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The non-radiative recombination loss at the interface between a perovskite layer and hole transport layer
is one of the main sources of energy loss in perovskite solar cells (PSCs). Non-radiative recombination
caused by surface defects greatly limits further improvement of power conversion efficiency (PCE).
Interfacial passivation is one of the commonly used methods to improve PCE, but traditional passivation
methods often involve single-point coordination, and their passivation effect is limited. In this study, we
used a multi-site binding passivation method, introducing diethyl 2,6-pyridinedicarboxylate (DIP) as a pas-
sivation layer at the interface between the perovskite and the hole transport layer. The ester and pyridi-
nium groups can interact effectively with uncoordinated Pb?*, and this multidentate chelation effect can
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repair various defects, improve crystallization, and promote interfacial carrier transfer. As a result, the opti-
mized device achieves an efficiency of 23.68%. Additionally, due to the hydrophobicity of DIP, the device
exhibits excellent humidity stability, maintaining 89.40% of its initial PCE after 550 hours at a relative
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1. Introduction

Over the past few decades, metal halide perovskites have
demonstrated remarkable performance in photovoltaics."™
The power conversion efficiency (PCE) of perovskite solar cells
(PSCs) has rapidly increased from the initial 3.8% to 26.7%.°
However, the PCE of PSCs is still far from the theoretical
Shockley-Queisser limit.” Polycrystalline perovskite films pre-
pared by the solution method are loaded with large numbers
of defects in the surface and bulk phases, which lead to non-
radiative recombination, affect the carrier transport, and result
in a reduction of the PCE.** The passivation of these surface
defects is the most direct and effective strategy to improve the
PCE."'® To passivate surface defects, many functional mole-
cules are used by researchers. You et al. reported the use of an
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organic halide salt, phenethylammonium iodide (PEAI) on HC
(NH,),~CH;NH; mixed perovskite films for surface defect pas-
sivation. They found that the PEAI layer forms on the perovs-
kite surface and this results in higher-efficiency cells by redu-
cing the defects and suppressing non-radiative recombination."”
Furthermore, other compounds such as iodopentafluoroben-
zene'® and potassium halides'® are also used to passivate
surface defects. Among many molecules, pyridine derivatives
have attracted our attention; they are mostly formed by combin-
ing pyridine groups with carbonyl, carboxyl or amine groups as
well as halogen groups, and have demonstrated good passiva-
tion effects on defects. At the same time, the various sites on
the pyridine ring can be linked to multiple functional groups,
which can passivate defects to a greater extent.’*>®> However,
there has been relatively little research on the multidentate che-
lation passivation of perovskites using pyridine derivatives.
Multidentate chelation can utilize various functional groups to
passivate different defects of perovskites. By attaching specific
functional groups to the target sites, a synergistic passivation
effect can be achieved. The multi-site binding makes the con-
nection between functional molecules and perovskite more
stable, so as to achieve a more obvious optimization effect.
Herein, we introduce a pyridine-based molecule with a rich
ester group as a passivator, diethyl 2,6-pyridinedicarboxylate
(DIP), which can be anchored to the surface of a perovskite.
The ester and pyridyl groups interact effectively with the Pb>*
defect sites, to reduce the surface recombination and mini-
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mize the formation of defects. Moreover, due to the excellent
hydrophobic properties of the DIP molecule, its use signifi-
cantly improves the stability of PSC devices. Consequently, the
PSCs achieved a superior PCE value of 23.68%. These unencap-
sulated devices demonstrate excellent stability, and can main-
tain 92.96% of their initial efficiency after 1500 hours at room
temperature under a nitrogen (N,) atmosphere. Under ambient
conditions with a relative humidity of 65 + 5%, the DIP-modi-
fied device retains 89.40% of its initial PCE after 550 hours.
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2. Results and discussion

The chemical structure of diethyl 2,6-pyridinedicarboxylate
(DIP) is shown in Fig. 1a, which reveals that the molecule con-
tains one pyridine group and two ester groups. Considering
the presence of several strongly electronegative groups in DIP,
the distribution of electrostatic potential was studied using
density functional theory. As shown in Fig. 1b, variations in
the electronegativity of the molecule are observed through
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Fig. 1 (a) Chemical structure of DIP. (b) ESP surface map of the DIP molecule. (c) Structure illustration of FAPbIs. (d) FTIR spectra of the solution:
DIP and DIP/Pbl, (all dissolved in DMSO). (e and f) detailed Pb 4f and | 3d XPS spectra, respectively. (g) DFT modeling of the binding energy of DIP

molecules on the perovskite surface.
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changes in the color of different regions of its electrostatic
potential surface. The red areas on the electrostatic potential
(ESP) surface of DIP highlight regions of electronegative con-
centration, indicating potential sites that can bind with a per-
ovskite. We found that the red regions predominantly sur-
round the carbonyl (C=0) and pyridyl (C=N) groups, indicat-
ing high electron density that favors their coordination with
uncoordinated Pb*". Additionally, DIP undergoes efficient and
reversible coordination with iodine atoms, which is expected
to regulate the crystallization process and reduce trap density
in the perovskite.”® To confirm the strong interaction between
DIP and Pbl,, Fourier transform infrared (FTIR) spectroscopy
was used (Fig. 1d). The symmetric stretching vibrations of the
C=O0 and C=N groups in DIP were observed at 1717.5 and
1582.8 cm ™", respectively. After mixing with Pbl,, the corres-
ponding peak positions shifted to 1721.3 and 1579.9 cm ™,
indicating that both the ester and pyridyl groups interact with
the uncoordinated Pb** defects in the perovskite.””° The
interaction of DIP with perovskite was then characterized by
X-ray photoelectron spectroscopy (XPS), and the survey spectra
are shown in Fig. 1e and f. In the control film, the XPS charac-
terization of Pb 4f shows two dominant peaks at 143.27 and
138.38 eV, which could be assigned to Pb 4f*? and Pb 4f”"2,
while the Pb 4f peaks shifted toward lower binding energy
(143.05 eV for Pb 4f*> and 138.18 eV for Pb 4f”'?) after DIP
passivation. The shift of the peaks demonstrated the decrease
in the positive charge of the uncoordinated Pb**, resulting
from the donation of the electron pair of the N atom of the
C=N group and the O atom of the C=0O group to the empty
6p orbital of the uncoordinated Pb>" according to the coordi-
nation bond.*' The characteristic 1 3d** and I 3d** peaks of
the control perovskite film were located at 630.81 and 619.32
eV, respectively, and these signals shifted toward lower
binding energy (630.62 eV for I 3d** and 619.17 eV for I 3d*?)
after DIP passivation. These shifts of the peaks are similar to
the abovementioned shift of the Pb 4f peaks. According to the
detections in the FTIR and XPS spectra, we verified strong
interaction between the DIP and the perovskite. The C=0 and
C=N groups could interact with the uncoordinated Pb>*
defects and I" defects in the perovskite to repair the uncoordi-
nated ionic defects.”® We then calculated the binding energy
of the perovskite in different binding states (Fig. S17). The cal-
culation results revealed that the binding energy of the biden-
tate chelation configuration is much higher than the binding
energy of the monodentate model and, in particular, the
binding energy value of the two ester groups chelated at the
same time is the largest (Fig. 1g), which is —1.652 eV.
Furthermore, in order to investigate the grain boundary
and defects at the surface of the perovskite film, Kelvin probe
force microscopy (KPFM) was conducted to analyze the surface
potential of different perovskite films (Fig. 2a). During the
linear scan, the tip of the probe travels through the grain
interior and grain boundary. By observing the change in the
surface potential of the perovskite (Fig. 2b), we can establish
the defect state of the grain boundary and film surface. The
deep-level defects have much lower formation energies and are

This journal is © the Partner Organisations 2025
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more likely to form at grain boundaries and/or the surface of
perovskite films, thus leading to significant changes in the
surface potentials.>® According to the KPFM results, the
surface potential distribution over the DIP-modified perovskite
film was more homogeneous and had less variation, which
proved that the defect states at grain boundaries and the film
surface were obviously reduced. The more homogeneous
surface potential suggests that it would be more beneficial for
carrier transfer to take place in the transport layer.**?*
Moreover, the DIP treatment can also reduce film roughness
from ~33.0 nm (control) to ~28.4 nm (target), flattening the
height differences between the grain surface and grain bound-
ary (GB) (Fig. S2t). The detailed surface morphology of a per-
ovskite film with or without DIP modification was observed by
scanning electron microscopy (SEM). As shown in Fig. 2c, the
top-view SEM image of the perovskite film without DIP shows
some holes and small grains. In contrast, the DIP-modified
perovskite film shows larger grain sizes, and the holes have
disappeared. This implied that the interaction between DIP
and the perovskite promoted larger sized perovskite grains
during the formation of perovskite crystals.*®*” The cross-sec-
tional image shows the same results in Fig. S3.1 X-ray diffrac-
tion (XRD) measurements were performed to analyze the crys-
tallinity of the perovskite films before and after DIP modifi-
cation (Fig. 2d). It can be found that the control perovskite
film showed a strong PbI, signal at 12.8°, while the DIP-modi-
fied perovskite film exhibited a weaker Pbl, signal and stron-
ger peak corresponding to (001), indicating that the perovskite
with DIP modification acquires much stronger crystallinity.
The ratio of a-phase FAPDbI; peak intensity to Pbl, peak inten-
sity is 4.95 for the control device and 8.80 for the DIP-modified
device (Fig. S471). The performance of the perovskite films was
evaluated by steady-state photoluminescence (PL) measure-
ments (Fig. 2e). Compared to the pristine perovskite, the stron-
ger PL intensity of the DIP-modified perovskite suggests that
non-radiative recombination is inhibited. The PL mappings
show that the target film exhibits enhanced luminescence
intensity compared to the control. It is also demonstrated that
DIP is uniformly distributed on the surface of the film, contri-
buting to the enhancement of its PL intensity (Fig. S5t). Time-
resolved photoluminescence (TRPL) decay measurements were
conducted to probe the fluorescence lifetime of the perovskite
film (Fig. 2f). The fitted decay times of the corresponding per-
ovskite films are summarized in Table S1.f The TRPL profiles
of the control and DIP-modified perovskite films were fitted
with a biexponential function. We observed a longer carrier
lifetime (z; = 172.15 ns; 7, = 1004.53 ns) in the DIP-modified
perovskite film compared to that in the perovskite film
without DIP modification (r; = 42.89 ns; 7, = 232.07 ns). The
calculated average carrier lifetime of the DIP-modified
samples is 739.83 ns, much longer than that of the control
samples (143.82 ns), indicating that carrier non-radiative
recombination loss is significantly suppressed in DIP-modified
perovskite films.*®

To evaluate the passivation effect of DIP, Fig. 3a shows the
formation energy of iodine vacancy (V;), anti-site lead-iodine
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Fig. 2 (a) The KPFM images of the control and DIP-modified perovskite films (scale bar, 1 um). (b) The surface potential line profiles of the control
and DIP-modified perovskite films. (c) SEM images of perovskite films without and with DIP modification coated on glass (scale bar, 1 um). (d) XRD
patterns of the perovskite film with and without DIP modification. (e) PL spectra of the perovskite films with and without DIP modification. (f) TRPL

spectra of the perovskite films with and without DIP modification.

(Pby), anti-site iodine-lead (Ipp), FA vacancy (Vga) and Pb
vacancy (Vpp) defects on the perovskite surface. Clearly, DIP
treatment leads to greatly increased formation energy, which
means the corresponding defects are harder to form.*
Furthermore, to reveal the effect of DIP on the properties of
perovskite films, ultraviolet photo-electron spectroscopy (UPS)
was used to study the surface energetics of perovskite films
(Fig. S67). According to the results indicated in Fig. 3b, the
conduction band minimum (CBM) and valence band
maximum (VBM) of perovskite films without and with DIP
modification could be obtained by UPS and ultraviolet-visible
(Uv-vis) absorption spectroscopy (Fig. S71). The CBM was
adjusted from —3.91 eV to —3.89 eV upon DIP modification.
The upward-bending VBM of DIP-processed films more favor-
ably aligns with the HOMO energy levels of spiro-OMeTAD,
facilitating hole extraction and alleviating carrier accumu-
lation.”® Subsequently, hole-only devices with FTO/PEDOT:

2398 | /norg. Chem. Front., 2025, 12, 2395-2403

PSS/PVK/spiro-OMeTAD/Au structures were prepared to quanti-
tatively assess the trap-state density and hole mobility using
the space charge limited current (SCLC) strategy (Fig. 3c). The
trap-state density (N) of the electron transport layer (ETL) can
be estimated through the following equation:

VTFL = €NtL2/2€80

where e and L are the elementary charge and the thickness of
the films, and ¢ and ¢, are the dielectric constant and the
vacuum permittivity, respectively.*'™* The Vyy, values of the
control and target are 0.439 V and 0.343 V, respectively. This
suggests that DIP can effectively reduce the trap states, conse-
quently suppressing non-radiative recombination.** As evi-
denced by the dark j-V curves shown in Fig. S8, the dark sat-
uration current of the DIP-modified PSCs is smaller than that
of the control PSCs, indicating the decreased non-radiative

This journal is © the Partner Organisations 2025
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Fig. 3 (a) Formation energy values of perovskite surface V,, Vpp, Via, Pb; and Ip, defects with and without DIP modification. (b) Schematic diagram
of the energy level structure. (c) The space charge limited current versus voltage of hole-only devices with and without DIP modification. (d) Nyquist
plots of PSCs with and without DIP modification. (e) Illustration of the roles of the DIP treatment in the PSCs.

recombination after DIP passivation at the interface.*”> To sys-
tematically investigate the reasons for the improved device per-
formance, electrochemical impedance spectroscopy (EIS) was
performed in the dark to study interfacial charge transfer and
recombination (Fig. 3d). The semicircle in the high frequency
region and the semicircle in the low frequency region deter-
mine the charge transfer resistance (R.) and the recombina-
tion resistance (R..), respectively. It can be seen that the DIP-
modified device has larger R.. and smaller R, values com-
pared to those of the control device, indicating that DIP can

effectively inhibit charge recombination at the interface.*>*

This journal is © the Partner Organisations 2025

The Mott-Schottky curve (Fig. S9T) reveals an increased built-
in potential (V},;) for the DIP-modified device, which shows a
higher V},; response than the control device. The increased Vp;
can enhance the driving force and carrier injection, which is
also the reason for the increase in V.

Based on the above results, a schematic diagram illustrating
the passivation mechanism of DIP was proposed, as shown in
Fig. 3e. The two ester groups and one pyridine group of DIP
can readily interact with Pb** defect sites, anchoring to the
surface of the perovskite, which can reduce surface recombina-
tion, and reduce the formation of defects. The synergistic

Inorg. Chem. Front,, 2025, 12, 2395-2403 | 2399
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impact of these beneficial effects can significantly reduce
defects in perovskite films, ultimately facilitating the gene-
ration of pinhole-free, large-grained and highly crystalline per-
ovskite films, improving the device efficiency.

Then, the effects of DIP on the device performance of PSCs
were systematically studied. PSC devices with and without DIP
addition were fabricated to examine their photovoltaic per-
formance. As shown in Fig. 4a, a standard device structure of
FTO/SnO,/PVK/spiro-OMeTAD/Au was used. The optimal
photoelectric performance parameters of the control and the
DIP-modified devices under AM 1.5G illumination at 100 mW
cm~? are shown in Table S2 and Fig. S10.f The J-V curves of
the best PSCs are shown in Fig. 4b, Whereas the control device
gives a PCE of 22.15%, the DIP-modified device delivers a sig-
nificantly improved PCE of up to 23.68% with an increased J.
value of 25.83 mA cm™2, a V,. of 1.13 V, and an FF of 81.05%.
Fig. 4c shows the monochromatic incident photon-to-electron

View Article Online
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conversion efficiency (IPCE) spectra for these PSCs. The inte-
grated current densities are 24.80 and 25.10 mA cm™> for the
control and DIP-treated PSCs, respectively. The remarkable
PCE enhancement is mainly dominated by the significant
increase in V,. and FF, which is attributed to the more
efficient carrier extraction and passivation of defects induced
by DIP.

To study the effect of DIP on the perovskite stability, we
carried out XRD measurements on perovskite films that had
been aged for 30 days under relative humidity of 65 + 5%. As
shown in Fig. 4d and g, the initial perovskite phase of the
control sample was largely transformed into either PbI, (at
12.7°) or a non-perovskite 8-phase (at 11.8°). However, for the
DIP-modified perovskite film, the initial perovskite phase
shows only partial decomposition or phase change after moist-
ure erosion, affirming its improved stability. The ratio of
a-phase peak intensity to Pbl, peak intensity is shown in
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Fig. 4 (a) Schematic of the complete architecture of a PSC device. (b) J-V curve of the best performing device with or without DIP modification.

(c) The IPCE spectra and integrated J. values. (d and g) XRD patterns of control and DIP-treated perovskite films after 30 days aged at relative
humidity of 65 + 5%. (e) Normalized PCE of the unencapsulated device with and without DIP modification at the relative humidity of 65 + 5%. (h)
Normalized PCE of the unencapsulated device with and without DIP modification at 25 + 5 °C under dark ambient conditions in an N, glovebox. (f

and i) Water contact angles of control and target perovskite films.
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Fig. S11.f We measured the water contact angle of the control
and target perovskite films (Fig. 4f and i). The control film
shows a water contact angle of 62.7°, and the DIP-modified
perovskite film shows a water contact angle of 90.3°, indicating
that DIP can confer improved stability in a humid environ-
ment. Then, the PCEs of the devices were examined under
different storage conditions. Under ambient conditions with a
relative humidity of 65 + 5% (Fig. 4e), the control device
retained just 55.29% of its initial PCE value after 550 h. In con-
trast, the DIP-modified device could maintain 89.40% of its
initial PCE, which can be attributed to the enhanced hydro-
phobic properties after DIP treatment. For the aged stability
test at 25 + 5 °C under N, (Fig. 4h), after 1500 h, the control
device retained just 65.38% of its initial PCE, while the DIP-
modified device could maintain 92.96% of its initial PCE.
These results fully demonstrate the excellent stability of DIP-
modified PSCs, confirming the improved stability induced by
DIP treatment. The introduction of DIP will help enhance the
comprehensive stability of PSCs, which is critical for the
further application of PSC technology.

3. Conclusion

In summary, a multidentate coordination strategy using
diethyl 2,6-pyridinedicarboxylate (DIP) as an additive was
employed to regulate crystal growth and inhibit defects in per-
ovskite solar cells (PSCs). Systematic theoretical analyses indi-
cate strong intermolecular interactions between FAPbI; with
defects and DIP via the multidentate coordination effect. DIP
can be anchored to the perovskite surface, with its ester and
pyridine groups interacting effectively with Pb** defect sites,
which reduces surface recombination and minimizes defect
formation. As a result, higher crystallinity was achieved in the
subsequent formation of perovskite films. Ultimately, DIP-
modified devices exhibited prolonged carrier lifetimes and
enhanced built-in voltage, leading to significantly improved
power conversion efficiency (PCE) of 23.68%. This work high-
lights the passivation effect of pyridinyl derivatives in PSCs
and demonstrates that the synergistic passivation by a multi-
dentate molecule provides valuable insights for improving PSC
performance.
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