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Rationally tailored passivator with multisite
surface-anchors for suppressing ion migration
toward air-stable perovskite solar cells†
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and Yiqing Chen *b

Trap states in perovskite films fabricated using the solution method can capture photo-generated carriers,

expedite ion migration, and contribute to decomposition of the perovskite layer, thereby emerging as a

major threat to the commercialization of perovskite solar cells (PSCs). To address these issues, passivation

of the surface traps on perovskite films via molecules with functional groups is proven to be one of the

most effective tactics for obtaining high-performance PSCs. Herein, potassium nonafluoro-1-butanesul-

fonate (KNFBS) molecules with multiple chemical bonds, including multisite F atoms, sulfonic acid groups

and K ions, were introduced as surface-anchoring passivators to improve the film quality and passivate

trap states. Based on in situ conductive atomic force microscopy (C-AFM) and Kelvin probe force

microscopy (KPFM) results, it was found that undercoordinated Pb and I vacancy defects on the surface

and grain boundaries (GBs) of perovskite films can be synergistically curtailed via multiple chemical inter-

actions, including Lewis acid–base, hydrogen and ionic bonds. Moreover, the influence of varied ligands

on defects and halide ion migration in perovskites as well as the mechanism behind it were extensively

explored. Therefore, the KNFBS-treated perovskite films with a more homogeneous surface potential dis-

tribution significantly reduced point and vacancy defects and dangling bond density, facilitated charge

transfer, exhibited an optimized power conversion efficiency (PCE) of 20.88% and enhanced air stability

for the PSCs fabricated and stored in fully open-air conditions. The work has not only elucidated the fun-

damental mechanisms of ion migration and multisite passivation at the surface and GBs of perovskites but

also probes into ligand design strategies for further improving the performance of perovskite

photovoltaics.

1. Introduction

Metal halide perovskite materials have developed into a game-
changer in the optoelectronics field owing to their exceptional
optoelectronic properties including regulable bandgaps, con-
venient solution preparation, and high defect tolerance.1–3 A
certified power conversion efficiency (PCE) ranging from 3.8%
to over 26.1% has been reported for perovskite solar cells
(PSCs) in the last decade or so.4,5 However, the impending

problem of poor stability has been a bottleneck to further
promote the commercial development of PSCs in the photovol-
taic field.6 The instability of perovskite materials generally
results from their ionic crystal nature and the traps produced
during solution-based film preparation. First, the trap states in
the bulk and interface of perovskite films, especially between
the crystal grains, usually act as carrier recombination centers
and subsequently result in defect-induced performance
reduction.7,8 Second, research suggests that the performance
deterioration of devices can be accelerated because the trap
states are the center of instability and can easily induce the
degradation of perovskites by the volatile environment, such
as light, heat radiation and moisture.9,10 Third, grain bound-
aries (GBs) rich in a number of traps can serve as ion transport
channels and generate serious outcomes, such as aggravation
of current hysteresis in J–V characteristics and even reactions
with the silver electrodes of PSCs.11,12

In view of the previously mentioned problems caused by
trap states existing in GBs and the surface of perovskite films,
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a series of strategies has been undertaken to improve the pro-
perties of GBs, including composition, additive, solvent and
processing engineering.13–15 Among them, GB additives have
been developed to mitigate the trap state via chemically varied
anchors including hydrogen bonds, conjugated bonds,
etc.16–18 GB passivators usually include electron donor/accep-
tor molecules, metal ions, Pb-based complexes, quantum dots,
ionic liquid, etc.19–24 For example, Lewis-based molecules con-
taining S, N, and O atoms display excellent effects of trap miti-
gation via reduction of the shallow trap state at GBs because
their electron-donating ability can share with the empty 6p
orbital on Pb2+ ions of the perovskite.25,26 Alkali metal ions
with low site resistances can permeate into the perovskite
lattice and exert the dielectric screening effect, resulting in the
promotion of grain growth, elimination of I− chelate and sub-
sequent passivation of Frenkel traps at GBs.27,28 Organic opto-
electronic molecules such as (phenylsulfonyl)pyrrole (PSP),
DMAcPA, etc. chemically anchored on the surface and GBs
have been proved to reduce interfacial voids and compo-
sitional heterogeneity in the perovskite surface via the for-
mation of a “molecular lock”.29,30

However, there have been varied challenges for the up-to-
date trap passivator in GBs. First, it is tough to carry out the
in situ characterization to verify the GB agents due to the
difficulties of their penetration in the entire GBs. Secondly, the
GB passivator can hardly play multifunctional roles to de-
activate the trap state resulting from the lack of synergistic
design. Thirdly, the elaborate control of non-excess pene-
tration into the perovskite lattice is needed to release GB strain
and strengthen the GB structure. Inspired by the above chal-
lenges, potassium nonafluoro-1-butanesulfonate (KNFBS) was
targeted as a novel anionic surfactant with multi-action sites
for use as a GB and surface passivator. The KNFBS additive
with three different kinds of chemical anchors, including
multi-F atoms, alkali metal K+, and sulfonic acid group SvO
can play cooperative roles in GB passivation. Although the pas-
sivation effect based on the single functional group is well-
known, the synergistic effect included in one GB passivator
has rarely been explored. Moreover, it is not clear whether the
GB additives have penetrated into GBs and stayed inside.
Therefore, a thorough exploration was conducted to provide
direct evidence of GBs permeation and subsequently obtain a
comprehensive understanding of an underlying mechanism of
GB passivation using Kelvin probe microscopy (KPFM) and
conductive atomic force microscopy (c-AFM). Profiting from
the trap passivation due to the multi-functional groups of
KNFBS additives, the champion PCE of KNFBS-treated devices
is raised to 20.88% with a high Voc of 1.10 V, Jsc of 24.18 mA
cm−2, and FF of 78.81%. In addition, the unencapsulated
KNFBS-treated cells can maintain 82% of its initial efficiency
in an ambient environment with a relative humidity of 35 ±
5%, while the pristine device declined to 58% after more than
42 d. This study put forward a novel agent for the surface and
GB passivation and elucidated the underlying mechanism of
suppression of ion migration, which is expected to offer more
rational tailoring of multifunctional agents.

2. Results and discussion

Steady-state (PL) measurements are conducted to evaluate the
recombination characteristic of perovskite film based on the
distinct configuration of FTO/perovskite and FTO/perovskite/
HTM, as plotted in Fig. 1a and b, respectively. It is observed
that the PL peaks at 768 nm correspond to all the as-prepared
perovskite samples. Beyond that, the intensity of thin film con-
taining 1.5 mg mL−1 KNFBS was approximately five times
higher than the reference, indicating more abundant pro-
duction of light-induced electrons due to the improvement of
crystallization and light absorption after KNFBS treatment.
The PL intensity of the target films were significantly dimin-
ished compared with the control (Fig. 1b), indicating that alle-
viation of carrier recombination can facilitate electron extrac-
tion at the perovskite/HTM interface.31

X-ray diffraction (XRD) measurements were exerted to
explore the effect of KNFBS agents on the crystallinity pro-
perties of perovskite film. The XRD results of the perovskite
samples are presented in Fig. S1a,† with the peak at 14.0°
corresponding to the (100) plane of the perovskites.32 The neg-
ligible alteration of the diffraction peak position of the as-pre-
pared samples after KNFBS passivation indicates their simi-
larity in crystal structure. Fig. S1b† presents the full-width-at-
half-maximum (FWHM) and peak intensity of the perovskites
at 14.0°. Thus, the KNFBS -treated perovskite layer manifests a
narrower half-width and higher peak intensity, indicating
better crystallization of the as-prepared films with diminished
defects.

The UV-visible absorption spectra are conducted to investi-
gate the influence of KNFBS on the perovskites. As shown in
Fig. S1c,† the absorbance intensity of KNFBS-added film is
higher both in the visible and the infrared region compared
with the control sample, which is attributable to the better
film quality and enlarged crystal grains (as depicted in Fig. 3a
and b). Photon capture and the subsequent current density of
the devices can be improved for the higher absorbance inten-
sity of passivated perovskite film. Notably, an undistorted
crystal structure of perovskites was confirmed by the insignifi-
cant changes in the optical bandgap (Eg) of 1.576 eV calculated
by the Tauc plots in the inset.

To estimate the trap density of the as-prepared films, space
charge limited current (SCLC) measurements were exerted on
hole-only devices in Fig. 1c and d, which were depicted in the
logarithmic scale. Three distinct regions were observed at low,
intermediate and higher biases, standing for the ohmic, the
trap-filled limited and trap-free SCLC region, respectively.
Generally, the point of intersection between intermediate and
higher biases regions determines the value of trap-filled limit
voltage (VTFL).

33,34 Subsequently, the trap densities Ntrap can be
supposed by the following equation:35

Ntrap ¼ 2ε0εrVTFL

eL2
ð1Þ

where e, ε0, εr and L represent the elementary charge, the
vacuum permittivity, the relative dielectric constant of perovs-
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kite film (εr = 32) and the film thickness, respectively. The
reduction of the VTFL value was observed for cells after KNFBS
passivation, leading to the decrease of Ntrap from 2.35 × 1016 to
7.24 × 1015 cm−3. The result indicates that mitigation of the
carrier trap states through the diminished GB density can lead
to the enhanced Voc and FF.36

Apart from Ntrap, the Mott–Gurney law could be exerted to
evaluate the carrier mobility (μ) by fitting the J–V curves:

J ¼ 9
8
εrε0μ

V2

L3
ð2Þ

where J refers to the dark current density. As shown in
Fig. S2a,† the hole mobilities were promoted from 1.83 × 10−5

to 4.61 × 10−5 cm2 V−1 s−1, which indicates that the KNFBS-
assisted film has eliminated the trap state of the target film
compared with that of the control.37 Faster hole transport can
alleviate carrier accumulation at the HTL/perovskite interface.

The relationship between light intensity and Jsc as well as
light intensity and Voc was investigated to probe the effect of
KNFBS agents on carrier transport and recombination pro-
perties. Generally speaking, there are two types of carrier
recombination processes. One is single-molecular recombina-

Fig. 1 Steady-state PL spectra based on the active layer (a) without and (b) with the HTL layer. Space-charge-limited current (SCLC) curves of the
hole-only devices: (c) control and (d) with 1.5 mg mL−1 KNFB agents. Light intensity-dependent: (e) Voc and (f ) Jsc. (g) Mott–Schottky plots. (h)
Nyquist plots of EIS in the dark with the corresponding equivalent circuits for fitting in the inset.
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tion, referring to the recombination of only one carrier (elec-
tron or hole), and the other is biomolecular recombination,
referring to the recombination of both electrons and holes
during the process. The following power-law behavior was con-
firmed by the Jsc and light intensity:38

Jsc ¼ I α ð3Þ
where I and α signify the light intensity and the exponent of
the power law. If α is closer to 1, biomolecular recombination
is lower. As depicted in Fig. 1e, the fitting α value for the pris-
tine and target devices was 0.97 and 0.99, respectively, imply-
ing minimized recombination of excitons. The ideality factor η
values of Voc under changing light intensity can be described
as the following relationship:38

Voc ¼ Vs þ ηkBT
q

ln I ð4Þ

in which Vs represents the open-circuit voltage under standard
solar illumination (AM 1.5), I represents the light intensity, q is
the electron charge, kB is the Boltzmann constant and T is the
temperature. Fig. 1f depicted a linear relationship between Voc
and the logarithm of light intensity with a slope of ηkT/q. The
KNFBS-processed device holds a smaller slope of 1.51 kBT/q
than the pristine device with a slope of 2.38 kBT/q. Generally, a
larger η than 1 implies predominant single-molecular recombi-
nation and a value of η closer to 1 indicates suppressed defect-
assist recombination.39 The results demonstrate the dimin-
ished defect-induced carrier recombination and the intrinsic
trap density, resulting from the enhanced crystal quality and
anchored ions after the KNFBS treatment.

The built-in voltage (Vbi) of cells can be obtained via the
Mott–Schottky plots, in which Vbi is calculated according to
the following equation:40

C ¼ �2εðV � VbiÞ
qN

� ��1
2

ð5Þ

where V, N, q, and C correspond to the bias voltage, minority
doping concentration, electron charge and capacitance,
respectively. Vbi signifies the depletion region length and can
be determined from the C−2–V plot. As shown in Fig. 1g, the
higher Vbi value of the KNFBS-processed device (0.943 V) com-
pared with the pristine device (0.765 V) can be ascribed to the
diminished charge accumulation at the perovskite interface.
The higher Vbi manifests a larger driving force for carrier sep-
aration, reduction of recombination, and ultimately increases
Voc.

41 Electrical impedance spectroscopy (EIS) measurements
were conducted to probe carrier recombination and defect-
related characteristic of the PSCs. Fig. 1h depicted Nyquist plots
under dark conditions containing the equivalent circuit model in
the inset and the corresponding fitting parameters summarized
in Table 1, in which Rs represents series resistance, Rct represents
recombination resistance, and CPE represents capacitance. Rs
can be governed by the intercept point of the semicircle located
at the high-frequency (HF) regions.42 The Rct value for the
KNFBS-treated device was significantly raised to 1.6 × 105 Ω,

whereas the pristine cell demonstrated a value of 9.1 × 104 Ω.
Generally, the carrier recombination lifetime (τn) is one of the
crucial factors that can significantly exert influence on the PCE of
solar cells, and it can be calculated from the equation τn = Rct ×
CPE.43 The value of τn for the target cell was 2.77 ms, in contrast
to the value of 1.75 ms for the reference. Thus, the impressively
larger Rct and τn of the KNFBS-treated cell can result in raised Voc
and FF, due to optimized carrier transport and inhibited non-
radiative carrier recombination.44

Furthermore, EIS was carried out under different bias vol-
tages to explore the rate of ion migration after the introduction
of KNFBS agents. Fig. S3a to Fig. S3b† displays Nyquist plots
under different bias containing the equivalent circuit model in
the inset and the corresponding fitting parameters are sum-
marized in Tables S1 and S2.† Similar to the Rs, Rct and CPE in
the equivalent circuit of the middle frequency (MF) region of
Fig. 1h, a new fitting element, Ws, represents diffusion impe-
dance at low frequency (LF) region. Recent studies have
demonstrated that the signal in HF (high frequency) is consist-
ent with fast electronic processes, while that in LF is consistent
with electrochemical processes such as ion diffusion and
electrochemical reactions.45 The effect of KNFBS agents on τn
was similar to the results displayed in Table 1. Interestingly,
when bias voltage increased, a single recombination semicircle
was observed in the MF region, indicating that only one type
of carrier (electronic) transport is predominant under dark
conditions, which is attributed to carrier trapping and surface
recombination.46 Based on the calculation of ion diffusion
coefficient (Dion), the slope of the Z″ curve in the image of Z″
as a function of ω−1/2 in Fig. S3e,† extracted from the spectrum
of the LF region in Fig. S3d,† can be used to evaluate the value
of the Warburg coefficient: σw. The value of the corresponding
slope in Fig. S3e† is directly proportional to the value of σw

and Dion / 1
σw2 .47 The KNFBS-based device presents a larger

value of σwand a reduced value of Dion, indicating suppressed
ion migration after the introduction of KNFBS agents.

To understand the impact of the concentration of KNFBS
on photovoltaic performance, J–V curves of the champion
devices based on 0.5, 1, 1.5, and 2 mg mL−1 of KNFBS agents
were compared in Fig. 2a and the corresponding photovoltaic
characteristics are displayed in Table 2. Compared with the
reference device, 1.5 mg mL−1 of KNFBS remarkably raises all
the photovoltaic parameters of PSCs: Voc, Jsc, and the fill factor
(FF). The best PCE of the reference device was 17.24%, with an

Table 1 EIS fitting parameters of control and KNFBS agent-based
devices

KNFBS
concentration
(mg mL−1) Rs (Ω) Rct (Ω) CPE-T CPE-P τn (ms)

0 32.33 91 059 2.38 × 10−8 0.97 1.75
0.5 29.49 137 891 2.54 × 10−8 0.95 2.60
1.0 30.59 144 742 2.16 × 10−8 0.94 2.22
1.5 24.41 161 620 2.12 × 10−8 0.96 2.77
2.0 38.03 136 035 2.31 × 10−8 0.96 2.42
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Voc of 1.05 V, a Jsc of 22.88 mA cm−2, and an FF of 71.84%. In
contrast, the best PSC based on 1.5 mg mL−1 KNFBS agents
displayed a PCE of 20.88%, an Voc of 1.10 V, a Jsc of 24.18 mA

cm−2, and an FF of 78.81%. The noteworthy increase in Jsc was
a result of the enlarged perovskite grain size and a raised
visible optical absorption of the film.25 As shown in Fig. S2b

Fig. 2 Photovoltaic performance of pristine and KNFBS-treated devices: (a) J–V curves; (b) IPCE curves. (c) Stabilized PCE and Jsc at the maximum
power point (MPP) output. Statistical photovoltaic parameter distribution obtained from 30 devices: (d) Jsc; (e) Voc; (f ) FF; (g) PCE.

Table 2 Device performances based on pristine and KNFBS additive-containing perovskite films

KNFBS (mg mL−1) Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

0 Best 1.048 22.88 71.84 17.24
Average 1.048 ± 0.015 22.71 ± 0.5 71.65 ± 2.74 17.16 ± 0.87

0.5 Best 1.071 23.96 75.01 19.24
Average 1.071 ± 0.012 23.83 ± 0.86 74.68 ± 3.3 18.57 ± 1.68

1.0 Best 1.095 23.88 77.23 20.19
Average 1.091 ± 0.019 23.54 ± 0.52 76.02 ± 4.17 19.53 ± 1.3

1.5 Best 1.096 24.18 78.81 20.88
Average 1.094 ± 0.015 24.13 ± 0.44 79.73 ± 4.21 20.33 ± 0.97

2.0 Best 1.085 23.65 75.71 19.42
Average 1.083 ± 0.019 23.53 ± 0.42 75.41 ± 3.85 19.25 ± 1.38
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and Table S3,† the HI values of the reference and target
samples were obtained as 0.22 and 0.13, respectively, using the
following equation:48

HI ¼ PCEreverse � PCEforward

PCEreverse
ð6Þ

The diminished hysteresis effect of the cells can be attribu-
table to the successful suppression of ion migration and
reduction of defect density via KNFBS addition.

The incident photoelectron conversion efficiency (IPCE)
spectrum further verifies the positive impact of KNFBS treat-
ment. As shown in Fig. 2b, the KNFBS-treated sample displays
the highest IPCE values, resulting in a raised integrated Jsc
from 22.69 to 23.95 mA cm−2, in agreement with the measured
Jsc. Additionally, a steady-state PCE and photocurrent density
output were tested to evaluate the operational stability of the
pristine and KNFBS-treated devices. As shown in Fig. 2c, the
steady-state PCE outputs for the reference and KNFBS-treated

cell under continuous operation with maximum power point
(MPP) tracking were 17.10% and 20.14%, respectively. The
photocurrent density output for the reference and KNFBS-
treated cell were 20.22 and 23.07 mA cm−2, respectively.
Moreover, Fig. 2d–g and Table 2 depict the statistical distri-
bution of Jsc, Voc, FF and PCE values for the 30 different
devices; the 0.5, 1.0, 1.5 and 2 mg mL−1 KNFBS added devices
deliver average PCEs of 17.16 ± 0.87, 18.57 ± 1.68, 19.53 ± 1.3,
20.33 ± 0.97 and 19.25 ± 1.38%, respectively. The main raised
parameters of Voc and FF for the target cell were boosted up to
1.094 ± 0.015 and 79.73 ± 4.21%, respectively, resulting from
the enlarged grain size of perovskite.

The effect of KNFBS agents on the morphology of thin
films was studied using scanning electron microscopy (SEM).
As visualized in Fig. 3a and b, the reference films present
some voids, implying a defective film morphology. In contrast,
the target films demonstrate compact and homogeneous
surface without voids. Fig. 3c and d exhibit the target film with

Fig. 3 Top-view SEM images of (a) pristine and (b) KNFBS + perovskite films. Histograms of the grain size of (c) pristine and (d) KNFBS + perovskite
films. XPS spectra of control and KNFBS-doped perovskite films: (e) F 1s; (f ) Pb 4f and (g) I 3d. (h) FTIR spectra of pure KNFBS passivators, pristine,
KNFBS-doped perovskites. (i) NMR spectra of the MAI and mixed MAI + KNFBS in DMSO-d6 solutions.
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larger average grain sizes (∼360 nm) than the reference one
(∼160 nm), signifying diminished GB areas and grain defects.
Beyond that, the released stress at perovskite grains and dis-
torted lattice due to the interaction between KNFBS and per-
ovskite is beneficial for high-quality perovskite films. Besides,
atomic force microscopy (AFM) was employed to observe its
morphology. As depicted in Fig. S4a and S4b,† the surface
roughness (RMS) dropped from 12.0 to 9.97 nm after KNFBS
treatment. The corresponding 3D diagram manifests that the
target film became smoother due to the oriented growth of
crystals and diminished defects. The corresponding cross-sec-
tional and top-view SEM images of functional layers (Fig. S5†)
manifest a thickness of ∼420 nm for the target film, which is
slightly thicker than that of the control film. Meanwhile, a ver-
tical columnar shape was observed in the target layer of
Fig. S5b,† which was credited for carrier transport along the
perpendicular orientation to the ETL/HTL and inhibition of
nonradiative carrier recombination.49

X-ray photoelectron spectroscopy (XPS) and Fourier trans-
form infrared (FTIR) spectroscopy was conducted to uncover
the chemical interaction between KNFBS and perovskite.
Fig. 3e and Fig. S6a† indicate the incorporation of F atoms
into perovskite films. As shown in Fig. 3f, the Pb 4f peaks of
141.9 eV for Pb 4f5/2 and 137.04 eV for Pb 4f7/2 in the pristine
film shift about 0.3 eV toward lower binding energy in the
target film (141.6 eV for Pb 4f5/2 and 136.75 eV for Pb 4f7/2),
due to an increase in the electronic cloud density. This verifies
that SvO groups can chelate with the undercoordinated Pb2+

ions in the target film.50 It is noted that there are two weak
signals corresponding to the metallic Pb0 cluster in the control
film. Generally, the metallic Pb0 cluster, along with the I− and
MA+ vacancy defects, are indeed deep-level defects and can
exacerbate carrier nonradiative recombination. Thus, the
reduced intensity of the Pb0 signals verifies that the under-co-
ordinated Pb2+ has been effectively suppressed by KNFBS addi-
tives. Similarly, a significant shift to lower energy can be
observed for the peaks of I 3d3/2 and I 3d5/2 in Fig. 3g, result-
ing from the mitigated I− vacancies via KNFBS passivation in
perovskite. The K+ metallicity of KNFBS agents at the surface
and GBs strongly chelate with I− ions and can deactivate the I−

vacancy defect, thereby resulting in improvement of PCE and
diminished I–V hysteresis.51 The XPS spectra of N 1s
(Fig. S6b†) also verifies the interaction between KNFBS and
perovskite. These comprehensive results can verify that KNFBS
passivators exert preferential interaction with perovskite due to
the multiple formation of N–H⋯F hydrogen bonds and ionic
bonds, leading to the improvement of electrical properties and
thereby a synergistic passivation effect toward more efficient
PSCs.52

As presented in Fig. 3h, the SvO stretching peak of the
pristine KNFBS shifted from 1062 cm−1 to a lower wavenumber
(1048 cm−1) after KNFBS incorporation.53 The decreased
vibrational frequency indicates a strong interaction between
the sulfuryl groups of KNFBS and the Pb2+ ions of perovskite.
In addition to XPS results, this result can also imply that the
oxygen sites in the anions of KNFBS can serve the role of Lewis

bases, via the donation of unpaired electrons to the vacant
orbitals of Pb2+. Moreover, the strong chemical anchor
between KNFBS and perovskite can disassemble the large per-
ovskite colloids in the precursor, leading to the decrease of the
perovskite nucleation rate and enlarged perovskite grain size.54

To verify the chemical interactions between KNFBS agents
and perovskite, nuclear magnetic resonance (NMR) measure-
ments of 19F and 1H were implemented by dissolving the
powders in deuterated DMSO-d6. As displayed in Fig. S6c,† the
MAI-KNFBS mixture exhibits an 0.10 ppm increasing chemical
shift of the 19F signal, attributed to the deviation of the N–H
electronic cloud to KNFBS and the alteration of the shielding
effect, which indicates the chelation of F-ions with MA+ and
inhibition of the Pb2+ vacancy defect (VPb).

55 Besides, after the
addition of KNFBS into the MAI sample, the 1H signal of the
pristine MAI and MAI-KNFBS mixture was observed to shift
from 7.50 to 7.48 ppm (Fig. 3i). The signal belongs to the
protons of the NH3

+ units of the MA+ moiety, which verifies
the formation of N–H⋯F hydrogen bonds. The formation of
hydrogen bonds originated from the boosted shielding effect
of electrons and increased electron cloud density surrounded
by the hydrogen nucleus of NH3

+ units.56 Thereby, the F, K+,
and SvO groups in KNFBS agents can be conducive to the
stabilization of the perovskite crystal structure with suppressed
Pb2+ and I− vacancies.

Conductive atomic force microscopy (c-AFM) was exerted to
visualize not only the distributions of electrical conductivity
inner grains and at GBs, but also the traps of the materials in
nanoscale, which can elucidate the impact of trap passivation
on transport kinetics of charges. As shown in the current
images of Fig. 4a and b, the target film reveals a brighter
image overall compared with the pristine film, indicating the
enhanced conductivity and charge transport of the target film.
The overall enhancement in current of the KNFBS-passivated
sample is consistent with the more uniform distribution of
CPD across the surface (Fig. 5b), and indicates the reduction of
trap density at each crystal facet.57 The corresponding line pro-
files of Fig. 4c displays a lower conductance of the pristine
film, which is primarily attributable to the charge loss through
defect-induced recombination. Interestingly, the control film
shows that the current flowing along the GBs is higher than
that the grain interior (GI), confirming that GBs play an advan-
tage in charge gathering and transport. Similarly, the signifi-
cantly brighter GBs of the target films indicates more efficient
separation of the photon-generated carrier at the GBs com-
pared with the GI. Thereby, GBs play an important role in
transport channels for the carriers.58 Due to deactivation of
defects including I− vacancy and the Pb2+ interstitial at GBs,
the traps become shallow and the charge mobility is
enhanced, which accounts for the boost in photocurrent at
GBs compared with that of GIs. Furthermore, the results can
also be credited to an offset of band bending between grains
and GBs, which can reduce the barrier height and facilitate
spatial charge extraction and accumulation, leading to the pro-
motion of carrier transport across GBs.59 Moreover, local I–V
properties of inner grains and along GBs were explored to elu-
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cidate the mechanism of notorious hysteresis in PSCs. As
shown in Fig. 4d and e, GBs and GI of the control films exhibit
pronouncing I–V hysteresis, which can originate from the
dominant phenomenon of ion migration and charged defects
taking place towards the GI from the GBs where they are rich
in defects and dangling bonds.60 On the other hand, the target
films exhibit diminished I–V hysteresis due to a reduction of
ion migration and trap levels, leading to the alteration of elec-
trical properties and the dynamics of charge trapping/de-trap-
ping in GBs.61

In situ Kelvin probe force microscopy (KPFM) was carried
out to monitor electrical properties of the target perovskite
films after the doped agents. As shown in the potential
mapping of Fig. 5a and b, minimized potential discrepancy

between individual grains and higher surface potential were
displayed for KNFBS-treated perovskite films. The evident vari-
ations of surface potential in the control film can originate
from the high density of the trap state on the surface.62 Thus,
the alleviated variation of contact potential difference (CPD) in
the target film implies that the KNFBS passivator can effec-
tively deactivate surface traps of the sample. The homogeniz-
ation of CPD between the GB and grains of the target samples
demonstrates improvement of the junction properties due to
changes of surface traps or band alignments at GBs, which
accounts for the reduction of Voc loss in the target devices.63

Moreover, Fig. 5b displays that the overall surface potential of
the perovskite film after KNFBS treatment is evidently higher
than that of the pristine perovskite sample. The CPD applies

Fig. 4 c-AFM mapping of the currents at perovskite GBs and grains. Current images for (a) the control, (b) KNFBS-doped perovskite films, and (c)
current distribution based on random 1D line scanning. Distinct I–V hysteresis at the GI or GBs for (d) the control and (e) KNFBS-doped perovskite
films, respectively.
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to the potential discrepancy between the probe tip and film
surface, which is expressed as:

CPD ¼ Φtip � Φsample

e
ð7Þ

where Φtip and Φsample refer to the work function (WF) of the
probe tip and the sample, respectively.64 Simultaneously, the
reduction of the surface potential for the pristine film, which is
induced by I− ion vacancies in grain interiors and GBs, can lead
to the lowered Fermi level. The larger CPD value in the KNFBS-
treated film (Fig. 5b) indicates a smaller work function and
upward energy bending, which is beneficial to more facilitated
carrier extraction in the target device. To a obtain a more in-
depth investigation of the CPD variation between grains, 10
random GBs have been considered for each perovskite film,
which correspond to the marked positions in Fig. 5a and b. The
line profiles of the marked GBs are shown in Fig. 5c and d. The
corresponding histograms of CPDGB in Fig. 5e and f illustrate
that the average value of the target film increased by ∼60 mV. As
the value of CPD can measure the magnitude of the built-in elec-
tric field, these results indicate a boost driving force for the
extraction of photo-induced electrons along GBs.65

The molecular structure of the KNFBS agent and multifunc-
tional interaction mechanism between KNFBS and perovskite
are illustrated in Fig. S7a† and Fig. 6a, b. First, the sulfur
group (SvO) of KNFBS shows a high passivation potential for
Pbi defects because the high electron density of oxygen atoms
on sulfonate anions can effectively bond with Pb2+ due to their

Lewis base properties. Secondly, F atoms with increased
electronegativity and a smaller ionic radius leads to greater
chemical bonding between the halide anions and MA+ ions via
the formation of hydrogen-fluorine bonds and ionic bonds,66

as illustrated in Fig. S7b.† The interaction between MA+ of per-
ovskite and F atoms of KNFBS occurs via the formation of
MA⋯F or the a large molecular dipole.67 The introduction of
muti-F atoms can exert a synergistic effect due to the ortho –

position effect and strong electron – withdrawing ability,
leading to enhanced negative potential of O atoms.68,69

Thirdly, the coordination between K+ of KNFBS and I− of per-
ovskite via ionic bonds can impede ion migration and phase
separation in perovskite films. Some studies verified that K+

suppresses I− diffusion, partially via blocking the diffusion
pathways. Additionally, more energy is required to create an
iodide vacancy when K+ cations are incorporated.70

Due to hypersensitivity to oxygen, water, and light
radiation71–73 for the perovskite materials, the storage long-
term stability becomes one of the key parameters to commer-
cialize PSCs. As shown in Fig. 6c, KNFBS-added cells without
any encapsulation can hold 82% of the original efficiency after
aging for 42 days under ambient conditions (RH = 35 ± 5%),
which is distinctly superior to the pristine device (58%). The
corresponding statistical distribution of aging PCE extracted
from 30 cells in Fig. 6d also verified the improved stability of
the target devices. As shown in Fig. S8,† FF is more remarkably
impacted by humidity exposure compared with Voc and Jsc. The
decrease in the FF value is over 42% for the reference device.

Fig. 5 (a) and (b) Contact potential difference (CPD) image of KPFM mapping. The recorded lines mark the different measured location of GBs. (c)
and (d) The profiles based on 1D line scanning of the previous CPD image. (e) and (f ) Statistical CPD variation across the GBs based on the corres-
ponding 1D line scanning profiles. The diagrams in the first and second lines are for the control and KNFBS-doped perovskite films, respectively.

Paper Dalton Transactions

8808 | Dalton Trans., 2025, 54, 8800–8812 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 2
3 

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
9/

07
/2

5 
17

:4
2:

09
. 

View Article Online

https://doi.org/10.1039/d5dt00352k


By. In contrast, the target device can hold more than 70% after
42 d. The improved operation and storage stability of the as-
prepared PSCs can primarily result from the better passivation
of the KNFBS additives with the multifunctional groups and
the facilitated carrier transport due to better matched energy
level alignment.

Generally, perovskite degradation was caused by the per-
meation of moisture and oxygen, which can significantly influ-
ence the environmental stability of PSCs and their commercia-
lization. Hydrophobicity of the as-prepared films stored in air
was explored using the water contact angles. As presented in
Fig. 6e, the contact angles of the pristine and target film were
39.50° and 64.3°, respectively. The significant boosted water
contact angle demonstrates that the KNFBS-processed film
enhanced the surface hydrophobicity, which can block the
water permeation into the photoactive layer. The result can be
credited to the water-blocking group of perfluoroalkyl in
KNFBS agents and the corresponding close bond with trap
sites in perovskite GBs.74

3. Conclusion

An organic multifunctional passivator (KNFBS) with anchored
chemical bonds was introduced to investigate the passivation

effect on GBs of perovskite film. The cluster of KNFBS agents
with a sufficient infiltration force can infiltrate into the GBs of
perovskites. The multisite chemical anchors of KNFBS mole-
cules includes the sulfonic acid group chelating with undercoor-
dinated Pb2+ ions via Lewis acid–base interactions, hydrogen
bond between the halogen and MA+ ions and ionic bonds
between the K+ and I−. The synergistically designed agents with
functional sites of chemical anchors can unambiguously
enhance film quality, reduce nonradiative recombination losses
and improve carrier-transport kinetics. Additionally, the anchor-
ing bonds can also result in stabilized interface and GBs, as
well as minimized I− migration and diffusion. Consequently,
the champion device boosts PCE from 17.24% to 20.88% after
KNFBS addition, along with a diminished I–V hysteresis.
Additionally, the KNFBS-modified PSCs presented almost no
obvious performance degradation after storage in open air con-
ditions at room temperature with a RH of 35 ± 5%, and main-
tained around 82% of its initial PCE after aging up to 42 d, ori-
ginated from the protection of hydrophobic KNFBS passivators.
We expect that this study will pave the way for the rational
design of agent molecules with multiple chemical anchors
using only one additive for the unique GB passivation of perovs-
kites, which would provide more strategies for GB engineering
and facilitate the transition of photovoltaic perovskite device
production from the lab scale to the industrial scale.

Fig. 6 Schematic of the KNFBS-treated perovskite with multifunctional passivation: (a) chemical interaction between KNFBS molecules and the per-
ovskite, and (b) suppression of ion migration and trap mitigation at GBs. Long-term stability tests of the unencapsulated control and KNFBS-doped
devices stored in open air conditions at room temperature with a RH of 35 ± 5% in the (c) champion devices and (d) corresponding statistical distri-
bution extracted from 30 cells. (e) Water contact angles deposited on control and KNFBS-doped perovskite films.
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4. Experimental section

The materials, preparation process of PSCs, measurements
and characterization are shown in the ESI.†
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