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Abstract: PSCs (PSCs) have garnered significant attention for their high efficiency, but their commercial applica-
tion is hindered by stability issues caused by defects such as uncoordinated Pb** ions and halide vacancies. This work
introduces 3-amino-2, 6-dichloropyridine (ADCP) as a novel pyridylamine additive for PSCs, aiming to enhance both
device efficiency and stability. ADCP features a pyridine functional group that coordinates with Pb** ions and forms
hydrogen bonds with halide ions, enabling dual-site passivation of defects. This dual interaction reduces Ph-related
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PCE of 25. 59%, with significant improvements in long-term stability, maintaining 81% of the initial PCE for nearly
500 hours. The study highlights the effectiveness of pyridylamine-driven passivation in overcoming stability issues
and enhancing the overall performance of PSCs, providing a promising strategy for high-efficiency, stable perovskite
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1 Introduction

Perovskite solar cells (PSCs) have rapidly
emerged as one of the most promising candidates for
high-efficiency photovoltaic devices, largely due to
their exceptional optoelectronic properties, such as
high absorption coefficients, tunable band gaps, and
long carrier diffusion lengths. " These unique prop-
erties have contributed to a significant increase in
the PCE exceeding 27% of PSCs"*, making them a
compelling alternative to traditional silicon-based
photovoltaics. However, despite these advances,
PSCs still face considerable challenges, particularly
related to the intrinsic defects present in the

M These include uncoordinated

perovskite layer'
Pb* ions, halide vacancies, and poor crystallinity, all
of which contribute to nonradiative recombination,
reduced charge transport efficiency, and lower de-

15-17 . N
017 Moreover, the inherent insta-

vice performance
bility of perovskite materials—exacerbated by fac-
tors such as ion migration, moisture, UV light, and
heat—further limits their widespread commercial ap-
plication"**"),

One promising strategy for overcoming the de-
fects induced by uncoordinated Pb*" ions is the pas-
sivation of defects in the perovskite layer using mo-
lecular additives. "*'*"" Among various defect passiv-
ation methods, pyridine-functionalized organic mole-
cules have garnered significant attention due to their
unique ability to coordinate with Pb** ions”™. The ni-
trogen atom within the pyridine ring forms a stable

coordination bond with Pb* ions, which effectively

neutralizes the detrimental effects of uncoordinated

Pb™ defects that are commonly found at the surface
and grain boundaries of perovskite films. This coor-
dination significantly reduces the recombination
rates associated with these defects, leading to en-
hanced charge carrier mobility and improved device
performance. Furthermore, pyridine-based mole-
cules have been shown to facilitate the formation of a
passivation layer on the perovskite surface, which re-
duces surface traps and enhances the stability of
PSCs under operational conditions.

In recent years, incorporating functional li-
gands into PSCs has emerged as an effective route
to alleviate Pb-related concerns, largely by en-
abling robust defect passivation through ligand -
perovskite hydrogen-bonding interactions between
specific functional groups and the perovskite lat-
tice. Among various defect passivation strategies,
molecular additives capable of forming stable coor-
dination bonds with Pb* ions and hydrogen bonds
(H-bonds) with halide ions synchronously have

shown more promise in enhancing both the stability

[29] [30-32]

and performance of PSCs™'. Hydrogen bonding™ ",
in particular, has been identified as a crucial inter-
action for stabilizing perovskite films. It not only
helps improve the structural integrity of the
perovskite material but also prevents ion migration,
which can degrade the device performance under
environmental stress. For example, Li et al. "
demonstrated the effectiveness of hydrogen bonding
and coordination in stabilizing PSCs with conjugat-

ed organic molecules, highlighting how these inter-

actions significantly improve both the efficiency
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and long-term stability by passivating defects, par-
ticularly Pb** ions, and preventing their migration.
Also, Bai et al. " demonstrated that hydrogen bond-
ing interactions between the crosslinkable silane-
functionalized fullerene and the perovskite layer
significantly enhance the stability and efficiency of
PSCs, showing how these hydrogen bonds help re-
duce defect density and prevent moisture-induced
degradation, ultimately improving both the device
performance and long-term stability.

Considering the need for simultaneous passiv-
ation of undercoordinated Pb* defects and stabiliza-
tion of the perovskite lattice via hydrogen bonding,
pyridylamine-based molecules are promising candi-
dates for synergistic defect regulation. Here, we in-
troduce 3-amino-2, 6-dichloropyridine (ADCP) as a
rationally designed dual-functional additive for
PSCs. Distinct from conventional pyridine- or
amine-based passivators, ADCP integrates a pyridin-
ic nitrogen, an amino group, and two electron-with-
drawing chloro substituents at the 2,6-positions, en-
abling strengthened and cooperative molecular inter-
actions with the perovskite lattice. The amino group
forms hydrogen bonds with halide ions, particularly
iodide, helping to stabilize the lattice and suppress
halide migration, while the pyridinic nitrogen strong-
ly coordinates with undercoordinated Pb* ions, effec-
tively passivating deep-level trap states. The elec-
tron-withdrawing dichloro substituents further en-
hance the interaction strength of the pyridine moiety,
leading to more robust defect suppression compared
with previously reported mono-functional additives.
Through this synergistic dual interaction, ADCP re-
duces defect density at the surface and grain bound-
aries, improves interfacial contact, and facilitates
charge transport, resulting in suppressed nonradia-
tive recombination, enhanced carrier extraction, im-
proved operational stability, and ultimately higher
device efficiency. This work demonstrates that ratio-
nal molecular design of ADCP enables simultaneous
chemical passivation and interfacial regulation, pro-
viding an effective strategy for achieving efficient

and stable PSCs.

2 Experiment

2.1 Materials

Formamidine iodide (FAI, 99. 5%) and methyl-
ammonium chloride (MACI, 99. 5%) were purchased
from Greatcell Solar Materials. Lead iodide (Pbl,,
99.999%) and cesium iodide (Csl, 99.99%) were
purchased from Chengdu Alfa Metal Materials Co. ,
Ltd. N, N-dimethylformamide (DMF, 99. 9%), iso-
propanol (IPA, suitable for HPLC, 99. 9%), and di-
methyl sulfoxide (DMSO, 99.9%) were purchased
from Sigma-Aldrich. BCP, PCqBM, and Cg were
purchased from Advanced Election Technology. [4-
(3,  6-Dimethyl-9H-carbazol-9-yl)butyl|phosphonic
acid (Me-4PACz, 99. 0%) was purchased from TCI.
ADCP (98%) was purchased from Macklin.
2.2 Fabrication of PSCs

The ITO glass substrates were cleaned with a
detergent solution, deionized water, acetone, and an-
hydrous ethanol for 10 min, respectively. Next, the
substrates were further cleaned with plasma treat-
ment for 10 min. Then, NiO, films were fabricated
by spin-coating the 5 mg/mL NiO, aqueous solution
on the ITO substrates at 4000 rpm for 20 s, followed
by annealing at 150 °C for 10 min. Then, 0.5 mg/
mlL Me-4PACz ethanol solution was spin-coated on
NiO, film at 4000 rpm for 30 s, followed by anneal-
ing at 100 °C for 10 min. The 1.53 eV Csg osFAq, o5
Pbl; perovskite precursors were dissolved with 5
mol% MACI in a mixed DMF and DMSO solvent (4:
1 v/v) at a concentration of 1.4 M. For the ADCP-
modified devices, 1, 2, and 3 mg of ADCP were add-
ed to 1 mL of perovskite precursor solution. Among
them, 2 mg of ADCP yielded the optimal enhance-
ment in PCE, Vo, Jsc, and FF, indicating that this
concentration provides the best improvement in de-
vice performance (Fig. 3b). Subsequently, the
perovskite films were deposited by spin-coating the
perovskite precursor solution on Me-4PACz/NiO,/
ITO/glass substrate at 4000 rpm for 30 s. The wet
perovskite film was quickly put into a sample cham-
ber connected to vacuum-pumping instrumentation.
By opening the valve connecting the specimen cham-

ber to the pump system, the perovskite film was im-
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mediately exposed to low pressure maintained at 10
Pa for 40 seconds, followed by full pressurization by
admitting ambient air into the specimen chamber.
Subsequently, the perovskite film was annealed at
100 °C for 10 minutes. 20 nm of Cg and 5 nm of
BCP were deposited by thermal evaporation. Final-
ly, 100 nm of Ag counter electrode was thermally
evaporated under a high vacuum.
2.3 Measurements and Characterization

The J-V characterizations were measured by a
Keithley 2400 source under simulated AM 1.5 irra-
diation with a standard xenon-lamp-based solar sim-
ulator (7ISO503A, SOFN INSTRUMENTS). EIS
measurement was performed in the dark by AME-
TEK VersaSTAT 3F at a frequency from 1 Hz to 1
MHz. Mott-Schottky measurement was done by us-
ing the same instrument as used in EIS, but at a
fixed frequency of 1 kHz. The applied bias voltage
range is 0 to 1. 5 V. TPC/TPV was tested by PD-RS
of ENLITECH, Taiwan. The ultraviolet-visible ab-
sorption spectra of the films were measured using a

Shimazu UV-1900 spectrophotometer.

3 Results and Discussion

Fig. la presents the chemical structure of 3-
amino-2, 6-dichloropyridine (ADCP), which consists
of a pyridine ring substituted with two chlorine at-
oms and an amino group (-NH,). The amino group is
crucial for interacting with halide ions (I7) through
hydrogen bonding, while the nitrogen atom in the
pyridine ring can coordinate with Pb* ions. This du-
al functionality of ADCP makes it a promising candi-
date for defect passivation in perovskite materials,
particularly targeting the Pb* and halide defects
commonly found in PSCs. As shown in Fig. 1b, the
interaction between ADCP and the perovskite crystal
structure is depicted. The amino group in ADCP
forms hydrogen bonds with iodide ions (1), while the
nitrogen atom coordinates with Pb* ions within the
perovskite lattice. This coordination mechanism is
essential for passivating the uncoordinated Pb* de-
fects present at the surface and grain boundaries of
perovskite films. By reducing these defects, ADCP
stability of the

improves the crystallinity and

perovskite layer, which is crucial for enhancing the
overall performance and longevity of PSCs.

As shown from the absorbance spectra of AD-
CP, FAI (formamidinium iodide), and the combina-
tion of FAT and ADCP in Fig. lc, it can be seen
that the ADCP samples display a distinctive peak,
while the FATI spectrum shows a broader absorption
feature. When ADCP is mixed with FAI, a shift in
the absorption spectrum is observed, indicating that
ADCP interacts with FAI, likely through the coordi-
nation of its amino and nitrogen groups. This inter-
action is important because it suggests that ADCP
modifies the electronic properties of the perovskite
precursor, which can influence the crystallization
process and the optical characteristics of the result-
ing perovskite films. Fig. 1d demonstrates the ab-
sorbance spectra of ADCP, Pbl,, and the mixture of
Pbl, and ADCP. The addition of ADCP to Pbl,
causes a shift in the absorption peaks, particularly
in the region of 400 — 500 nm. This shift indicates
that ADCP forms a stable complex with Pb* ions,
as evidenced by the changes in the spectral fea-
tures. The coordination between ADCP and Pb* is
crucial for passivating Pb-related defects in the
perovskite structure. This interaction reduces de-
fect-related recombination and stabilizes the
perovskite film, enhancing the overall efficiency
and stability of the solar cells fabricated with these
materials.

The crystallization quality of the perovskite
films was further investigated by SEM and XRD mea-
surements. As shown in Fig. le and f, the control
film exhibits relatively small grains and a less uni-
form surface, whereas the ADCP-modified film pres-
ents enlarged grains and a more compact and homo-
geneous morphology with fewer visible pinholes.
This indicates that ADCP incorporation promotes
more uniform crystal growth and suppresses defect
formation during film formation. Consistently, the
XRD patterns shown in Fig. 1g reveal that the AD-
CP-modified film displays stronger diffraction inten-
sity compared with the control, suggesting enhanced
crystallinity and improved crystal quality. The ab-

sence of additional impurity peaks also indicates
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that ADCP incorporation does not disrupt the

perovskite phase. These results collectively confirm

a b

N NH,
v

Cl N Cl

3-amino-2,6-dichloropyridine

that ADCP doping effectively improves the crystal-

line quality of the perovskite films.

) o
o o

(ADCP)
c

s ——ADCP - ——ADCP

3 —FAl E —Pbl,

o, ~——— FAI+ADCP il —— Pbl,+ADCP

Q @

(5] o

c [ =

(0] [v]

= 2

o o

w o

o) O

<€ <

300 320 340 360 380 400 300 400 500 600
Wavelength (nm) Wavelength (nm)
e 0 : — Control
_ —— ADCP
R
% vl d iy
5 ' 1
=
i A A

5 15 25 35 45 55 65
2 Theta (degree)

(a) ADCP B4k 2254 (FE &) 5 (b) ADCP 5458k 8™ i A 2 0] (A T AE R B & 5 (¢) ADCP X FAI/ADCP IR &

YR 6 1% 5 (d) ADCP & PbI2/ADCP IR & ¥ 1 WS B 15 5 (e, ) B5ER™ M 10 07 0 SEM B4, 43l oy X HE 2
ADCP &M 5 (¢) 51 A ADCP HifJ& 858K ™ B 1Y XRD 177 5 3

Fig. 1

(a) Chemical Structure of ADCP as modifier; (b) Interaction between ADCP and perovskite crystals; (c¢) Absorbance

spectrum of ADCP and FAI/ADCP mixture; (d) Absorbance spectrum of ADCP and Pbl,/ADCP mixture. Top-view SEM

images of perovskite films: (e) Control and (f) ADCP-modified films. (g) XRD patterns of perovskite films before and

after ADCP incorporation.

The fabricated processes To verify the impact of
the ADCP-enabled pyridylamine-driven interfacial
passivation via coordination and hydrogen bonding
strategy on charge-transport characteristics in PSCs,
we performed a series of electrical characterizations
and systematic analyses. Fig. 2a presents capaci-
tance-voltage (C-V) measurements of PSCs with and
without ADCP. The control device shows higher ca-
pacitance at lower voltages, indicating the presence
of more trap states and a higher defect density,
which limits charge transport. In contrast, the AD-
CP-modulated device exhibits a significant reduction
in capacitance, especially below 0. 8 V, where it sta-

bilizes at a lower value of 6 x 10" 1/F* compared to

10 x 10" 1/F* for the control. This reduction indi-
cates that ADCP effectively passivates surface de-
fects, improving charge transport efficiency. From
the Nyquist plots derived from electrochemical im-
pedance spectroscopy (EIS) in Fig. 2b, the ADCP-
modulated device exhibits a smaller semicircular arc
and lower impedance (3.5 kQ vs. 7.5 kQ in the
control), confirming that ADCP enhances electron
mobility and reduces resistance at the perovskite/
electron transport layer interface.

Fig. 2c-d present time-resolved photocurrent
(TPC) and photovoltage (TPV) decay profiles, respec-
tively. The TPC decay of the control device shows a

rapid decay with a time constant of 0. 156 ws, indi-
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cating significant charge carrier recombination. In
contrast, the ADCP-modulated device demonstrates
a slower decay (0. 198 ws), suggesting reduced re-
combination and enhanced carrier retention. This
slower decay, along with an increased photocurrent,
shows that ADCP improves charge collection effi-
ciency and minimizes recombination losses. Similar-
ly, in the TPV decay measurement, the control de-
vice shows rapid voltage decay with a time constant
of 2. 638 ms, indicative of faster recombination. The
ADCP-modulated device exhibits a slower decay
with a time constant of 3. 782 ms, signifying that AD-
CP enhances charge retention by reducing recombi-
nation.

To further investigate the interfacial charge
transfer dynamics, steady-state PL and TRPL mea-
surements were performed on SAM/PVSK/Cg, struc-
tures. As shown in Fig. 2e and 2f, the ADCP-modi-

fied film exhibits significantly quenched PL intensity
and a faster TRPL decay compared with the control
sample. The pronounced PL quenching indicates that
photogenerated electrons are more efficiently extract-
ed from the perovskite into the Cgy layer rather than
the

perovskite film. Meanwhile, the shortened PL life-

undergoing radiative recombination  within
time is attributed to accelerated interfacial charge
transfer rather than increased nonradiative recombina-
tion. These results demonstrate that ADCP incorpora-
tion not only contributes to defect passivation but also
improves interfacial contact and energy-level align-
ment, thereby facilitating charge extraction and sup-
pressing interfacial recombination losses.

These results demonstrate that ADCP not only
improves charge transport but also contributes to

long-term device stability and efficiency by passivat-

ing defects.
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Fig. 2 Electrical characterizations of control and ADCP-modified PSCs. (a) Mott - Schottky plots (1/C* = V) of control and AD-
CP devices. (b) Nyquist plots from EIS. (¢) TPC decay curves. (d) TPV decay curves. (e) PL and (f) TRPL spectra of
the ITO/SAM/perovskite/Cg films with and without ADCP modulation.

The device architecture of the ADCP-modulat-
ed PSCs is shown in Fig. 3a. The structure follows

a standard planar heterojunction configuration, start-

ing with a transparent conductive oxide (ITO) sub-
strate, followed by a NiOx and Me-4PACz as hole
transport layer (ETL). The perovskite layer, which
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(a) Schematic diagram of the device architecture for ADCP-modulated PSCs. (b) Performance of ADCP-modulated

P 7.

PSCs as a function of ADCP concentration. (¢) J-V characteristics of the control and ADCP-modulated PSC devices un-
der RS and FS modes. (d) EQE spectra of the ADCP-modified PSCs. (e) PCE stability of ADCP-modulated and control

devices under continuous light soaking. (f) Long-term stability of the ADCP-modulated and control devices. Stored under

ambient atmosphere with ~25

includes the ADCP passivation additive, is sand-
wiched between the hole transport layer (NiOx/Me-
4PACz) and the C¢/BCP buffer layer. Finally, a sil-
ver (Ag) electrode is deposited on top to complete
the device. This configuration ensures efficient
charge extraction and reduces recombination at the
interfaces, thereby enhancing the overall perfor-
mance of the device. The fabrication process of the

PSCs involves vacuum flash evaporation, completed

in an ambient environment. In Fig. 3b, the perfor-

°C temperature and 40 -~ 60% relative humidity, without encapsulation.

mance of the ADCP-modulated PSCs is shown as a
function of ADCP concentration. The devices exhib-
it a clear trend of improving PCE as the ADCP con-
centration increases, reaching an optimal PCE at 2
mg/mL. The best-performing devices, with an opti-
mized concentration of 2 mg/mL, achieve a best PCE
of 25.59%. At concentrations higher than 2 mg/mL,
the efficiency slightly decreases, which suggests that
an optimal concentration exists where the ADCP con-

centration maximizes defect passivation without in-
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troducing excessive molecular aggregation or inter-
ference with the perovskite crystallization.

The J-V curves for the ADCP-modulated PSCs
and the control devices, shown in Fig. 3¢, highlight
the improvements in charge transport and collection
efficiency due to the ADCP treatment. The ADCP-
modulated devices show higher J_sc values and im-
proved fill factors (FF), resulting in higher PCEs.
Specifically, the ADCP-modulated devices exhibit a
Jsc of 25. 67 mA/cm® (ADCP-RS) and 25. 54 mA/cm®
(ADCP-FS), compared to 25.32 mA/cm’ (Control-
RS) and 25.20 mA/em® (Control-FS) for the control
The fill factor (FF) also increases from
83.53% in the control devices to 84.42% (ADCP-
RS) and 84. 49% (ADCP-FS), further confirming the

improvement in the device efficiency. The photovol-

devices.

taic performance of the ADCP-modified device was
further verified by external quantum efficiency
(EQE) measurement. As shown in Fig. 3d, the inte-
grated current density calculated from the EQE spec-
trum reached 25.285 mA c¢m?, which is in good
agreement with the Js¢ value obtained from the J -V
measurement. Fig. 3e shows the PCE stability of
the ADCP-modulated and control devices under con-
tinuous light soaking. The ADCP-modulated devices
(both ADCP-RS and ADCP-FS) maintain a higher
PCE, stabilizing at 25.50% after 200 seconds of
light exposure, compared to the control devices,
which decrease to 24.30%. This demonstrates that
the ADCP passivation not only improves initial effi-
ciency but also enhances the long-term stability of
the devices, making them more resilient to light-in-
duced degradation.

In Fig. 3f, the long-term stability of the ADCP-

References:

modulated and control devices is shown by monitor-
ing the normalized PCE for nearly 500 hours. The
ADCP-modulated devices retain 81% of their initial
PCE after 500 hours, whereas the control devices
maintain only 10%. This substantial improvement
in stability confirms the efficacy of ADCP in reduc-
ing the defect density at the interface, which signifi-
cantly prolongs the operational lifetime of the PSCs.
Thus, the ADCP-modulated PSCs exhibit improved
efficiency, stability, and long-term performance, with
an optimal concentration of ADCP at 2 mg/mL pro-
viding the best results. These enhancements demon-
strate the potential of ADCP as a valuable additive
for PSCs, facilitating efficient defect passivation and

leading to superior device performance.

4  Conclusion

In conclusion, this work demonstrates the effec-
tiveness of ADCP as a dual-functioning pyridyl-
amine additive for PSCs. By coordinating with Pbh*
ions and forming hydrogen bonds with halide ions,
ADCP efficiently passivates defects, improving crys-
tallinity, charge transport, and stability. The ADCP-
modulated PSCs exhibit a notable efficiency of
25.59% and exceptional long-term stability, main-
taining 81% of their initial PCE for nearly 500
hours. This research highlights the potential of pyri-
dylamine-driven passivation to address both efficien-
cy and stability challenges in PSCs, providing a
promising strategy for developing more robust and

high-performance perovskite photovoltaics.

Response Letter is available for this paper at:http:/cjl.light-
publishing.cn/thesisDetails#10.37188/CJL.20260036.
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