhibited in Figure S2, strong signals
belonging to Si 2p could be observed in the target film while
they did not appear in the control film, which indicated that
there is SiSH existing in the perovskite thin film. Pb 4f was
further measured to explore the chemical interaction between
SiSH and Pb**. As revealed in Figure 1g, a definite shift arose
after SiSH was introduced into CB during the preparation
process of the perovskite thin film (from 138.16 and 143.05 eV
for the control film to 137.99 and 142.83 eV for the target
film). This is consistent with the FTIR results, indicating that
there is indeed a strong chemical interaction between SiSH
and Pb**. In addition, we were surprised to find that after
mixing the SiSH and Pbl,, the stretching vibration peaks of Si—
O—C located on 1086 cm™" were split into two peaks (1062
and 1108 cm™") (Figure 1£),>”*® where the peak at 1108 cm™
was attributed to the stretching vibration peaks of Si—0-8i,*
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Figure 3. GIXRD patterns of the perovskite films (a) without or (b) with SiSH treated. Schematic illustration of the residual stress of the perovskite
films (c) without or (d) with SiSH treated. (e) *Si and (f) “Li NMR of SiSH and Li-TESI dissolved in DMSO-dj.

indicating the formation of the cross-linked network.
According to Figure 1f, g, a distribution diagram of SiSH in
perovskite films was proposed. As displayed in Figure S3, the
strong chemical interaction between —SH and Pb*" defect is
expected to passivate the under-coordination Pb** defect
because of the existence of lone-pair electrons in —SH, which
causes the shift of the XPS peak of Pb 4f to the lower binding
energy and the corresponding FTIR verb peaks also shifted
(Figure 1f, g). At the same time, the formation of the Si—O—Si
cross-linked network also ensures the stability of the crystal
structure.’ Finally, the cross-linked network is expected to
protect perovskite films from the erosion of water and oxygen.’

Atomic force microscopy (AFM) was employed to reveal the
morphology of perovskite films without and with SiSH
introduction. As expected, the root mean square (RMS)
roughness of the perovskite film was reduced from 36.3 nm of
the control film to 29.6 nm of the target film (Figure 2a, b).
Meanwhile, top-view scanning electron microscopy (SEM)
images show that the size of the grain was increased, and the
hole of the thin film decreased significantly (Figure S4), which
was mainly due to the perovskite crystallization rate being
effectively suppressed owing to the strong chemical interaction
between Pb** and —SH (in SiSH).® Smoother and better
coverage film can not only reduce the interfacial nonradiative
recombination losses but also improve the light absorption
capacity of the film. XRD measurement was implemented to
uncover the effect of SiSH treatment on the composition and
crystallinity of perovskite thin films. As exhibited in Figure 2c,
the composition of the perovskite film was not affected by the
SiSH, while the crystallinity of the film increased after SiSH
was introduced into CB. Better crystallinity also can lead to
high Jsc and Voc.t

The steady-state photoluminescence (PL) and time-resolved
photoluminescence (TRPL) spectra were measured with the
structure of glass/perovskite to reveal the effect of the SiSH
treatment on carrier lifetimes, and the results are shown in
Figure 2d, e. As we can see that after introducing SiSH into
CB, the PL intensity of the perovskite thin film was increased.
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TRPL curves exhibited in Fi$ure 2e can be fitted well using a
. . S
double-exponential function:

1(£) = AW 4 A, (1)

where 7, is the fast decay time and 7, stand for the slow decay
time. The amplitudes of the fast and slow decay processes are
A, and A,, respectively. The average carrier lifetime (7,,.) can
be calculated using the following equation:*’

_ Alﬂcl2 + A21'22
At + Ay,

ave (2)
The fitting parameters are listed in Table S3. As we can see, the
film shows a longer carrier lifetime (135.28 ns) after SiSH
modification than the bare one (69.85 ns), which suggests that
the defect density of the perovskite thin film can be decreased
after SiSH was introduced. Dark I-V curves were further
carried out to reveal the defect densities of perovskite film after
introducing the SiSH. As illustrated in Figure 2f, three clear
regions were observed, including the Ohmic region, the trap-
filled limited region, and the SCLC region. It is well known
that trap density can be calculated using the following
equation:‘“’42

_ 2¢ee4Vipr

n
t 2
el

(3)
where ¢ is the dielectric constant of the perovskite, e is the
elementary charge, L is the thickness film of the perovskite, &,
and ¢ are the vacuum and practical dielectric constant. The
relative dielectric constant was calculated from the capaci-
tance—frequency measurement in the range of 0.1 Hz to 1
MHz with the structure of ITO/perovskite/Au. As shown in
Figure S5, € = 51.68 was obtained when the frequency is 10
kHz."’ The Vg of the device without or with SiSH treatment
was 0.728 and 0.436 V, respectively. Also, the corresponding
trap densities were decreased from 2.78 X 10'® cm™ to 1.67 X
10" cm™>. Improved crystallization and increased grain size are
some of the main reasons for the decreased trap density.
Besides, the stronger chemical interaction between —SH and
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Pb** and the cross-linked network can also be used to explain
the decreased film trap density. Thermal admittance spectros-
copy (TAS) measurement was used to analyze the trap density
of states (fDOS) in energy space for the control and target
devices, and the corresponding calculation is displayed in
Supplementary Note 1. As shown in Figure 2g, generally, the
energy level from 0.35 to 0.4 eV is defined as shallow trap
states, while the energy level from 0.4 to 0.55 eV is attributed
to deep trap states.”™ After introducing SiSH into CB, both
the shallow and deep trap state density can be reduced. PL,
TRPL, and TAS results proved that SiSH can effectively
passivate the defects at the films and interface and suppress
trap-assisted nonradiative recombination correspondingly,
which should be related to the increased V¢ and FF. Figure
2h shows the Mott—Schottky curves for the control and target
devices to reveal the change of the built-in potentials (V;).
The control device shows a Vi; of 1.038 V while the target
device shows a much higher Vi; of 1.089 V, which helps to
facilitate carrier transport.'”*° The Nyquist plots for the
control and target devices shown in Figure 2i were assessed at
the frequency ranging from 1 MHz to 1 Hz with a bias of 0 V
under dark conditions. Usually, the high-frequency region is
considered to be related to charge-transfer resistance (R,,), and
the low-frequency region is associated with recombination
resistance (R,..).*”*’ On the one hand, the increased R, for
target devices could be attributed to reducing the defect
density and increased carrier lifetime. On the other hand, the
reduced R could impute improved crystallinity and enhanced
crystal size. It once more suggests that the SiSH leads to more
unencumbered carrier transportation as well as effectively
reduced nonradiative recombination losses.

As mentioned before, residual stress was detrimental to
device performance because the structure of the perovskite film
could be destroyed. The depth-dependent grazing incident X-
ray diffraction (GIXRD) as an effective technology was
employed to proclaim the stress in the thin film.”® Here, a
serious incident angle (w) was adopted to reveal the stress
distribution in the thin film from 0.1° to 1.7°. Generally, a peak
at a high diffraction angle always has a high multiplicative
factor and is less affected by the heat movement of the
molecule, so the (012) plane at 31.6° was chosen for further
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study.”® As presented in Figure 3a, with the increase in the o,
the peak position of the control film was shifted to a lower 26
angle, while the target thin film has not shifted (Figure 3b).
According to the Bragg’s Law,

nA = 2dsin0 (4)

where 0 is the diffraction angle, n is the diffraction series, and d
stands for interplanar spacing. When the diffraction peak
shifted toward a lower 20 angle, a large interplanar spacing
would generate, indicating the possible lattice expansion and
associated stress. The corresponding model is shown in Figure
3¢, d. The release of stress is mainly due to the softness of
SiSH. SiSH could enter the perovskite thin film with CB and
stay at the grain boundary, which plays the role of “lubricant,”
as shown in Figure S3. Stress-released thin film has a more
stable structure and can effectively prevent the invasion of
water and reduce the nonradiative recombination of the thin
film. As is known to all, Li* migration is also harmful to the
stability of the device. Here, *°Si and "Li NMR were employed
to uncover the chemical interaction between Li* and SiSH
(Figure 3e, f). After mixing Li* and SiSH, the typical NMR of
2Sj and "Li has a significant shift, which indicates that a strong
chemical interaction indeed exists between Li* and SiSH and
could inhibit the migration of Li* (the illustration of Figure 3e
shows this potential chemical interaction).”® Such interaction
is also expected to improve the stability of the device.
Inspired by the positive effect of SiSH on defect passivation,
stress release, and Li" migration inhibition, the long-term
stability of the unsealed devices without and with SiSH was
recorded. Usually, silver (Ag) is substituted by gold (Au) to
explore the stability of the device because Ag reacts with I to
form A§I easily, which is harmful to the stability of the
device.">** However, previous work demonstrated that —SH
and Ag could form a strong chemical interaction.”” As shown
in Figure S6, Ag was directly vapor-deposited on perovskite
film. When placed for a while, silver iodide (Agl) formed in the
control film while the target film did not obvious. Here, the
structure with ITO/SnO,/perovskite/Spiro-OMeTAD/Ag was
adopted to explore the device stability with or without SiSH
modification. Figure S7 presents the humidity stability of the
unencapsulated control and target device with 40~45% relative

https://doi.org/10.1021/acsami.2c06032
ACS Appl. Mater. Interfaces 2022, 14, 35513—35521


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06032/suppl_file/am2c06032_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06032/suppl_file/am2c06032_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06032/suppl_file/am2c06032_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06032/suppl_file/am2c06032_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06032?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06032?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06032?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06032?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c06032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

humidity at 25 °C in the dark for 500 h. The control device
only maintains 60% of its original PCE while the target device
still maintains 95%. Figure S8 displays the control and target
PSCs aged under one sun illumination at room temperature to
evaluate the light stability of the devices. After 100 h, the PCE
of the control device was degraded by 13%, while the PCE of
the device with SiSH modification was degraded only by 3%.
Improved device stability can be due to improved thin film
properties and inhibited Li-ion and Ag-ion migration, which
strongly suggested that SiSH indeed is an effective antisolvent
additive.

For a long time, Pb-based PSCs have been always criticized
by scientists because of the occurrence of lead leakage, which is
contrary to the environment-friendly development advocated
all the time. This prompted us to evaluate the lead leakage of
control and target film under different conditions. As displayed
in Figure 4a, Videos S1 and S2, we put the film into deionized
water for 30 min to evaluate the lead leakage. After 30 min,
part of the target film was still brown while part of the control
film was dissolved, which means that a lot of Pb*" in the
control film has entered into deionized water. The result
proved that the SiSH can effectively prevent Pb** from
dissolving in deionized water because of the strong chemical
interaction. In addition, considering the commercialization
process of PSCs, it is essential to use them in environmental
conditions. Therefore, some extreme weather must be
considered. Here, we simulated acidic rain conditions to
evaluate the advantages of SiSH (Figure 4b, Videos S3 and
S4). As exhibited in Figure 4b, after immersing in dejonized
water with a pH of 5.7 for 30 min, part of the control film was
dissolved in water while the target film is still not dissolved.
The inductively coupled plasma mass spectrometry (ICP-MS)
measurements were used to further characterize the concen-
tration of Pb*" in deionized water whether under deionized
water or acidic rain conditions. As exhibited in Figure 4c,
because of the SiSH, the target film shows less lead leakage
(1204.65 pug/L in the deionized water and 1155.60 pg/L in the
acidic rain) while the control film shows a more serious lead
leakage (3551.46 pug/L in the deionized water and 3522.84 ug/
L in the acidic rain). The significantly suppressed lead leakage
cannot only be attributed to strong chemical interactions
between Pb** and SiSH but also the superhydrophobicity of
the cross-linked network of SiSH.

Although a sea of Pb** has been prevented from dissolving
in deionized water, there is still a large disparity with drinking
water. According to the <standards for drinking water quality>
established by some countries, generally, the concertation of
the Pb** in water should be lower than 10 ug/ L;*** hence,
some other strategies should be developed to further reduce
the concentration of Pb** in water. We synthesized an
adsorbent called benzene-1,4-dithiocarboxamide (BD), the
detailed synthesis of which is shown in the Experimental
Section and Scheme 1. In Figure 4d, e, FTIR and 'H NMR
spectra were employed to characterize the molecular structure.
Typical groups such as C=S, C—N, —NH,, and benzenoid
can be observed. Meanwhile, '"H NMR further proved that the

Scheme 1. Synthetic Route of Benzene-1,4-
Dithiocarboxamide at Room Temperature (RT)

HoN
NH,),S 2
N=C c=N &;
DMF, RT
Ha

BD is successfully synthesized. Then, BD was used to further
reduce the concentration of Pb*" in water. After adding the BD
to the leachate for the immersion test, there is some black
precipitation formed (Video SS). As shown in Figure 4f g,
XRD and FTIR were applied to prove what the product is. The
XRD results of the product are in good agreement with those
of PbS (PDF card: 05-0592). FTIR also displayed the typical
Pb—S vibration peak. Therefore, here, lead recycling was
realized through BD. Meanwhile, as shown in Figure 4c, after
treatment by BD, the Pb** concentration in deionized water
and simulated acidic rain conditions reduced to 11.09 and
9.07, respectively, which is close to the standards for drinking
water quality of Japan and China.”’

B CONCLUSIONS

In summary, a multifunctional antisolvent additive (SiSH) was
proposed to both improve the PCE and stability of the PSCs.
FTIR and XPS results suggested that a strong chemical
interaction exists between SiSH and perovskite thin film, which
can reduce the undercoordinated Pb defect and consolidate the
structure of perovskite films. Furthermore, notorious Li-ion
migration and film stress were also improved. The target device
exhibited a high PCE of 22.42% and excellent humidity
stability. Finally, a new type of Pb adsorbent was synthesized
and used to reduce the content of Pb in the solution to reduce
the pollution of heavy metals to the environment. This work
not only guides the preparation of efficient, stable, and
environment-friendly perovskite but also provides a new
strategy for Pb recovery. We believe that this work could be
widely used in the field of perovskite solar cells in the future.

B EXPERIMENTAL SECTION

Materials. The SnO, colloid precursor with15% in H,O colloidal
dispersion was brought from Thermo Scientific. Methylamine
hydrochloride (MACI, 99.5%), lead(II) chloride (PbCl, 99.99%),
and lead(II) iodide (PbI,, 99.99%) were obtained from Xi’an Polymer
Light Technology Corp and used directly. Formamidine hydroiodide
(FAL, 99.9%), 4-tert-butyl pyridine (tBP, 99%), Spiro-OMeTAD
(99.86%), Li-TFSI (99%), and lead(IT) bromide (PbBr,, 99.9%) were
all purchased from Advanced Election Technology CO., Ltd. and used
without further purification. Cesium iodide (Csl, 99.99%) and
Rubidium iodide (RbI) were obtained from Aladdin. Sigma Aldrich
supplied N,N-dimethylformamide (DMF, 99.8%), chlorobenzene
(CB, 99.8%), and dimethyl sulfoxide (DMSO, 99.9%) and used
directly. 3-Mercaptopropyltriethoxysilane (SiSH, 97%) was brought
from Macklin.

Synthesis of Benzene-1,4-Dithiocarboxamide. To a stirred
solution of 1,4-dicyanobenzene (purchased from Macklin, 98%) in
DMF was added ammonium sulfide (purchased from Macklin, 14% in
H,0) (1:2, mol:mol) and was stirred at room temperature for 20 h.
The solution was then poured onto ethanol anhydrous for
recrystallization. After repeating the above steps several times, the
obtained product is filtered to obtain a yellow solid (BD). The yellow
solid can be used after vacuum drying. The synthetic route can be
seen in the following.

Device Fabrication. ITO glasses (7—9 € per square) were
cleaned using detergent water and ethanol for 20 min. After being
dried with nitrogen, the ITO was exposed to ultraviolet ozone for 30
min (UVO). The SnO, solution was mixed with deionized water at a
volume ratio of 1:3 to create the SnO, colloidal solution. Spin-coating
diluted SnO, colloidal solution onto ITO substrates took place for 30
s at a speed of 3000 rpm, and the SnO, film was then annealed for 30
min at 150 °C. It underwent a 20 min UVO treatment after cooling to
room temperature. The substrates were then put in a glovebox filled
with argon to start the perovskite deposition process. Pbl, (682.7
mg), PbBr, (8.5 mg), RbI (6.6 mg), PbCl, (12.7 mg), CsI (19.7 mg),
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FAI (248.2 mg), and MACI (35 mg, additive) were dissolved in
DMSO/DMF (1/4, v/v) to create the perovskite solution. The
perovskite film was fabricated using a sequential spin-coating
technique at 4000 rpm for 30 s, followed by the application of 80
L of CB antisolvent for 16 s before the process was stopped. The film
was then annealed at 130 °C for 28 min while SiSH was dissolved in
CB at various concentrations as an antisolvent additive (0, 4, 8, and
12 L/mL). After that, perovskite thin film was placed in the
environment with a relative humidity of 20~25% for 10 min. The
Spiro-OMeTAD solution consisted of 72.3 mg of Spiro-OMeTAD,
28.8 L of 4-tert-butyl pyridine (tBP), and 17.5 L of Li-TFSI stock
solution (520 mg of Li-TSFI in 1 mL of acetonitrile) in 1 mL of CB.
The next step was to spin-coat the Spiro-OMeTAD solution onto the
perovskite films at 4000 rpm for 30 s to make the hole transport layer.
Finally, a shadow mask was used to thermally evaporate about 100 nm
of Ag from the top of the Spiro-OMeTAD film at a vacuum of 3 X
107 Pa.

Characterization. XRD and GIXRD patterns were collected using
a PANalytical Empyrean diffractometer equipped. J—V curves were
measured (FS: —0.01 ~ 1.15 V; RS: 1.15 ~ —0.01 V; scan rate: 120
mV/s) using a solar simulator equipped with a 150 W xenon lamp and
a Keithley 2400 source meter. The area of the device was strictly
controlled to 0.09 cm” by using a black metal mask. The IPCE
measurement was conducted on a Zahner electrochemical work-
station. UV—vis absorption measurement was tested by Agilent 8453
UV—Vis G1103A. SEM images were observed using JSM-7800F. The
FTIR spectra were recorded with a Nicolet iS50 Infrared Fourier
transform microscope by Tensor27, BRUKER. PL and TRPL spectra
were measured using a 485 nm pulse laser (PDL808, PicoQuant, 90
ps) with a repetition rate of 1 MHz. The Pb concentration in the
water was detected using an ICP-MS instrument NexION 350. AFM
measurement was performed on Bruker MultiMode 8-HR in tapping
mode. Electrochemical impedance spectroscopy was measured using
an electrochemical workstation (Chenhua, shanghai). The X-ray
photoelectron spectrometer (Thermo Fischer, ESCALAB 250Xi) was
used in this work. In the analysis room, the vacuum is 8 X 107'° Pa,
the excitation source is Al Ka ray (hv = 1486.6 eV), and the working
voltage is 12.5 kV. Charge correction was carried out according to the
energy standard of C 1s = 284.80 eV. TAS measurements were
performed using an electrochemical workstation (CHI 660e). NMR
was measured by BRUKER AVANCE III with 600 MHz. The
practical dielectric constant was measured using an electrochemical
workstation (Zahner) with the structure of ITO/perovskite/Au.

B ASSOCIATED CONTENT
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Video: Film is soaked in different conditions (acid rain
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Video of Pb recovery (MP4)
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