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ABSTRACT: Efficient surface passivation is crucial for mitigating
defect-induced recombination losses in perovskite-based indoor
photovoltaics (IPVs), where charge carrier dynamics are partic-
ularly sensitive to trap states under low-intensity illumination. Here,
we introduce two pyridine-based passivators, tris[4-(pyridin-4-
yl)phenyl]amine (TPAP) and its ionic counterpart (TPAP1), to
achieve high-performance and stable perovskite IPVs. These
passivators strongly coordinate with under-coordinated Pb*" ions,
effectively reducing trap densities and improving hydrophobicity.
When incorporated into lead-based triple-cation CsFAMA perov-
skite films, TPAP and TPAP1 significantly suppress nonradiative
recombination, leading to notable improvements in device
performance. Remarkably, TPAP1 demonstrates a unique ability
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to simultaneously passivate multiple defect types, further optimizing charge transport and boosting the open-circuit voltage (V).
As a result, IPV devices incorporating TPAP and TPAP1 achieved remarkable indoor power conversion efficiencies of 30.1% and
31.7%, with V¢ values of 0.97 and 1.00 V, respectively, under 1000 lux white LED illumination. This study presents a scalable and
effective strategy for defect passivation in perovskite IPVs, highlighting the critical role of multifunctional organic passivators in

advancing next-generation energy harvesting technologies.
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1. INTRODUCTION

Rapid progress in Internet of Things (IoT) technologies has
sharply increased the need for efficient indoor energy
harvesting."”” Among various approaches, indoor photovoltaics
(IPVs) have gained attention as a promising means to power
IoT devices by converting low-intensity ambient light, typically
emitted from artificial sources such as LED or fluorescent
lamps, into electrical energy.‘%_5 Unlike outdoor solar cells that
operate under direct sunlight, IPVs must demonstrate high
efficiency under low-intensity light conditions, which poses
distinct challenges in terms of material performance and device
design.’

Perovskite solar cells (PSCs) are attracting increasing
attention for IPV applications, owing to their favorable
optoelectronic characteristics, including tunable bandgaps,
high-power conversion efficiency (PCE) efficient light harvest-
ing, and low-cost fabrication processes.7’8 Their wide
absorption range and tunable bandgap, which can be tailored
to align with the emission spectra of typical indoor light
sources, make these devices highly suitable for indoor
applications.”'® Despite their promise, achieving high-perform-
ance, stable PSCs under low-light indoor conditions remains a
formidable challenge.'"'> A key issue is the presence of
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structural defects in perovskite films, particularly at grain
boundaries and surfaces, which introduce trap states that
facilitate nonradiative charge recombination."”™"> These
defects significantly limit photovoltaic performance—espe-
cially open-circuit voltage (Voc) and fill factor (FF)—and
accelerate long-term device degradation.'®'” Such defects
commonly originate from incomplete coordination of lead
(Pb*") ions, unsatisfied bonds at the surface, and impurities
introduced during film deposition processes.'”'® The negative
impact of these defects is exacerbated under the low-intensity
light typical of indoor environments, where photogenerated
charge carriers are more susceptible to trap-assisted recombi-
nation due to their higher sensitivity to defect density
compared to outdoor illumination.'””* To mitigate this
issue, Jie et al. introduced EuCl; into triple-cation perovskite
films, achieving improved film crystallinity and reduced carrier
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Figure 1. (a) Synthetic route of TPAP and TPAPI. Atomic partial charges were derived by ESP analysis for (b) TPAP and (c) TPAP1 in their
optimized configuration, where N, C, H, and Br atoms are represented in blue, gray, white, and red, respectively. The color bar indicates the

magnitude of the atomic partial charges in units of e.

recombination under indoor lighting. Using the optimized
EuCl;-doped formulation, they reported a notable indoor PCE
of 30.0% and a V¢ of 0.91 V under 1000 lux.”' Moreover, our
group investigated how doping Spiro-OMeTAD influences the
performance of triple-cation lead halide perovskite devices
under both 1 sun and indoor white LED (WLED) lighting
conditions. Under 1000 lux, 4000 K lighting conditions, the
doped-Spiro-OMeTAD devices achieved a PCE of 29.1% and a
Voc of 095 V, outperforming their undoped counterparts,
particularly at low-light intensities.”” However, despite these
encouraging results, further enhancement remains essential for
approaching the theoretical limits of indoor photovoltaic
performance.””** Therefore, addressing these defects is
essential to simultaneously achieving high efficiency and
long-term stability in perovskite-based IPVs.

To address these challenges, surface passivation strategies
have gained widespread attention as an effective approach to
suppress defect-induced recombination.”>*® The presence of
surface traps severely limits charge carrier transport across the
perovskite/HTL interface, which lowers extraction efliciency
and degrades overall photovoltaic performance.””” In these
devices, the strong coupling between mobile ions and charge
carriers, particularly near the cathode, can lead to interfacial
recombination losses.”® Reducing this recombination and
minimizing electron—ion coupling are crucial for improving
the performance of IPVs. The primary role of surface
passivators is to eliminate interfacial defects, thereby
suppressing nonradiative recombination and enhancing photo-
voltaic output. For example, Gratzel’s group used electron-
withdrawing molecules to passivate the surface defects and
improve the interface dipole effect, improving the device
performance up to 25.21%.”” Wong’s group introduced

coplanar heteroacene cored A—D—A-type molecules to modify
the perovskite surface, improving passivation and interfacial
contact, thereby achieving highly efficient and stable PSCs.*
Among the various chemical agents explored for surface
passivation, nitrogen-containing heterocyclic compounds, such
as pyridine and its derivatives, have demonstrated exceptional
effectiveness.”’ > These compounds interact strongly with
under-coordinated Pb** ions in the perovskite lattice, forming
stable complexes that neutralize defects and reduce surface trap
densities.”” The lone electron pair located on pyridine’s
nitrogen atom is readily donated to the empty orbitals of Pb**,
thereby reducing recombination losses and facilitating more
efficient charge extraction.>** In most cases, conventional
additives or passivators are limited to targeting either positively
or negatively charged defects. However, perovskite materials
can host a diverse range of defect types, including antisite
defects like Pbl,~, under-coordinated halide ions and Pb*, as
well as iodine vacancies.”> Therefore, developing a passivator
capable of addressing multiple defect types simultaneously is
highly desirable, particularly for indoor photovoltaics, where
effective defect passivation becomes even more critical due to
the lower photon flux.*’

In this study, we introduce two pyridine-based passivators,
tris[4-(pyridin-4-yl)phenyl]amine (TPAP) and its ionic
counterpart (TPAP1), designed to boost both efficiency and
long-term stability in perovskite indoor photovoltaics. The
molecular design combines three key features: (1) multiple
pyridine groups for strong Lewis base coordination with
undercoordinated Pb**, (2) a triphenylamine core and
aromatic pyridine substituents for improved moisture resist-
ance, and (3) in TPAPI, selective quaternization of one
pyridine unit creating a hybrid neutral/ionic structure. This
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unique design enables TPAP1 to simultaneously passivate
both positively charged Pb** (via pyridine coordination) and
negatively charged halide vacancies (via pyridinium electro-
static interaction), a capability beyond conventional single-
mechanism passivators. Both TPAP and TPAP1 were
incorporated into lead-based triple-cation CsFAMA perovskite
(Cso.05(MAg,17FA) 53)005Pb (Lo 53B,17)3) films, a composition
widely recognized for its balanced optoelectronic properties.*®
The addition of these passivators effectively reduced trap
densities and improved the hydrophobicity of the perovskite
film, leading to enhanced stability and efficiency under typical
low-light indoor conditions. Importantly, the ionic TPAP1
exhibited an exceptional ability to simultaneously passivate
multiple types of defects. As a result, IPV devices incorporating
TPAP and TPAP1 achieved remarkable PCEs(i) of 30.1% and
31.7%, with Vi values of 0.97 and 1.00 V, respectively,
utilizing a perovskite absorber layer with a band gap of
approximately 1.60 eV, demonstrating the potential of
pyridine-based passivation strategies for high-performance
IPVs. By offering a scalable approach to performance
enhancement without requiring complex fabrication processes,
this work advances defect passivation techniques for indoor
photovoltaics and highlights the role of organic passivators
with a strong lead ion affinity in unlocking the potential of
perovskite materials for indoor applications.

2. RESULTS AND DISCUSSION

2.1. Basic Properties. The molecular structures of TPAP
and TPAP1, shown in Figure la, were designed as triphenyl-
amine-core derivatives with pyridine functional groups to
enable specific coordination or electrostatic interactions for
passivating perovskite defects. The synthetic pathways for
TPAP and TPAPI1 are illustrated in Figure la, with
experimental details provided in Section 4 and characterization
data included in Figures S1—S3. TPAP was synthesized via a
Suzuki coupling reaction to introduce pyridine groups onto the
triphenylamine core. Subsequently, TPAP undergoes quater-
nization with 2-ethylhexyl bromide to form the ionic derivative
TPAP1.”” This synthetic route effectively incorporates
pyridine groups into the triphenylamine core and enables
further ionic modification. Remarkably, TPAP can be
synthesized in a single step, while TPAP1 is obtained in just
two steps, demonstrating the high synthesis efficiency and
simplicity of both passivators. The thermal, optical, and
electrochemical characteristics of the synthesized passivators
can be found in Table 1 and the obtained measurement results
are shown in Figure S4 (thermogravimetric analysis), Figure S5
(ultraviolet—visible absorption spectra), Figure S6 (fluores-
cence spectra), and Figure S7 (cyclic voltammograms).

Table 1. Thermal, Optical, and Electrochemical
Characteristics of the Synthesized Passivators

Ty - E HOMO LUMO,
passivator  [°C]” [nm]® [e\;]c [eV] e [ev]© ”
TPAP 395 397 3.12 -5.75 —2.58
TPAP1 309 483 2.56 -5.70 -3.19

“Decomposition (T4, 5% weight loss) recorded by TGA measure-
ments (10 °C/min, N, atmosphere). *Maximum absorption values
determined in DMF solution. “E, = 1240/Ay, (€V). 4Calculated
from cyclic voltammetry using the equation: HOMO,,, = —[E,, —
E(Fc/Ec) + 5.10] (V). ‘LUMO,,, = HOMO,,, + E, (eV).

exp

The ultraviolet—visible absorption spectra (UV-—vis) of
TPAP and TPAP1 in DMF are shown in Figure SSa, with their
maximum absorption peaks and onset wavelengths (A../
Aonset) Tecorded at 357/397 and 421/483 nm, respectively.
Figure SSb presents the absorption spectra of the correspond-
ing neat films, where the onset wavelengths shift to 417 nm for
TPAP and 513 nm for TPAP1. Compared to their solution
spectra, both materials exhibit a redshift in 4,,,,—20 nm for
TPAP and 30 nm for TPAP1. The more pronounced red-shift
observed for TPAP1 suggests stronger intermolecular
interactions during film formation.

The passivation capabilities of the basic TPAP molecule and
the functionalized TPAP1 molecule have been analyzed by
first-principles calculations.”® The freestanding TPAP and
TPAP1 molecules have been considered. Specifically, the
distribution of partial charges has been determined based on
the electrostatic potential (ESP) analysis; ie, the partial
atomic charges that fit the quantum mechanical electrostatic
potential have been derived. In fact, the distribution of partial
charges on the functional groups of the passivation molecules
is paramount to understand the interaction at the interface
between perovskite and passivation layer. In Figures 1b and I,
the optimized geometry of the free-standing TPAP and
TPAP1 molecules is shown along with the related atomic
partial charges. The basic TPAP passivator exhibits three
pyridine functional groups where the nitrogen atom is
negatively charged; thus, the TPAP is expected to passivate
only one kind of defect, that is a positively charged defect, like
under-coordinated lead at the perovskite surface. On the other
hand, the functionalized TPAP1 passivator presents, in
addition to the two unmodified pyridine groups, a more
intriguing terminal group composed of a negatively charged
bromide ion and a positively charged pyridine cation, that is
expected to interact with several kind of defects (e.g, both
under-coordinated Pb® and I°~ on the perovskite surface),
thus having improved passivation capabilities.

2.2. Interfacial Studies. The interaction between the
passivation layer and the perovskite surface was first studied by
simulation.>**° In particular, we considered the adsorption
characteristics of the TPAP1 terminal group on the Pbl,-
terminated perovskite surface. The optimized configuration of
this interacting system is represented in Figure 2a. As expected,
the bromide ion interacts with the under-coordinated Pb®* on
the perovskite surface, while the under-coordinated I1°~
interacts with the pyridine cation. With respect to the
projected density of states (PDOS) of the perovskite slab
reported in Figure 2a right panels (top), the passivation
capability of TPAP1 is demonstrated by the PDOS of the
interacting system depicted in Figure 2a right panels (bottom),
where the suppression of the perovskite surface states
contributed by under-coordinated Pb** and I~ ions is pointed
out by the red arrow. Note that the adsorption energy obtained
for this configuration (ie., E, """ = —0.97 eV) is more
favorable than the one related to the adsorption of the
unmodified pyridine group (i, Eg'"?" = —0.44 eV, as
discussed in Figure S8), which confirms the suitability of
TPAP1 with respect to TPAP. The presence of iodine
vacancies at the perovskite surface was then considered.*’ As
usual, we first obtained the optimized configuration for the
interacting system (TPAPI1 terminal group + Pbl, terminated
perovskite surface with V| defects), which is shown in Figure
2b. Notably, we found that the bromide ion effectively replaces
the missing iodine atom on the perovskite surface, interacting

https://doi.org/10.1021/acsami.5c08539
ACS Appl. Mater. Interfaces 2025, 17, 49409—49420


https://pubs.acs.org/doi/suppl/10.1021/acsami.5c08539/suppl_file/am5c08539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c08539/suppl_file/am5c08539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c08539/suppl_file/am5c08539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c08539/suppl_file/am5c08539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c08539/suppl_file/am5c08539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c08539/suppl_file/am5c08539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c08539/suppl_file/am5c08539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c08539/suppl_file/am5c08539_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c08539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Slab ' |
G mPrb
0.8 ‘ }‘ =1 MA|
0.4
J\ L)

.q“‘ﬂh— L MJI

Energy (eVv)

=4
Y

DOS (norm.)

Slab 1
0.8 | Gap EEEPb
| I TPAPL
MA

Eaas = -0.97 eV

0.6 M‘ “\
|
Al H

e vated

DOS (norm.)

u‘ “\

0.2

0

Energy (eVv)

Pb4f,, Pbdf,, (d )

—_
)
~—

: 1
.
142.9 6V fy 13818V

—— TPAP1

Intensity (a.u)

TPAP

1434 eV 138.4 eV
—— Control

155 150 145 140 135 130 125
Bindinng Energy (eV)

Control
8 TPAP
S 0.8+ ——TPAP1
2
2
2 0.6
e
[}
N
w 0.4
E
[*)
Z 02+
0.0 400 nm

T T T T T T T
300 400 500 600 700 800 900
Wavelength (nm)

(b) | Slab 1
Gap Prb
A-O.S ‘ l MA
£
= i
s 06 11
- il defect
v 0.4 L b | states
o fi Il
a T ‘W
0.2} J4 1 i
> o
(&) -4 -2 0
[92) Energy (eV)
N 1
‘\.‘ “ Slab =1
Gap |EEEPb
I 08 TPAPL
a >
ki £ MA
ui 506 r'\ \H O
2
< i | |passivated
w0 0.4 il ‘ states
o \ | |
a R
0.2 i | J“ v ‘
0 .
2 4

-2 0
Energy (eV)

TPAP+PVK

o

—— TPAP powder

—— TPAP1+PVK

Transmittance (a.u.)

—— TPAP1 powder

1800 1600 1400
Wavenumber (cm™)

TPAB@)‘-"' k

Glass

2.0 um

Figure 2. Optimized configuration for the functionalized terminal group of TPAPI interacting (a) with the Pbl, and (b) with the iodine vacancy
(V;) terminated perovskite surface, where Pb, I, N, C, H, and Br atoms are represented in dark gray, purple, blue, gray, white, and red, respectively.
The key interactions are highlighted by shaded areas, and the obtained adsorption energies are reported. The right panels show PDOS for the free-
standing perovskite slab (top) and the interacting system (bottom), where the gap of the free-standing perovskite slab is reported for comparison.
(c) High-resolution of Pb 4f component measured from passivator/perovskite and perovskite samples (TPAP and TPAP1 were both applied at a
concentration of 0.5 mM). (d) Contact angle measurement and (e) FT-IR and (f) UV—vis spectra comparing perovskite films before and after
passivation. (g) Cross-section SEM and (h) AFM of perovskite film with TPAPI.

with both the Pb® and MA' cations, while the under-
coordinated I°~ again interacts with the pyridine cation. The
presence of the defect states, highlighted in Figure 2b right
panels (top), where the PDOS of the perovskite slab with V;
defects is represented, is effectively suppressed by the TPAP1
passivator, as demonstrated by the PDOS of the interacting
system reported in Figure 2b right panels (bottom). Note that,
as expected, the adsorption energy obtained for this
configuration (i.e., E 4 TPAPL = 203 eV) is much more
favorable than the one derived for the unmodified pyridine
group (ie, E,g""" = —0.56 eV, as discussed in Figure S9),
confirming the TPAP1 molecule as a more stable, effective,
and suitable passivator with respect to the basic TPAP
molecule.

To further assess the interactions of the passivators with the
perovskite layers, experiments were conducted for thin
perovskite films with or without passivators. First, X-ray
photoelectron spectroscopy (XPS) was employed to analyze

49412

potential variations in the core-level binding energy of lead, as
shown in Figure 2¢. The control sample exhibits two separate
peaks at 138.4 and 143.4 eV, assigned to Pb 4f;,, and Pb 4f; ,,
respectively. Upon treatment with TPAP and TPAPI, these
peaks exhibit downward shifts of 0.5 and 0.3 eV (now centered
at 138.1 and 1429 €V), indicating an increased electron
density around Pb atoms. This shift suggests strong
coordination between the pyridine groups of the passivators
and under-coordinated Pb sites within the perovskite
lattice.*** The contact angles of water droplets on these
films were evaluated for assessing the surface wettability
(Figure 2d). The contact angles on bare perovskite, perov-
skite/TPAP, and perovskite/TPAP1 were measured as 44.2°,
69.73° and 83.42°, respectively. The perovskite/TPAP1
surface exhibited the largest water contact angle, which results
from the hydrophobic characteristics of the 2-ethylhexyl group
present in the ionic structure.”” This hydrophobicity indicates
a surface that resists the adhesion of H,O and O,, making it
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ACS Appl. Mater. Interfaces 2025, 17, 49409—49420


https://pubs.acs.org/doi/suppl/10.1021/acsami.5c08539/suppl_file/am5c08539_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c08539?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c08539?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c08539?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c08539?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c08539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org Research Article

| o)

o

N}
S

WLED (1000 lux, 4000K)

S
=}

&
<3

@
o
T~
-~

Control
TPAP
TPAP1

o
=]

" 2
Culrrent density (WA cm?) \(:)/

N
=}

N
o

Control TPAP TPAP1 02 04 06 08 10

0.0
Voltage (V)
—— Control
TPAP
TPAP1

MM ’W""""“trnv-'*#fwm'»mﬁﬂ

(d) (e)
5x10'6 10001 [ 140
X ux e 1.2 4
- / F120 4
£ 4x10'6 - — Control £ 8
o TPAP 100 ; s
‘s TPAP1 2 - 1.0+
"o 3x10"°- réo g N
& Lo B £
£ 2x10'°+ I 5 0.8
S tao 8 z
T, g £
1x10% L 20 0.6 -
0 T T T T ro
400 500 600 700 800 0

Wavelength (nm)

T ’ T T T i T
20 40 60 80

Time (h)

Figure 3. (a) Schematic diagram of the device architecture used in this work and the interaction between TPAP and TPAP1 with defects on the
perovskite surface. (b) The statistical distribution of PCE from 20 devices for each condition under 1000 lux WLED (4000 K) illumination. Box-
and-whisker plots illustrate the statistical distribution of the data. The line inside each box indicates the median; the box boundaries represent the
standard deviation; and the whiskers denote the outliers. (c) J—V curves for PSCs with and without passivators at 1000 lux. (d) Photon flux
intensity spectrum of the 1000 lux WLED and the corresponding integrated JSC curves for the best-performing PSCs. (e) Normalized long-term
stability at MPP tracking under continuous 1000 lux WLED (4000 K) illumination in N, atmosphere at room temperature for PSCs with and

without passivators.

more resistant to moisture, compared to other conﬁgurations.
In addition, defects within the perovskite structure can serve as
channels for moisture penetration, and the inhibition of defects
by passivator may contribute to the improved stability of
passivator-based PSCs. To better understand the interaction
between the passivator and perovskite film, Fourier-transform
infrared spectroscopy (FT-IR) was used to study the
perovskite/passivator complexes. The FT-IR spectra (shown
in Figure 2e) reveal a C—N stretching vibration at 1587 cm™!
in both TPAP and TPAP1 powders, which shifts to 1576 cm™
in the TPAP+PVK and TPAP1+PVK films. This observed
change aligns with our expectations, and these peak shifts
indicate a strong interaction between the passivators and the
undercoordinated lead ions. X-ray diffraction (XRD) analysis
was further employed to assess how the passivators affect the
crystal structure of the perovskite film. As illustrated in Figure
S10, the diffraction peak at 13.7° corresponds to the (100)
crystal plane of the perovskite, while the characteristic peak at
12.4° is attributed to PbL,.>” The findings suggest that both
molecules exert minimal influence on the perovskite crystal
structure. Furthermore, the UV—vis of these samples suggests
that the inclusion of small molecules does not alter the optical
bandgap of the perovskite films (Figure 2f). The perovskite
film’s surface features were investigated through scanning
electron microscopy (SEM), as shown in Figure S11, whereas
Figures 2g and S12, present cross-sectional images of a full
device stack fabricated with TPAP and TPAP1. The perovskite
solar cell samples, whether incorporating the passivation layer
or not, displayed a similar morphology, indicating that the
passivation layer has minimal impact on the perovskite
morphology. We further investigated the morphology and
contact potential difference (CPD) using atomic force
microscopy (AFM) and Kelvin probe force microscopy

(KPFM) measurements. Figure 2h and Figure S13 depict the
surface morphology of perovskite films as well as those with
TPAP and TPAPIL. Measured root-mean-square (RMS)
roughness values were 37.7 nm for the unmodified perovskite
film, while TPAP and TPAP1 passivation reduced the
roughness to 14.1 and 23.9 nm, respectively. These results
demonstrate that introducing passivation layers effectively
reduces the surface roughness. Generally, a smoother interface
is associated with fewer defects, which enhances charge carrier
extraction at the interface.®® Thus, the smoother surface
morphology induced by TPAP and TPAP1 likely contributes
to the observed improvement in the device performance.
Additionally, an amorphous layer was observed on the TPAP-
incorporated film surface, probably caused by a higher
concentration of TPAP. The bare perovskite film had a CPD
of 125.0 mV, corresponding to a work function of —5.12 eV
(Figure S14). The calculated work function values for PVK/
TPAP and PVK/TPAP1 were —5.01 and —5.04 eV,
respectively, suggesting that these passivators elevate the
surface work function of the perovskite film, which should be
favorable for charge transfer.”

2.3. Performance of Passivator-Based Solar Cells.
Inspired by the promising features of the pyridine-based
passivators, we constructed PSCs with an FTO/c-TiO,/m-
TiO,/perovskite/Spiro-OMeTAD/Au structure (Figure 3a),
incorporating TPAP or TPAP1 via a spin-coating approach at
the perovskite/Spiro-OMeTAD interfaces. The optimal
concentrations of both passivating agents, yielding the best
device performance, were found to be 15 mM in isopropanol
(IPA) for TPAP and 0.5 mM in IPA for TPAP1 (Figures S15
and S16). Notably, the ionic passivator (TPAP1) requires an
order of magnitude lower concentration than the nonionic
passivator (TPAP) for effective passivation. The PCE(i) and
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Table 2. Averaged Photovoltaic Characteristics of 20 Solar Cells of Passivator-PSCs under WLED (1000 lux, 4000 K)“

passivator PCE(i) [%] Voc [V]
control 280 + 12 (29.2) 0.93 + 0.02 (0.95)
TPAP 29.1 + 1.0 (30.1) 0.94 + 0.02 (0.97)
TPAP1 300 + 1.7 (31.7) 0.97 + 0.02 (1.00)

“Bracketed values represent the data from the top-performing device.

Jsc [mA em™]
0.126 + 0.003 (0.123)
0.126 + 0.004 (0.130)
0.125 + 0.004 (0.129)

FF [%)]
75.8 + 3.0 (76.6)
76.8 + 2.7 (76.9)
77.2 + 3.4 (79.3)
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Figure 4. (a) PL and (b) TRPL spectra of perovskite films deposited on glass substrates excited by a 405 nm laser. (c) Nyquist plots of the devices;
symbols indicate experimental data, and solid lines represent fits based on the equivalent circuit model. (d) TPV decays of perovskite devices with

or without passivators under a high-frequency light source.

other performance metrics obtained from the 20 best-
performing devices measured in the air for each passivator
are displayed in Figure 3b, Figure S17, and Table 2. Compared
to the control device (29.2%), the PCE(i) increased to 30.1%
for TPAP-modified devices and 31.7% for TPAP1-modified
devices. The performance enhancement was mainly due to
improvements in the V¢ and FF. Under 1000 lux (~0.32 mW
cm™2), Vg rose from 0.95 to 1.00 V, while FF elevated from
76.6% to 79.3% (Figure S17). Remarkably, the V¢ achieved
by TPAPIl-modified devices reached 1.00 V, which is
comparable to the highest reported value of 1.08 V for
perovskites with a ~1.60 eV bandgap under low-light
conditions (LED 3376 K, 984 lux), as summarized in Table
S1 and Figure S18. A comparative analysis was also performed
using phenylethylammonium iodide (PEAI), a common
reference passivator, under identical fabrication conditions.
The results showed that TPAP1 demonstrates superior
photovoltaic performance relative to PEAI, while TPAP
achieves similar efficiency, confirming the strong passivation
properties of both new molecules (Figure S19). Additionally,
both the control and modified devices were evaluated under 1
sun (100 mW cm™?) illumination. The control device showed
a power PCE of 18.3%, whereas the modified device

49414

demonstrated an improved efficiency of 18.8% (Figure S20).
The improvements in both V¢ and FF indicate a reduction in
the interfacial defect density and an increase in the charge
transfer efficiency, indicating improved interfacial quality and
carrier dynamics. Notably, the performance enhancements
were more pronounced under indoor lighting conditions,
underscoring the effectiveness of TPAP and TPAP1 in low-
light environments. This performance enhancement is further
illustrated in Figure 3c, which displays the current density—
voltage (J—V) curves. To verify the accuracy of the PCE
results, stable power output (SPO) was conducted under
maximum power point tracking (MPPT, Figure S21). The
obtained current density values exhibited less than a 4%
deviation from the integrated current density extracted from
external quantum efficiency (EQE) measurements (Figure 3d),
confirming the consistency of the data. Overall, the efficiency
improvements observed in these devices result from the
effective chemical passivation of TPAP and TPAPI.

In addition to performance evaluation, understanding the
effect of molecular introduction on the long-term MPPT is
essential. To investigate this, we performed MPPT according
to the ISOS-L-11 protocol.”” The devices were exposed to
continuous 1000 lux WLED (4000 K) illumination under N,
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atmosphere to evaluate long-term stability (Figure 3e). The
results indicate that the devices modified with TPAP1 retain
83% of their initial PCEs after 90 h, whereas the devices
modified with TPAP and control devices retain only 70% and
74% of their initial photovoltaic performance, respectively. The
improved stability is attributed to the hydrophobicity of the
TPAP1 films and the decrease in defect density. Furthermore,
to evaluate the moisture stability of the passivated devices, we
monitored changes in PCE over time under ambient
conditions (RH =~ 47%, T ~ 22°C) using periodic J-V
measurements. The results, presented in Figure S22,
demonstrate that devices treated with TPAP and TPAP1
retain their performance more effectively than the control
group, emphasizing the enhanced protection afforded by the
passivation layers against humidity-induced degradation.

2.4. Defect Physics of Passivator-Based Solar Cells.
To examine the influence of pyridine-based passivation
regarding charge carrier recombination, steady-state (PL)
and time-resolved photoluminescence (TRPL) measurements
were conducted by using perovskite films coated on glass
substrates. The PL results showed a significant enhancement in
the perovskite films modified with passivators compared to the
control samples (Figure 4a), suggesting effective suppression of
surface trap-assisted recombination.”* Additionally, as illus-
trated in Figure 4b and Table S2, the decay from TRPL results
of perovskite films modified with TPAP and TPAP1 was
significantly slower than those of the control sample, consistent
with the PL results. The decay time of the perovskite films
modified by TPAP and TPAP1 showed significant enhance-
ments compared to the control sample (522 ns), with values of
749.4 and 1059 ns, respectively. These results indicate that
TPAP and TPAP1 provide superior chemical passivation
compared to control cells,”>** which is consistent with the
findings. From these results, we can infer that the introduced
molecule provides advantages in chemical passivation at the
perovskite/HTL interface, thereby enhancing the performance
of the perovskite devices.

The J—V curves of PSCs treated with TPAP and TPAP1
were taken under varying light intensities (Pjg,), and the
related Jsc—Pygh and Voc—Pygy, curves are illustrated in Figure
$23.%° Based on the formula @ = In(Jsc)/In(Pyg), the slope
(@) values for the control, TPAP, and TPAP1 devices were
determined to be 1.16, 1.03, and 1.04, respectively. The «
values approaching unity for the passivator-treated devices
suggest suppressed monomolecular recombination within the
device structure. The a values nearing 1 for the devices
incorporating passivators imply a reduction in monomolecular
recombination processes within the device architecture.*® The
Voc—Piigne curves were fitted using the equation Vo = (nkT/
q) ln(Phght), where k represents the Boltzmann constant, T is
the absolute temperature, and g denotes the elementary
charge, allowing extraction of the ideality factor n. The n
represents the diode ideality factor, a key parameter that
characterizes the primary recombination mechanisms and the
splitting of the Fermi level.*’ For a classical p—n junction, the
ideality factor usually falls between 1 and 2. A value of 1
corresponds to recombination dominated by bimolecular
processes, whereas an ideality factor near 2 indicates that the
recombination is primarily nonradiative, often due to
Shockley—Read—Hall (SRH) recombination. Although in
perovskite optoelectronics, the ideality factor (m4) often
exceeds 2 due to the strong coupling between electronic and
ionic charge carriers at the cathode interface. The obtained n

values were utilized to evaluate the extent of trap-assisted
recombination,”® with larger n values indicating a higher
degree of such recombination. The extracted ideality factors
(n;q) for the control-, TPAP-, and TPAP1-based PSCs are
2.56, 2.51, and 2.43, respectively. These results indicate that
the incorporation of passivating agents effectively reduces trap-
assisted recombination, aligning well with the results of trap
density measurements. Likewise, the dark current of the PSCs
with or without passivators was recorded to extract current
leakage and shunt resistance (Ry,), reflecting the extent of
charge trapping within the device (Figure $24).** The device
without a passivation layer exhibits a huge leakage current
density of 2.57 X 107> mA-cm™ and a relatively low Ry, value
1.38 X 107 Q-cm® Nevertheless, after inserting a passivation
layer onto the perovskite, the dark current density is
significantly suppressed to 1.11 X 107> mA-cm™> for TPAP
and further to 6.29 X 107* mA-cm™> for TPAPI.
Concomitantly, the Ry, values increase to 1.55 X 107 and
2.91 X 107 Q-cm?, respectively, demonstrating the crucial role
of the passivation layer in preventing leakage. The reduced
leakage current observed in passivated devices confirms a
decrease in charge trap densities at the perovskite—passivator
interface, leading to suppressed nonradiative recombination
(Figure S25). As a result, the passivated devices exhibit higher
Ry, lower dark currents, and reduced ny, which reflect
minimized defect density and are key factors contributing to
improved Vg and overall PCE of the device.
Electrochemical impedance spectroscopy (EIS) was em-
ployed to analyze the charge transport dynamics and internal
resistance within the perovskite/HTL interfaces, which
support the observed enhancements in PCE(i). The Nyquist
plots of the devices are depicted in Figure 4c, and the
corresponding equivalent circuit model employed for fitting
the experimental data is provided in Figure S26. The
impedance spectrum exhibits a small arc in the high-frequency
region and a pronounced semicircular feature at low
frequencies. The applied circuit model comprises two
R(CPE) components, where R denotes resistance and CPE
represents a constant phase element, connected in series.
Within this model, Rg accounts for the series resistance, while
R, and CPE1 correspond to the charge transfer resistance and
the interfacial capacitance at high frequencies, respectively,
typically arising from nonidealities at the interfaces.*””’
Conversely, R, and CPE2 are attributed to recombination
processes and capacitive behavior within the bulk perovskite
and passivation regions at low frequencies. Since R in the
high-frequency region is associated with charge carrier
extraction, the reduced R, values of 3.23 and 2.9 kQ for the
TPAP and TPAP1 devices, compared to 3.51 kQ for the
control device, indicate improved charge extraction. This
correlates well with the enhanced FF observed in the devices
incorporating passivators. The low-frequency semicircle,
governed by the recombination resistance (R,..), reveals
elevated values for TPAP (18.6 kQ) and TPAP1 (40.4 Q)
relative to the control (11 kQ), suggesting more effective
inhibition of charge recombination.®’ The EIS data, showing
reduced R, values and enhanced R, values with the TPAP
and TPAP1 passivators, suggest that the passivators effectively
suppress trap states and nonradiative recombination, support-
ing the PL and TRPL results. Transient photovoltage (TPV)
measurements were conducted on all three devices to further
understand their recombination kinetics.””>> The TPV decay
spectra were analyzed using a biexponential decay function,
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which reveals the presence of two distinct recombination
processes or pathways affecting carrier dynamics. As calculated
from Figure 4d, Figure S27, and Table S3, the average lifetimes
for the control, TPAP, and TPAP1 devices were determined to
be 24.9, 491, and 3.72 pus, respectively. These results suggest
that recombination is increasingly suppressed in the TPAP and
TPAP1 devices compared to in the control device.
Furthermore, the TPAP1 device exhibits the longest average
lifetime, indicating minimal Shockley—Read—Hall (SRH)
recombination, which aligns with its superior device perform-
ance and the trends observed in the EIS measurements.

3. CONCLUSIONS

In this work, two pyridine-based compounds, TPAP and
TPAP1, were designed to improve the efficiency and stability
of PSCs by providing effective surface passivation. The
pyridine moiety in these passivators chemically interacts with
under-coordinated lead ions at the surface of the perovskite,
effectively lowering the defect density. Notably, the ionic
compound TPAP1 achieves multiple passivation effects,
enabling better passivation at a lower concentration of 0.5
mM. This is due to the pyridinium cation being able to
passivate negatively and positively charged sites, while the 2-
ethylhexyl bromide organic group provides higher hydro-
phobicity, leading to improved surface stability. These
synergistic effects promote enhanced hole extraction and
charge transfer efficiency at the perovskite/Spiro-OMeTAD
interface by suppressing recombination and inhibiting charge
accumulation, leading to enhanced Vi, and FF. As a result,
PSCs incorporating TPAP and TPAP1 achieved remarkable
PCEs(i) of 30.1% and 31.7%, respectively, along with
improved device stability. The enhanced passivation not only
contributes to a higher device efficiency but also mitigates
environmental degradation, extending operational stability.
This study demonstrates an effective and scalable passivation
strategy for advancing perovskite photovoltaics, emphasizing
the critical role of multifunctional organic passivators in
improving surface passivation and the overall device perform-
ance.

4. EXPERIMENTAL SECTION

4.1. Materials. Thirty NRD titanium dioxide (TiO,) paste,
methylammonium bromide (MABr), and formamidinium iodide
(FAI) were obtained from Greatcell Solar Materials. Lead iodide
(Pbl,, >98%) and lead bromide (PbBr,, >98%) were obtained from
TCL Cesium iodide (CsI) was aquired from abcr. Stock solution
(TDBA) 75 wt % in isopropanol of titanium diisopropoxide
bis(acetylacetonate), DMSO (dimethylsulfoxide, anhydrous,
>99.9%), DMF (dimethyl formamide, anhydrous, 99.8%), CB
(chlorobenzene, extra dry, 99.8%), bis(trifluoromethane)sulfonimide
lithium salt (Li-TFSI, 99.95%), 4-tert-butyilpyridine (4-tBP, 98%),
and acetonitrile (99.9%) were acquired from Sigma-Aldrich. FK209
Co(II) (tris[2-(1H-pyrazol-1-yl)-4-tert-butylpyridine ]cobalt(III )tri-
[bis(trifluoromethane) sulfonimide], >98%) was purchased from
Dyenamo. Spiro-OMeTAD (2,2/,7,7'-tetrakis (IN,N-di-p-methoxy
phenylamino)-9,9-spirobifluorene) was acquired from Lumtec. FTO
coated glass substrates of 2 cm X 2 cm were purchased from Yingkou
Opv Tech New Energy Technology Co.

4.2, Characterization. 4.2.1. Characterization Using Spectro-
scopic and Thermal Methods. UV—vis absorption spectra were
collected both in solutions (o-dichlorobenzene =~ 107> M) and
deposited as films on a Shimadzu UV-1800 absorption spectrometer
(dual-beam grating), Shimadzu Corporation, Japan. Steady-state
photoluminescence (PL) spectra of the films were collected by
using an FLS1000 spectrofluorometer from Edinburgh Instruments

(UK). Time-resolved photoluminescence (TRPL) decay measure-
ments were carried out with a FluoTime 300 high-end photo-
luminescence spectrometer through time-correlated single-photon
counting (TCSPC) techniques. Detection was performed by using a
Hamamatsu R3809U-50 microchannel plate photomultiplier in a 90°
configuration. For thermogravimetric analysis (TGA), a Netzsch TG
209 F3 instrument was employed operating under a nitrogen
atmosphere (40 mL/min) with a heating rate of 10 K/min. The
FT-IR spectra of the passivators were recorded using the INVENIO
FT-IR Spectrometer Platform alongside passivators/perovskite
complexes prepared by mixing equimolar amounts of the passivators
and the perovskite in a DMSO/DMEF solution and evaporating at 100
°C.

4.2.2. Electrochemical Characterization. The cyclic voltammetry
experiments was performed using an Ivium Technologies Compact-
Stath instrument in THF, operating at a scan rate of 100 mV/s.
Potentials were referenced against a Ag/Ag" quasi-reference electrode,
aligned using ferrocene (Fc) before each experiment. To determine
the HOMO energy level of the HTMs, measurements were taken
from the onset of the half-wave potential during the oxidation process.
The HOMO and LUMO energies were then derived using eqs 1 and
2, as outlined below:

Eromo = —[Eox — E(resrey *+ 5.10] (8V) (1)

ELumo = Eromo + Ey (eV) (2)

The value Eg k") refers to the half-wave potential of the Fc/Fc*
couple, while E, is the half-wave potential of the HTM/HTM"*
couple. The optical band gap, E,, is calculated using E, = 1240/ Aoy
(eV) (where A, is the onset wavelength of the passivator’s
absorption measured in solution).

4.2.3. Computational Details. All the simulations have been
performed using the QuantumATK software package,” with the
GGA-PBE pseudopotentials and the LCAO basis set available therein.
The default settings for the accuracy of the calculations have been
employed, in particular, k-point density of 4 X 4 X 4 A’ and force
convergence threshold for geometry optimization of 0.05 eV/A. The
perovskite surface has been modeled as a 2 X 2 X 2 MAPDI; slab in its
pseudocubic phase, exposing its Pbl, surface. For the VI surface
defects, only one iodine over the eight total surface iodine atoms is
missing.

The water contact angle (CA) measurements for perovskite films,
which were spin-coated onto FTO substrates prepared according to
the full solar cell fabrication process, were performed by using an
Attension Theta Lite optical goniometer from Biolin Scientific AB
(Sweden). Similar samples were also performed with a Bruker
Dimension Icon atomic force microscope (AFM) to measure surface
roughness as well as work function via Kelvin probe force microscopy
(KPFM). Bruker’s SCM-PIT-V2 probe was used for these measure-
ments, and they were conducted in ambient air.

X-ray photoelectron spectroscopy (XPS) analyses were carried out
under ultrahigh vacuum conditions using an ESCA Model 3000
instrument from Omicron Nanotechnology GmbH. During these
measurements, the base pressure was maintained below 1 X 107'°
mbar. A focused monochromatized Al Ka radiation (hv = 1486.5 eV)
was employed as an excitation source for X-ray photoelectron
spectroscopy. Data acquisition, processing, and analysis were carried
out using CasaXPS version 2.3.22 PR1.0. After Shirley background
subtraction was applied, peak analysis was performed using an
asymmetric Gaussian—Lorentzian function to best represent the line
shapes of the spectral components. The binding energy scale was
standardized by referencing the C 1s (C—C) peak to 284.8 eV.

4.2.4. X-ray Diffraction (XRD) Analysis. XRD patterns were
obtained by using a Malvern Panalytical Empyrean diffractometer
equipped with a Cu Ka X-ray source (1 = 0.15418 nm). The
instrument was utilized at 45 kV and 40 mA. The films were scanned
over 10—60° with a 0.026° step size and step duration of 2998 s/step.
The crystal structures were illustrated using the VESTA visualization
program. Structural details were obtained through Rietveld refinement
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with the GSAS software suite. The phase purity of the synthesized
samples was determined by performing Rietveld refinement on the
XRD data, considering comprehensive adjustments of both crystallo-
graphic and instrumental parameters using the GSAS software suite.

4.2.5. Scanning Electron Microscopy (SEM). Both top-view and
cross-sectional images of the films and devices were obtained using a
Zeiss UltraPlus field emission scanning electron microscope (FE-
SEM) operating at 3 kV. In addition, elemental analysis was
conducted via EDS pectroscopy with an Oxford Instruments X-
MaxN 80 EDS detector paired to the Zeiss UltraPlus FE-SEM,
allowing for precise determination of the film’s composition.

4.2.6. Transient Photovoltage Measurements (TPV). TPV was
performed using a homemade setup with a white light source with 1
sun intensity.

A biexponential decay function can typically be described as

AV(t) = Alexpi—ig + Azexp{—lé
2] 2] (3)

where AV is photovoltage, A, and A, are the amplitudes associated
with each recombination process, and 7; and 7, are two distinct
lifetimes (or time constants) associated with the fast and slow
recombination processes, respectively.

4.3. Fabrication. 4.3.1. Solar Cell Fabrication. The photovoltaic
devices were prepared using glass substrates coated with fluorine-
doped tin oxide (FTO), which were sourced from OPV Tech. Each
substrate featured dimensions of 2.54 X 2.54 cm and a thickness of
0.22 cm. To maximize cleanliness, the substrates were first brushed
with a 2% Mucasol solution prepared in deionized water. This was
followed by sequential ultrasonic cleaning in deionized water, acetone,
and 2-propanol, each for 15 min. After drying with a stream of
nitrogen, the substrates underwent a 10 min UV-ozone treatment to
prepare them for subsequent fabrication steps.

A compact TiO, (c-TiO,) layer was applied to the substrates using
spray pyrolysis at 450 °C, followed by a 45 min sintering process at
the same temperature in air. The coating solution was prepared by
diluting a titanium diisopropoxide bis(acetylacetonate) stock solution
in 2-propanol, using 1.15 mL of stock per SmL of solvent. Next, a
mesoporous TiO, (m-TiO,) layer was formed by spin-coating 80 uL
of 30 NRD TiO, nanoparticle paste (150 mg/mL in ethanol) at
4000 rpm for 10 s, with an acceleration rate of 2000 rpm/s. This layer
was briefly annealed at 100 °C, then calcined at 450 °C for 30 min,
with a ramp-up time of 45 min. Afterward, the substrates were cooled
to 200 °C and transferred to a nitrogen-filled glovebox for the
remaining fabrication steps.

The triple-cation perovskite CsMAFA-Pb (with the formula
(Csx(MAO417FAO483)(1007x)Pb(IOA83BrO,l7)3) was synthesized following
the method explained by Saliba et al. To prepare the perovskite
precursor solution, FAI (0.95 M), MABr (0.19 M), PbBr, (0.20 M),
and Pbl, (1.1 M) were mixed in a solvent blend of DMSO and DMF
in a 1:4 volume ratio, 1 day before film deposition. A 1.5 M solution
of CsI was prepared in DMSO, after which 40 uL of this stock was
introduced into 1 mL of the perovskite precursor. The resulting
mixture was stirred thoroughly for approximately 24 h before being
used in subsequent steps.

For film fabrication, 60 uL of the perovskite precursor solution was
dispensed onto the FTOIlc-TiO,lm-TiO, substrate and spin-coated at
1000 rpm for 10 s, followed by 6000 rpm for 20 s. Five seconds before
the end of spin coating, 100 uL of chlorobenzene was dropped onto
the spinning substrate as an antisolvent. After preparation, the films
underwent an annealing process at 110°C for one hour. When
incorporating passivators, 100 #L of a passivator solution in IPA was
dynamically spin-coated onto the rotating substrate at 4000 rpm for
30 s. After deposition of the passivation layer, Spiro-OMeTAD was
subsequently deposited as the hole transport layer (HTL). The Spiro-
OMeTAD solution was made by dissolving Spiro-OMeTAD in
chlorobenzene at a concentration of 36.2 mg/mL. For the doped
formulation, 14.4 uL of tBP, 8.8 uL of Li-TFSI (at a concentration of
520 mg/mL in acetonitrile), and 14.5 L of FK209 Co(III) (300 mg/
mL in acetonitrile) were sequentially added to 1 mL of the Spiro-

OMeTAD solution, ensuring thorough mixing. An 80 yL sample of
this mixture was then spin-coated onto the perovskite films at 1800
rpm for 30 s. Afterward, the samples were stored in a dry cabinet
maintained at roughly 15—20% relative humidity overnight before
depositing the top electrode. Finally, an 80 to 100 nm thick layer of
gold was thermally evaporated onto the samples using the OPTIvap
Vacuum Deposition Tool (MBraun), completing the photovoltaic
devices with an active area of 7 mm?

4.3.2. Device Characterization. To assess device performance, a
Litos Lite system from FLUXiM AG (Switzerland) was employed to
record both reverse and forward J—V sweeps at a scan rate of 50 mV/
s, as well as maximum power point (MPP) tracking for the fabricated
photovoltaic cells under simulated sunlight. J-V curves and stable
power output (SPO) measurements were conducted in air, while
extended MPP tracking was performed in a nitrogen atmosphere. All
measurements utilized 7 mm? aperture masks.

A Philips HUE WLED bulb, set to a color temperature of 4000 K,
served as the light source for indoor photovoltaic measurements.
Iumination was monitored using a calibrated Digi-Sense lux meter,
while power density at various light levels was determined with a
Konica Minolta CL-500A Illuminance Spectrophotometer. For
instance, at an intensity of 1000 lux, the WLED bulb delivered
approximately 0.32 mW cm ™ to the cell surface. Both forward and
reverse J—V sweeps at a scan rate of 50 mV/s, as well as stable power
output (SPO) measurements, were recorded using a Keithley 4250
source-monitor unit with a 4-wire configuration. All measurements
were conducted within a black box, utilizing 10 mm? aperture masks
for precise evaluation. Maximum power point (MPP) tracking under
indoor lighting was handled with a Keithley 4250 source-monitor unit
in a four-wire configuration operating in a nitrogen atmosphere under
continuous illumination. For indoor MPP tracking, a Philips HUE
WLED bulb was set to deliver 1000 lux (approximately 0.32 mW/
cm?). External quantum efficiency (EQE) spectra were obtained
across the 350 to 850 nm range using a QuantX-300 (Newport)
system.

4.4. Synthetic Procedures. 4.4.1. Synthesis of Tris(4-(pyridin-4-
yl)phenyl)amine (TPAP). Tri(4-bromophenyl)amine®* (1.00 g, 2.10
mmol), pyridine-4-boronic acid (1.1S g 9.35 mmol), Pd(PPh;),
(0.353 g 0.3 mmol), and K,CO; (0.552 g 4.00 mmol) were
introduced into a mixture of 1,4-dioxane (50 mL) and water (10 mL).
The resulting solution was degassed via three argon/vacuum cycles
and subsequently refluxed under argon atmosphere for 24 h. After
completion, the solvent was evaporated under a vacuum, and the
resulting bright yellow solid was then dissolved in dichloromethane.
The organic phase was washed three times with water, dried with
anhydrous MgSO,, and the solvent was removed to afford a yellow
crude product. The target compound was obtained as a yellow solid
after silica gel column chromatography. Yield: 0.67 g (68%). '"H NMR
(500 MHz, CDCl,): 8.64 (d, 6H), 7.63 (m, 6H), 7.54 (m, 6H), 7.29
(m, 6H).

4.4.2. Synthesis of 4—(4—(Bis(4—(pyridin—4—£/l)phenyl)amino)—
phenyl)-1-(2-ethylhexyl)pyridin-1-ium (TPAP1).”” TPAP (100 mg,
0.21 mmol) was dissolved in 25 mL of anhydrous DMF/DMSO (3:1,
v/v) in a 50 mL round-bottomed flask under nitrogen gas. The
temperature of the solution increased to 100 °C with continuous
stirring, with 2-ethylhexyl bromide (1.05 equiv) added gradually
dropwise. The reaction mixture was refluxed for 48 h under
continuous monitoring by TLC. Once the reaction was complete,
the solvent was evaporated under vacuum with a rotary evaporator.
The crude product was then purified by multiple washes with
dichloromethane to give TPAP1 as an orange solid (84 mg, 68%
yield). Owing to their poor solubilities, the *C NMR of TPAP1
cannot be measured in Methanol-D, solution. '"H NMR (500 MHz,
Methanol-D,): 8.91 (d, 2H), 8.82 (d, 4H), 8.40 (m, 6H), 8.08 (m,
6H), 7.41 (m, 6H), 4.52 (d, 2H), 2.16 (s, 1H), 1.45—1.22 (m, 8H),
0.96 (t, 3H), 0.90 (t, 3H). HRMS (m/z, ES+) calcd for C,H, N,
589.3325, found 589.3322.

https://doi.org/10.1021/acsami.5c08539
ACS Appl. Mater. Interfaces 2025, 17, 49409—49420


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c08539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.5c08539.

NMR and mass spectra; thermal analysis; UV—vis and
PL spectra; cyclic voltammetry; DFT calculations; XRD
and microscopy images; device performance data under
indoor and 1 sun illumination; TRPL, J-V, EIS, and
TPV analysis (PDF)

B AUTHOR INFORMATION

Corresponding Author
Paola Vivo — Hybrid Solar Cells, Faculty of Engineering and
Natural Sciences, Tampere University, Tampere FI-33014,
Finland; ® orcid.org/0000-0003-2872-6922;
Email: paola.vivo@tuni.fi

Authors

Yi Han — Hybrid Solar Cells, Faculty of Engineering and
Natural Sciences, Tampere University, Tampere FI-33014,
Finland

Ceylan Doyranli — Hybrid Solar Cells, Faculty of Engineering
and Natural Sciences, Tampere University, Tampere FI-
33014, Finland

Alessia Di Vito — Department of Electronic Engineering,
University of Tor Vergata, Rome 00133, Italy; © orcid.org/
0000-0003-4774-3488

Matthias Auf der Maur — Department of Electronic
Engineering, University of Tor Vergata, Rome 00133, Italy

Mokurala Krishnaiah — Hybrid Solar Cells, Faculty of
Engineering and Natural Sciences, Tampere University,
Tampere FI-33014, Finland

Paavo Méakinen — Hybrid Solar Cells, Faculty of Engineering
and Natural Sciences, Tampere University, Tampere FI-
33014, Finland; ® orcid.org/0000-0002-3113-1682

Ramesh Kumar — Department of Chemistry — Angstrdm
Laboratory, Uppsala University, Uppsala SE-75120,
Sweden; ® orcid.org/0000-0002-7500-8694

Basheer Al-Anesi — Hybrid Solar Cells, Faculty of Engineering
and Natural Sciences, Tampere University, Tampere FI-
33014, Finland; ® orcid.org/0000-0001-8347-9309

Debjit Manna — Hybrid Solar Cells, Faculty of Engineering
and Natural Sciences, Tampere University, Tampere FI-
33014, Finland; ® orcid.org/0000-0003-3103-7677

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.5c08539

Author Contributions

"Y.H. and C.D. contributed equally to this work. Y.H.
conceived the idea and discussed it with C.D.; P.V. supervised
the project; Y.H. performed the synthesis experiments; Y.H.
and C.D. carried out the device fabrication and character-
ization; A.D.V. and M.A.d. M. conducted the DFT simulations;
K.M. performed the XPS analysis; P.M. carried out the KPFM
measurements; RK. conducted the TPV analysis; B.A.
performed the EIS and contact angle measurements; D.M.
carried out the XRD measurements; and Y.H. wrote the
manuscript with support from C.D. and P.V. All authors
contributed to discussion and polishing the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Y.H. thanks the Finnish Cultural Foundation (Pirkanmaa
Regional Fund, Decision 50231596). B.A.-A. is grateful to the
Jenny and Antti Wihuri Foundation for funding. The authors
also thank the European Project SUNREY (Grant 101084422)
for support. P.M. appreciates funding from the Finnish
Cultural Foundation (Kalle & Dagmar Vilimaa Fund, Grant
00240880). P.V. and C.D. acknowledge support from the
Research Council of Finland (Decision 347772). P.V. thanks
the Eureka Eurostars programme (Project DICE), which is
part of the European Partnership on Innovative SMEs. The
partnership is cofunded by the European Union through
Horizon Europe. This research is also supported by the
Research Council of Finland Flagship Programme, Photonics
Research and Innovation (PREIN), Decision 346511. The
authors utilized the Tampere Microscopy Center facilities at
Tampere University for this work.

B REFERENCES

(1) Mathews, L; Kantareddy, S. N.; Buonassisi, T.; Peters, . M.
Technology and Market Perspective for Indoor Photovoltaic Cells.
Joule 2019, 3 (6), 1415—1426.

(2) Grandhi, G. K; Koutsourakis, G.; Blakesley, J. C.; De Rossi, F.;
Brunetti, F.; Oz, S.; Sinicropi, A.; Parisi, M. L.; Brown, T. M.; Carnie,
M. J,; et al. Promises and challenges of indoor photovoltaics. Nat. Rev.
Clean Technol. 2025, 1, 132—147.

(3) Freitag, M.; Teuscher, J.; Saygili, Y.; Zhang, X.; Giordano, F.;
Liska, P.; Hua, J.; Zakeeruddin, S. M.; Moser, J.-E.; Gritzel, M.; et al.
Dye-sensitized solar cells for efficient power generation under
ambient lighting. Nat. Photonics 2017, 11 (6), 372—378.

(4) Ryu, H. S;; Park, S. Y.; Lee, T. H; Kim, J. Y.; Woo, H. Y. Recent
progress in indoor organic photovoltaics. Nanoscale 2020, 12 (10),
5792—-5804.

(5) Chakraborty, A.; Lucarelli, G.; Xu, J.; Skafi, Z.; Castro-Hermosa,
S.; Kaveramma, A. B.; Balakrishna, R. G.; Brown, T. M. Photovoltaics
for indoor energy harvesting. Nano Energy 2024, 128, No. 109932.

(6) Mathews, L; Kantareddy, S. N. R;; Sun, S.; Layurova, M.; Thapa,
J.; Correa-Baena, J.-P.; Bhattacharyya, R.; Buonassisi, T.; Sarma, S.;
Peters, 1. M. Self-Powered Sensors Enabled by Wide-Bandgap
Perovskite Indoor Photovoltaic Cells. Adv. Funct. Mater. 2019, 29
(42), No. 1904072.

(7) Bati, A. S. R; Zhong, Y. L,; Burn, P. L.; Nazeeruddin, M. K;
Shaw, P. E.; Batmunkh, M. Next-generation applications for
integrated perovskite solar cells. Commun. Mater. 2023, 4 (1), 2.

(8) Tong, Y.; Najar, A,; Wang, L.; Liu, L.; Du, M; Yang, J; Li, J.;
Wang, K; Liu, S. Wide-Bandgap Organic—Inorganic Lead Halide
Perovskite Solar Cells. Adv. Sci. 2022, 9 (14), No. 2105085.

(9) Dou, D.; Sun, H,; Li, C.; Gan, S.; Li, L. Perovskite-Based Indoor
Photovoltaics and their Competitors. Adv. Funct. Mater. 2024, 34
(13), No. 2314398.

(10) Ummadisingu, A. Making stable and non-toxic perovskite solar
cells. Nat. Rev. Clean Technol. 2025, 1, 110.

(11) Han, E;; Lyu, M,; Choi, E.; Zhao, Y.; Zhang, Y.; Lee, J.; Lee, S.-
M, Jiao, Y.,; Ahmad, S. H. A,; Seidel, J.; et al. High-Performance
Indoor Perovskite Solar Cells by Self-Suppression of Intrinsic Defects
via a Facile Solvent-Engineering Strategy. Small 2024, 20 (4),
No. 2305192.

(12) Wang, K.-L.; Zhou, Y.-H.; Lou, Y.-H.; Wang, Z.-K. Perovskite
indoor photovoltaics: opportunity and challenges. Chem. Sci. 2021, 12
(36), 11936—11954.

(13) Tao, J.; Zhao, C.; Wang, Z.; Chen, Y.; Zang, L.; Yang, G.; Bai,
Y.; Chu, J. Suppressing non-radiative recombination for efficient and
stable perovskite solar cells. Energy Environ. Sci. 2025, 18 (2), 509—
544.

(14) Chen, B; Rudd, P. N; Yang, S; Yuan, Y, Huang, J.
Imperfections and their passivation in halide perovskite solar cells.
Chem. Soc. Rev. 2019, 48 (14), 3842—3867.

https://doi.org/10.1021/acsami.5c08539
ACS Appl. Mater. Interfaces 2025, 17, 49409—49420


https://pubs.acs.org/doi/10.1021/acsami.5c08539?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c08539/suppl_file/am5c08539_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paola+Vivo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2872-6922
mailto:paola.vivo@tuni.fi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ceylan+Doyranli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessia+Di+Vito"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4774-3488
https://orcid.org/0000-0003-4774-3488
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Auf+der+Maur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mokurala+Krishnaiah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paavo+Ma%CC%88kinen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3113-1682
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ramesh+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7500-8694
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Basheer+Al-Anesi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8347-9309
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Debjit+Manna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3103-7677
https://pubs.acs.org/doi/10.1021/acsami.5c08539?ref=pdf
https://doi.org/10.1016/j.joule.2019.03.026
https://doi.org/10.1038/s44359-024-00013-1
https://doi.org/10.1038/nphoton.2017.60
https://doi.org/10.1038/nphoton.2017.60
https://doi.org/10.1039/D0NR00816H
https://doi.org/10.1039/D0NR00816H
https://doi.org/10.1016/j.nanoen.2024.109932
https://doi.org/10.1016/j.nanoen.2024.109932
https://doi.org/10.1002/adfm.201904072
https://doi.org/10.1002/adfm.201904072
https://doi.org/10.1038/s43246-022-00325-4
https://doi.org/10.1038/s43246-022-00325-4
https://doi.org/10.1002/advs.202105085
https://doi.org/10.1002/advs.202105085
https://doi.org/10.1002/adfm.202314398
https://doi.org/10.1002/adfm.202314398
https://doi.org/10.1038/s44359-025-00028-2
https://doi.org/10.1038/s44359-025-00028-2
https://doi.org/10.1002/smll.202305192
https://doi.org/10.1002/smll.202305192
https://doi.org/10.1002/smll.202305192
https://doi.org/10.1039/D1SC03251H
https://doi.org/10.1039/D1SC03251H
https://doi.org/10.1039/D4EE02917H
https://doi.org/10.1039/D4EE02917H
https://doi.org/10.1039/C8CS00853A
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c08539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(15) Bera, S; Saha, A; Mondal, S; Biswas, A, Mallick, S.;
Chatterjee, R.; Roy, S. Review of defect engineering in perovskites for
photovoltaic application. Mater. Adv. 2022, 3 (13), 5234—5247.

(16) Zhang, H.; Pfeifer, L.; Zakeeruddin, S. M.; Chu, J.; Gritzel, M.
Tailoring passivators for highly efficient and stable perovskite solar
cells. Nat. Rev. Chem. 2023, 7 (9), 632—652.

(17) Wang, F.; Bai, S.; Tress, W.; Hagfeldt, A,; Gao, F. Defects
engineering for high-performance perovskite solar cells. npj Flexible
Electronics 2018, 2 (1), 22.

(18) Ye, J.; Byranvand, M. M.; Martinez, C. O.; Hoye, R. L. Z.;
Saliba, M.; Polavarapu, L. Defect Passivation in Lead-Halide
Perovskite Nanocrystals and Thin Films: Toward Efficient LEDs
and Solar Cells. Angew. Chem., Int. Ed. 2021, 60 (40), 21636—21660.

(19) Wang, Y,; Yang, T.; Cai, W.; Mao, P.; Yang, Y.; Wy, N; Liu, C,;
Wang, S.,; Du, Y,; Huang, W,; et al. Defect Passivation Refinement in
Perovskite Photovoltaics: Achieving Efficiency over 45% under Low-
Light and Low-Temperature Dual Extreme Conditions. Adv. Mater.
2024, 36 (23), No. 2312014.

(20) Kim, J.; Jang, J. H.; Choi, E.; Shin, S. J.; Kim, J.-H.; Jeon, G. G;
Lee, M.; Seidel, J.; Kim, J. H.; Yun, J. S.; et al. Chlorine Incorporation
in Perovskite Solar Cells for Indoor Light Applications. Cell Rep. Phys.
Sci. 2020, 1 (12), No. 100273.

(21) Xu, J.; Reddy, S. H.; Castriotta, L. A.; Podapangi, S. K.; Luce,
M,; Cricenti, A.; Di Carlo, A.; Brown, T. M. 30% efficient triple-cation
perovskite solar cells under indoor illumination enabled by rare earth
EuCl3 doping. Sustain. Energy Fuels 2023, 7 (14), 3404—3411.

(22) Toikkonen, S.; Grandhi, G. K,; Wang, S.; Baydin, B.; Al-Anesi,
B.; Jagadamma, L. K; Vivo, P. Is Doping of Spiro-OMeTAD a
Requirement for Efficient and Stable Perovskite Indoor Photovoltaics?
Advanced Devices &amp; Instrumentation 2024, S, 0048.

(23) Grandhi, G. K; Koutsourakis, G.; Blakesley, J. C.; De Rossi, F.;
Brunetti, F.; éz, S.; Sinicropi, A.; Parisi, M. L.; Brown, T. M.; Carnie,
M. J.; et al. Promises and challenges of indoor photovoltaics. Nat. Rev.
Clean Technol. 2025, 1 (2), 132—147.

(24) Ho, J. K. W.; Yin, H.; So, S. K. From 33% to 57% — an elevated
potential of efficiency limit for indoor photovoltaics. J. Mater. Chem. A
2020, 8 (4), 1717—1723.

(25) Qu, Z.; Zhao, Y.; Ma, F.; Mei, L.; Chen, X.-K.; Zhou, H.; Chuy,
X,; Yang, Y,; Jiang, Q; Zhang, X,; et al. Enhanced charge carrier
transport and defects mitigation of passivation layer for efficient
perovskite solar cells. Nat. Commun. 2024, 15 (1), 8620.

(26) Chen, M.; Dai, Z.; Yan, N.; Cao, Y.; Yuan, Y.; Zhang, J.; Qi, D.;
Meng, L.; Liu, S.; Feng, J. Achieving a high-quality active film through
surface passivation to enhance the stability of inverted perovskite solar
cells. J. Mater. Chem. C 2024, 12 (28), 10540—10547.

(27) Noman, M.; Khan, A. H. H;; Jan, S. T. Interface engineering
and defect passivation for enhanced hole extraction, ion migration,
and optimal charge dynamics in both lead-based and lead-free
perovskite solar cells. Sci. Rep. 2024, 14 (1), 5449.

(28) Kumar, R.; Kumar, J.; Srivastava, P.; Moghe, D.; Kabra, D.; Bag,
M. Unveiling the Morphology Effect on the Negative Capacitance and
Large Ideality Factor in Perovskite Light-Emitting Diodes. ACS Appl.
Mater. Interfaces 2020, 12 (30), 34265—34273.

(29) Jiang, X.; Dong, K; Li, P.; Zheng, L.; Zhang, B.; Yin, Y.; Yang,
G.; Wang, L.; Wang, M,; Lj, S,; et al. Unraveling the Role of Electron-
Withdrawing Molecules for Highly Efficient and Stable Perovskite
Photovoltaics. Angew. Chem., Int. Ed. 2025, 64 (2), No. e202414128.

(30) Jiang, B.-H.; Gao, Z.-J.; Lung, C.-Y.; Shi, Z.-E,; Dy, H.-Y,; Su,
Y.-W.; Shih, H.-S;; Lee, K.-M.; Hung, H.-H.; Chan, C. K;; et al.
Enhancing the Efficiency of Indoor Perovskite Solar Cells through
Surface Defect Passivation with Coplanar Heteroacene Cored A—D—
A-type Molecules. Adv. Funct. Mater. 2024, 34 (19), No. 2312819.

(31) Zou, K; Li, Q.; Fan, J,; Tang, H.; Chen, L; Tao, S; Xu, T,;
Huang, W. Pyridine Derivatives’ Surface Passivation Enables Efficient
and Stable Carbon-Based Perovskite Solar Cells. ACS Mater. Lett.
2022, 4 (6), 1101—1111.

(32) Liu, S.; Sun, Z.; Lei, X.; Miao, T.; Zhou, Q.; Chen, R.; Wang, J;
Ren, F.; Pan, Y,; Caij, Y.; et al. Stable Surface Contact with Tailored

Alkylamine Pyridine Derivatives for High-Performance Inverted
Perovskite Solar Cells. Adv. Mater. 2025, 37 (4), No. 2415100.

(33) Cheng, H.; Zang, X.; Wang, S.; Cai, B. Pyridine-Functionalized
Organic Molecules in Perovskite Solar Cells: Toward Defects
Passivation and Charge Transfer. Solar RRL 2025, 9 (2),
No. 2400736.

(34) Wang, S.; Yao, C; Li, L; Huang, T.; Tan, S.; Shi, P.; Jin, S;
Zhu, C; Yang, Y.; Zhu, B; et al. Enhanced passivation durability in
perovskite solar cells via concentration-independent passivators. Joule
2024, 8 (4), 1105—1119.

(35) Wu, X,; Zhang, L.; Xu, Z.; Olthof, S.; Ren, X;; Liu, Y.; Yang, D.;
Gao, F.; Liu, S. Efficient perovskite solar cells via surface passivation
by a multifunctional small organic ionic compound. J. Mater. Chem. A
2020, 8 (17), 8313—8322.

(36) Chen, J.; Park, N.-G. Causes and Solutions of Recombination in
Perovskite Solar Cells. Adv. Mater. 2019, 31 (47), No. 1803019.

(37) Cheng, M.; Aitola, K; Chen, C; Zhang, F; Liu, P;
Sveinbjornsson, K.; Hua, Y.; Kloo, L; Boschloo, G.; Sun, L.
Acceptor—Donor—Acceptor type ionic molecule materials for efficient
perovskite solar cells and organic solar cells. Nano Energy 2016, 30,
387-397.

(38) Smidstrup, S.; Markussen, T.; Vancraeyveld, P.; Wellendorff, J.;
Schneider, J.; Gunst, T.; Verstichel, B.; Stradi, D.; Khomyakov, P. A;
Vej-Hansen, U. G,; et al. QuantumATK: an integrated platform of
electronic and atomic-scale modelling tools. J. Phys.: Condens. Matter
2020, 32 (1), No. 015901.

(39) Caprioglio, P.; Cruz, D. S.; Caicedo-Davila, S.; Zu, F.; Sutanto,
A. A,; Pefia-Camargo, F.; Kegelmann, L.; Meggiolaro, D.; Gregori, L.;
Wolff, C. M,; et al. Bi-functional interfaces by poly(ionic liquid)
treatment in efficient pin and nip perovskite solar cells. Energy
Environ. Sci. 2021, 14 (8), 4508—4522.

(40) Zhu, X; Yang, S.; Cao, Y.; Duan, L.; Du, M,; Feng, J.; Jiao, Y,;
Jiang, X.; Sun, Y,; Wang, H.; et al. Ionic-Liquid-Perovskite Capping
Layer for Stable 24.33%-Efficient Solar Cell. Adv. Energy Mater. 2022,
12 (6), No. 2103491.

(41) Yang, T,; Gao, L,; Ly, J.; Ma, C; Dy, Y.; Wang, P.; Ding, Z;
Wang, S; Xu, P,; Liu, D.; et al. One-stone-for-two-birds strategy to
attain beyond 25% perovskite solar cells. Nat. Commun. 2023, 14 (1),
839.

(42) Azam, M.; Ma, Y.; Zhang, B.; Shao, X.; Wan, Z.; Zeng, H.; Yin,
H,; Luo, J; Jia, C. Tailoring pyridine bridged chalcogen-concave
molecules for defects passivation enables efficient and stable
perovskite solar cells. Nat. Commun. 2025, 16 (1), 602.

(43) Khenkin, M. V,; Katz, E. A.; Abate, A; Bardizza, G.; Berry, J. J;
Brabec, C.; Brunetti, F.; Bulovic, V.; Burlingame, Q.; Di Carlo, A.;
et al. Consensus statement for stability assessment and reporting for
perovskite photovoltaics based on ISOS procedures. Nat. Energy
2020, 5 (1), 35—49.

(44) Wang, C.; Ou, Z,; Pan, Y.; Ouedraogo, N. A. N.; Chen, P.; Gao,
Q.; Yang, K;; Lei, H.; Ouyang, Y.; Wan, W.; et al. Surface Engineering
of Perovskite Films via Sequential Moisture Cooling and Passivation
for Efficient Solar Cells. Adv. Funct. Mater. 2025, 35, No. 2420084.

(45) Jiang, B.-H.; You, Y.-C; Lin, D.-W,; Chen, C.-P.; Wong, K.-T.
High-Performance Ternary Organic Photovoltaics Incorporating
Small-Molecule Acceptors with an Unfused-Ring Core. ACS Appl.
Energy Mater. 2022, S (12), 15423—15433.

(46) Wang, Y; Cao, R;; Meng, Y.; Han, B,; Tian, R;; Lu, X; Song,
Z.; Yang, S; Lu, C; Liu, C,; et al. Mechanical robust and self-healing
flexible perovskite solar cells with efficiency exceeding 23%. Sci. China
Chem. 2024, 67 (8), 2670—2678.

(47) Kumar, R.; Srivastava, P.; Bag, M. Role of A-Site Cation and X-
Site Halide Interactions in Mixed-Cation Mixed-Halide Perovskites
for Determining Anomalously High Ideality Factor and the Super-
linear Power Law in AC Ionic Conductivity at Operating Temper-
ature. ACS Appl. Electron. Mater. 2020, 2 (12), 4087—4098.

(48) da Silva, M. K; Gul, M. S; Chaudhry, H. Review on the
Sources of Power Loss in Monofacial and Bifacial Photovoltaic
Technologies. Energies 2021, 14 (23), 793S.

https://doi.org/10.1021/acsami.5c08539
ACS Appl. Mater. Interfaces 2025, 17, 49409—49420


https://doi.org/10.1039/D2MA00194B
https://doi.org/10.1039/D2MA00194B
https://doi.org/10.1038/s41570-023-00510-0
https://doi.org/10.1038/s41570-023-00510-0
https://doi.org/10.1038/s41528-018-0035-z
https://doi.org/10.1038/s41528-018-0035-z
https://doi.org/10.1002/anie.202102360
https://doi.org/10.1002/anie.202102360
https://doi.org/10.1002/anie.202102360
https://doi.org/10.1002/adma.202312014
https://doi.org/10.1002/adma.202312014
https://doi.org/10.1002/adma.202312014
https://doi.org/10.1016/j.xcrp.2020.100273
https://doi.org/10.1016/j.xcrp.2020.100273
https://doi.org/10.1039/D2SE01312F
https://doi.org/10.1039/D2SE01312F
https://doi.org/10.1039/D2SE01312F
https://doi.org/10.34133/adi.0048
https://doi.org/10.34133/adi.0048
https://doi.org/10.1038/s44359-024-00013-1
https://doi.org/10.1039/C9TA11894B
https://doi.org/10.1039/C9TA11894B
https://doi.org/10.1038/s41467-024-52925-y
https://doi.org/10.1038/s41467-024-52925-y
https://doi.org/10.1038/s41467-024-52925-y
https://doi.org/10.1039/D4TC01243G
https://doi.org/10.1039/D4TC01243G
https://doi.org/10.1039/D4TC01243G
https://doi.org/10.1038/s41598-024-56246-4
https://doi.org/10.1038/s41598-024-56246-4
https://doi.org/10.1038/s41598-024-56246-4
https://doi.org/10.1038/s41598-024-56246-4
https://doi.org/10.1021/acsami.0c04489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c04489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202414128
https://doi.org/10.1002/anie.202414128
https://doi.org/10.1002/anie.202414128
https://doi.org/10.1002/adfm.202312819
https://doi.org/10.1002/adfm.202312819
https://doi.org/10.1002/adfm.202312819
https://doi.org/10.1021/acsmaterialslett.2c00123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.2c00123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202415100
https://doi.org/10.1002/adma.202415100
https://doi.org/10.1002/adma.202415100
https://doi.org/10.1002/solr.202400736
https://doi.org/10.1002/solr.202400736
https://doi.org/10.1002/solr.202400736
https://doi.org/10.1016/j.joule.2024.01.020
https://doi.org/10.1016/j.joule.2024.01.020
https://doi.org/10.1039/D0TA02222E
https://doi.org/10.1039/D0TA02222E
https://doi.org/10.1002/adma.201803019
https://doi.org/10.1002/adma.201803019
https://doi.org/10.1016/j.nanoen.2016.10.041
https://doi.org/10.1016/j.nanoen.2016.10.041
https://doi.org/10.1088/1361-648X/ab4007
https://doi.org/10.1088/1361-648X/ab4007
https://doi.org/10.1039/D1EE00869B
https://doi.org/10.1039/D1EE00869B
https://doi.org/10.1002/aenm.202103491
https://doi.org/10.1002/aenm.202103491
https://doi.org/10.1038/s41467-023-36229-1
https://doi.org/10.1038/s41467-023-36229-1
https://doi.org/10.1038/s41467-025-55815-z
https://doi.org/10.1038/s41467-025-55815-z
https://doi.org/10.1038/s41467-025-55815-z
https://doi.org/10.1038/s41560-019-0529-5
https://doi.org/10.1038/s41560-019-0529-5
https://doi.org/10.1002/adfm.202420084
https://doi.org/10.1002/adfm.202420084
https://doi.org/10.1002/adfm.202420084
https://doi.org/10.1021/acsaem.2c03023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.2c03023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11426-024-1954-8
https://doi.org/10.1007/s11426-024-1954-8
https://doi.org/10.1021/acsaelm.0c00874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.0c00874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.0c00874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.0c00874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.0c00874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/en14237935
https://doi.org/10.3390/en14237935
https://doi.org/10.3390/en14237935
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c08539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(49) Al-Anesi, B; Grandhi, G. K; Pecoraro, A; Sugathan, V,;
Viswanath, N. S. M,; Ali-Loytty, H.; Liu, M.; Ruoko, T.-P.; Lahtonen,
K.; Manna, D; et al. Antimony-Bismuth Alloying: The Key to a Major
Boost in the Efficiency of Lead-Free Perovskite-Inspired Photo-
voltaics. Small 2023, 19 (46), No. 2303575.

(50) Guerrero, A,; Bisquert, J.; Garcia-Belmonte, G. Impedance
Spectroscopy of Metal Halide Perovskite Solar Cells from the
Perspective of Equivalent Circuits. Chem. Rev. 2021, 121 (23),
14430—14484.

(51) Guo, Y,; Yin, X; Liu, J; Que, W. Highly efficient CsPbIBr2
perovskite solar cells with efficiency over 9.8% fabricated using a
preheating-assisted spin-coating method. J. Mater. Chem. A 2019, 7
(32), 19008—19016.

(52) Hidayat, R.; Nurunnizar, A. A.; Fariz, A.; Herman; Rosa, E. S,;
Shobih; Oizumi, T.; Fujii, A.; Ozaki, M. Revealing the charge carrier
kinetics in perovskite solar cells affected by mesoscopic structures and
defect states from simple transient photovoltage measurements. Sci.
Rep. 2020, 10 (1), 19197.

(53) Guo, Y,; Ma, J.; Lei, H; Yao, F,; Li, B; Xiong, L.; Fang, G.
Enhanced performance of perovskite solar cells via anti-solvent
nonfullerene Lewis base IT-4F induced trap-passivation. J. Mater.
Chem. A 2018, 6 (14), 5919—5925.

(54) Yao, Z.-Q.; Xu, J.; Zou, B,; Hy, Z.; Wang, K;; Yuan, Y.-J.; Chen,
Y.-P; Feng, R.; Xiong, J.-B.; Hao, J.; et al. A Dual-Stimuli-Responsive
Coordination Network Featuring Reversible Wide-Range Lumines-
cence-Tuning Behavior. Angew. Chem., Int. Ed. 2019, 58 (17), 5614—
5618.

CAS BIOFINDER DISCOVERY PLATFORM™

BRIDGE
BIOLOGY AND
CHEMISTRY FOR
FASTER
ANSWERS

Analyze target relationships,
compound effects, and disease
pathways

Explore the platform

\J
\

A\
(X% )

e

CAS

ion
American Chemical I Society

https://doi.org/10.1021/acsami.5c08539
ACS Appl. Mater. Interfaces 2025, 17, 49409—49420


https://doi.org/10.1002/smll.202303575
https://doi.org/10.1002/smll.202303575
https://doi.org/10.1002/smll.202303575
https://doi.org/10.1021/acs.chemrev.1c00214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9TA03336J
https://doi.org/10.1039/C9TA03336J
https://doi.org/10.1039/C9TA03336J
https://doi.org/10.1038/s41598-020-74603-x
https://doi.org/10.1038/s41598-020-74603-x
https://doi.org/10.1038/s41598-020-74603-x
https://doi.org/10.1039/C8TA00583D
https://doi.org/10.1039/C8TA00583D
https://doi.org/10.1002/anie.201900190
https://doi.org/10.1002/anie.201900190
https://doi.org/10.1002/anie.201900190
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c08539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

