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Abstract: The high power-conversion efficiencies of hybrid perovskite solar cells encourage many
researchers. However, their limited photostability represents a serious obstacle to the commercializa-
tion of this promising technology. Herein, we present an efficient method for improving the intrinsic
photostability of a series of commonly used perovskite material formulations such as MAPbI3, FAPbI3,
Cs0.12FA0.88PbI3, and Cs0.10MA0.15FA0.75PbI3 through modification with octenidine dihydroiodide
(OctI2), which is a widely used antibacterial drug with two substituted pyridyl groups and two
cationic centers in its molecular framework. The most impressive stabilizing effects were observed in
the case of FAPbI3 and Cs0.12FA0.88PbI3 absorbers that were manifested in significant suppression or
even blocking of the undesirable perovskite films’ recrystallization and other decomposition path-
ways upon continuous 110 mW/cm2 light exposure. The achieved material photostability—within
9000 h for the Oct(FA)n−1PbnI3n+1 (n = 40–400) and 20,000 h for Oct(Cs0.12FA0.88)n−1PbnI3n+1 (where
n = 40–400) formulations—matches the highest values ever reported for complex lead halides. It is
important to note that the stabilizing effect is maintained when OctI2 is used only as a perovskite
surface-modifying agent. Using a two-cation perovskite composition as an example, we showed that
the performances of the solar cells based on the developed Oct(Cs0.12FA0.88)399Pb400I1201 absorber
material are comparable to that of the reference devices based on the unmodified perovskite composi-
tion. These findings indicate a great potential of the proposed approach in the design of new highly
photostable and efficient light absorbers. We believe that the results of this study will also help to
establish important guidelines for the rational material design to improve the operational stability of
perovskite solar cells.

Keywords: perovskite solar cells; complex lead halides; photostability; molecular additives; molecular
modifiers; 2D/3D hybrid perovskites

1. Introduction

Organic–inorganic hybrid lead halide perovskites are promising photoactive materials
for perovskite solar cells (PSCs), which deliver light power conversion efficiencies over 26%
that make this technology very attractive for commercialization [1–3]. Unfortunately, these
light-absorbing materials exhibit insufficient stability toward heating, moisture, and solar
light [4–10]. The latter is the most critical challenge, as it is the factor that we cannot avoid
under the solar cell operational conditions.
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One approach to improve PCS durability is the introduction of bulk cations into the
three-dimensional structure of APbI3 perovskite with a small univalent cation, A, such
as Cs+, MA+ (CH3NH3

+), and FA+ (CH(NH2)2+) thus resulting in layered 2D/3D mate-
rials, which can be represented by the general formula (A′)m(A)n−1PbnI3n+1, where A′

is a divalent (m = 1) or monovalent (m = 2) cation. These two types of materials have
different crystal structures, where monovalent and divalent organic cations form, respec-
tively, double and single interlayers between the 3D perovskite layers and are classified as
Ruddlesden–Popper and Dion–Jacobson perovskite-like phases. The 3D perovskite layer
size is defined by the n value and can be controlled by tuning the precursor composition,
whereas the interlayer distance is depending on the molecular structure of the spacer
cations [11,12].

To date, the most intensive studies have focused on Ruddlesden–Popper phases
(A′2An−1PbnI3n+1) based on bulk monovalent cations such as a phenylethylamine (PEA)
derivatives [13–15], n-butylamine (BA) [16], and others [17] which are able to passivate
defects and improve the ambient stability of the materials. For example, the modified
Ruddlesden–Popper-type films could tolerate high air humidity conditions due to the
hydrophobic nature of the bulk organic cation A’ and dense crystal packing [18,19]. In
addition, ion migration is suppressed in quasi-2D perovskite materials due to higher
activation energies for the formation of point defects [20].

The introduction of divalent organic cations instead of monovalent (such as ethylene di-
ammonium [21], N,N′-dimethylethylene diammonium [22], 1,8-octamethylenediammonium [23],
1,4-butanediammonium [24], 1,4-phenylenedimethanammonium [25] etc. [26]) seems to be
more promising than designing similar Ruddlesden–Popper structures in terms of achiev-
ing higher structural stability, since divalent bulk cations directly connect the neighboring
3D perovskite layers by electrostatic coulombic interactions and also hydrogen bonds. On
the contrary, the alternating 3D layers in the Ruddlesden–Popper phases are held together
only via the weak van der Waals forces [27].

In addition, Dion–Jacobson perovskite-like phases demonstrate shorter interlayer
distances with stronger interactions between PbI6 octahedrons layers, which might en-
able enhanced charge transport, and accelerate charge separation and extraction [28–30].
Although the Dion–Jacobson phases represent very promising light-absorbing materials ow-
ing to their higher structural stability as compared to the Ruddlesden–Popper counterparts,
they are currently much less studied [31–33].

When developing Dion–Jacobson phases, researchers face a common problem of low-
dimensional perovskites such as wide bandgaps of 2D materials, large exciton binding
energies and low charge mobility, which seriously limits their applicability in photovoltaics.
The optical bandgap and electronic properties of low dimensional A′(A)n−1PbnI3n+1 per-
ovskites are significantly influenced by the size of the perovskite 3D layers (n-value).
With an increase in the n value, the electronic bands broaden, which weakens quantum
confinement and promotes a narrower bandgap [34]. Some reports have shown a direct
connection between the value of n and the short-circuit current density (JSC) in solar cells
based on 2D perovskites [31,35–37]. For instance, light absorbers based on Dion–Jacobson
phases comprising 1,4-phenylenedimethylammonium cations provide an increase in the
solar cells’ current density from 11.5 to 21.5 mA/cm2 as the value of n evolves from 3
to 10 [38,39]. Furthermore, the increase in n value can result in better alignment of the
semiconductor valence and conduction band positions with the frontier energy levels
of, e.g., organic charge transport layer materials as revealed for Dion–Jacobson systems
comprising cations derived from 1,4-butanediamine (BDA) 1,3-propanediamine (PDA),
and 1,5-pentamethylenediamine (PeDA) [29,37,40].

Conversely, in the case of all-inorganic systems, the introduction of bulk organic cations
can be used to achieve a narrower band gap. The incorporation of ethylenediammonium
cations (EDA2+) in 3D α-CsPbI3 produces (EDA)Csn−1PbnI3n+1 (1 < n < 8) compounds,
which show decrease in the bandgap upon increase in the n value [41]. Furthermore, the
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optimal (EDA)Csn−1PbnI3n+1 absorbers demonstrated improved charge carrier generation
and transport as compared to 3D α-CsPbI3.

The chemical structure of organic cations has a strong influence on the optoelectronic
properties and structure (e.g., interlayer distance) of the 2D perovskites, their charge
dynamics and photovoltaic performance [42]. Until now, various aliphatic and aromatic
alkylammonium cations have been investigated to improve the characteristics of the Dion–
Jacobson perovskites (overview of the literature data is given in the Table S1, Supplementary
Materials) [21,22,24,25,29–32,36,38–40,42–69].

The 2D/3D perovskites incorporating bulky organic (di)cations with conjugated struc-
tures emerge as highly promising absorber materials [70,71]. The conjugated aromatic
cations have higher dielectric constants as compared to aliphatic ones, which helps to
reduce the binding energy of excitons and thus enhance the photogeneration of charge
carriers [29,30,39]. For instance, the use of ampicillin as the spacer cation has been reported
to improve the efficiency of light emitting diodes due to the better Fermi level alignment,
improved charge balance and reduced leakage losses [72,73].

Notably, the vast majority of research is aimed at identifying suitable organic cations to
form 2D/3D perovskites with desired properties, in particular the enhanced hydrophobicity
resulting in their superior resistance to hydrolysis. However, the actual practical use of
PSCs will require encapsulation that provides an efficient barrier to oxygen and moisture.
Therefore, the improvement of the ambient stability of light-absorbing materials is not as
important as enhancing their intrinsic stability with respect to light, since this is the stress
factor that we cannot avoid under real solar cell operational conditions [74]. However, the
highest lifetimes reported so far for PSCs based on the Dion–Jacobson materials is much
lower than required for their practical application (Table S1, Supplementary Materials).
Consequently, it is an urgent task to further increase the photostability of the Dion–Jacobson
perovskites and the corresponding solar cells.

Herein, we present an efficient method to improve the photostability of a series of the
most commonly used perovskite compositions such as MAPbI3, FAPbI3, Cs0.12FA0.88PbI3,
and Cs0.10MA0.15FA0.75PbI3 by the incorporation of a divalent octenidine cation with a bulky
conjugated molecular structure into the 3D perovskite crystal lattice to form 2D/3D material
formulations. The modifier used, octenidine dihydroiodide (OctI2), is related to the widely
used antibacterial drug octenidine dihydrochloride [75–78]. We have shown that the
proposed optimally modified light absorbers exhibit record photostability and competitive
photovoltaic performances in perovskite solar cells. This work may provide important
insights into the rational design of perovskite light absorbers with largely enhanced stability
through compositional and structural engineering, thus opening broad new opportunities
for the fabrication of efficient and durable PSCs.

2. Materials and Methods
2.1. Materials

Formamidinium iodide (FAI, purity 99.9%), methylammonium iodide (MAI, pu-
rity 99.9%), phenyl-C61-butyric acid methyl ester (PCBM purity 99.99%), and poly[bis(4-
phenyl)(4-methylphenyl)amine] (PTA, 99.9%) were purchased from FOMaterials Ltd.,
(Moscow, Russia). Cesium iodide (CsI, purity 99.999%) and lead iodide (PbI2, purity
99.99%) were acquired from Aldrich (Saint Louis, MO, USA) and Lanhit (Moscow, Russia),
respectively. Sodium iodide (NaI, purity 99%) was purchased from Acros (Geel, Belgium).

Octenidine dihydroiodide (N,N′-(1,10-decanediyldi-1(4H)-pyridinyl-4-ylidene)bis-1-
octanamine dihydroiodide) (OctI2) was synthesized using the reaction between octenidine
dihydrochloride and NaI in methanol as described previously [31]. Anhydrous dimethyl-
formamide (DMF), dimethylacetamide (DMAc), dimethyl sulfoxide (DMSO), N-methyl-2-
pyrrolidone (NMP), toluene, chlorobenzene and dichloromethane were purchased from
Sigma-Aldrich and used as received inside nitrogen glove boxes. Methanol (99.9%, for
analysis) was acquired from Acros Organics (Belgium). Glass slides (25 × 25 mm) were
cut from standard objective borosilicate glass purchased from Isolab GmbH. Indium–tin-
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oxide (ITO)-coated glass substrates (15 Ω sq−1) were acquired from the Kintec Company
(Changan Town, China).

2.2. Preparation of the Perovskite Films
2.2.1. Cleaning of Substrates

The glass or ITO substrates were cleaned sequentially with deionized water, acetone,
and isopropyl alcohol by sonication for 15 min followed by the RF-air plasma treatment
for 5 min. All further manipulations were performed under a well-controlled atmosphere
inside nitrogen glove boxes.

2.2.2. Preparation of Perovskite Precursor Solutions

A 1.35 M MAPbI3 precursor solution was prepared by stoichiometrically mixing MAI
and PbI2 in an anhydrous DMF. The Oct(MA)39Pb40I121 (or Oct(MA)399Pb400I1201) precursor
solutions were obtained by dissolving 0.0338 (or 0.0034) mmol of OctI2, 1.3163 (or 1.3466)
mmol of MAI, and 1.35 mmol of PbI2 in 1 mL of anhydrous DMF under stirring at 70 ◦C.

A FAPbI3 precursor solution with a concentration of 1.3 M was obtained by stoi-
chiometrically mixing FAI and PbI2 in anhydrous DMAc:NMP (1:1 v/v) mixture. The
Oct(FA)39Pb40I121 (and Oct(FA)399Pb400I1201) precursor solutions were obtained by dissolv-
ing 0.0325 (and 0.0033) mmol of OctI2, 1.2675 (and 1.2968) mmol of FAI, and 1.3 mmol of
PbI2 in 1 mL of anhydrous DMAc:NMP (1:1 v/v) mixture under stirring at room temperature.

A Cs0.12FA0.88PbI3 precursor solution with a concentration of 1.3 M was obtained
by dissolving together 0.156 mmol of CsI, 1.144 mmol of FAI, and 1.3 mmol of PbI2 in
1.0 mL of anhydrous DMAc:DMSO (9:1 v/v) mixture under continuous stirring at room
temperature. The Oct(Cs0.12FA0.88)39Pb40I121 (and Oct(Cs0.12FA0.88)399Pb400I1201) precursor
solutions were obtained by dissolving 0.0325 (0.0033) mmol of OctI2, 0.1521 (0.1556) mmol
of CsI, 1.1154 (1.1411) mmol of FAI, and 1.300 mmol of PbI2 in 1.0 mL of an anhydrous
DMAc:DMSO (9:1 v/v) mixture under continuous stirring at room temperature.

A Cs0.1MA0.15FA0.75PbI3 precursor solution with a concentration of 1.4 M was obtained by
dissolving together 0.14 mmol of CsI, 0.21 mmol of MAI, 1.05 mmol of FAI, and 1.4 mmol of
PbI2 in 1 mL of anhydrous DMF:DMSO (4:1 v/v) mixture under continuous stirring at room
temperature. The Oct(Cs0.1MA0.15FA0.75)39Pb40I121 (and Oct(Cs0.1MA0.15FA0.75)399Pb400I1201)
precursor solutions were obtained by dissolving 0.035 (0.0035) mmol of OctI2, 0.1365
(0.1397) mmol of CsI, 0.2048 (0.2095) mmol of MAI, 1.0238 (1.0474) mmol of FAI, and
1.4 mmol of PbI2 in 1 mL of anhydrous DMF:DMSO (4:1 v/v) mixture under stirring at
room temperature.

After complete dissolution, all prepared solutions were filtered through 0.45 µm PTFE
membrane syringe filters.

2.2.3. Perovskite Films Deposition

The 45 µL aliquots of the corresponding precursor solutions were dropped on glass
substrates rotating at 3000 rpm and then quenched after 8–9 s by dripping 120 µL of anhy-
drous chlorobenzene in the case of MAPbI3, Oct(MA)39Pb40I121 and Oct(MA)399Pb400I1201
film deposition. The samples were kept at 3000 rpm for an additional 40 s and then annealed
at 100 ◦C on a hot plate for 5 min.

To deposit FAPbI3, Oct(FA)39Pb40I121 and Oct(FA)399Pb400I1201 films, the 55 µL aliquots
of the corresponding precursor solutions were dropped on glass substrates rotating at
3600 rpm and then quenched after 30 s by dripping 120 µL of anhydrous toluene. The
samples were kept at 3600 rpm for additional 10 s and then annealed on a hot plate at 90 ◦C
for 2 min and 135–145 ◦C for 30 min.

In the case of Cs0.12FA0.88PbI3, Oct(Cs0.12FA0.88)39Pb40I121 and Oct(Cs0.12FA0.88)399Pb400I1201
film deposition, the 55 µL aliquots of the corresponding precursor solution were dropped
on glass substrates rotating at 3600 rpm and then quenched after 20 s by dripping 120 µL
of anhydrous toluene. The samples were kept at 3600 rpm for additional 15 s and then
annealed on a hot plate at 100 ◦C for 5 min.
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To prepare the Cs0.1MA0.15FA0.75PbI3, Oct(Cs0.1MA0.15FA0.75)39Pb40I121 and Oct(Cs0.1
MA0.15FA0.75)399Pb400I1201 films, 55 µL aliquots of the corresponding precursor solutions
were dropped on the glass substrates rotating at 4000 rpm and then quenched after 29 s
by dripping 90 µL of anhydrous chlorobenzene; the samples were kept at 4000 rpm for an
additional 21 s and then annealed at 100 ◦C for 5 min on a hot plate.

All aforementioned manipulations were performed in a well-controlled inert atmo-
sphere inside nitrogen glove boxes.

2.2.4. Post-Treatment of Perovskite Films with OctI2

OctI2 solution with a concentration of 5 mM was obtained by dissolving 4.035 mg
of OctI2 in anhydrous dichloromethane:chlorobenzene (9:1 v/v) mixture. For the surface
modification of the perovskite films by the post-treatment method, an aliquot of 20 µL of
OctI2 solution was deposited on the preformed perovskite films by a dynamic spin-coating
method at 3000 rpm for 30 s. The resulting samples were then annealed on a hot plate at
100 ◦C for 5 min.

2.3. Photostability Testing

The aging experiments were performed using special home-made setups installed
inside MBraun glove boxes under an inert atmosphere of pure nitrogen (concentration of
O2 and H2O < 1 ppm) under continuous light soaking. The white light with the incident
power of 70 ± 10 mW/cm2 was provided by LED arrays. An assessment of the emission
spectrum of LEDs and the absorption profiles of the perovskite films revealed that the
absorbed dose of photons by the samples under these conditions was equivalent to the
dose provided by ~110 mW/cm2 standard AM1.5G solar light irradiation. The temperature
of the samples was within 38 ± 3 ◦C. More details on the aging setup design can be found
in our previous publication [79].

2.4. Perovskite Film Characterization

The UV–Vis absorption spectra were obtained using an AvaSpec-2048-2 UV–VIS fiber
spectrometer integrated inside a glove box. The X-ray diffraction (XRD) patterns were
collected using an Aeris instrument (Malvern PANalytical B.V., Malvern, UK) with a CuKα

source. The samples for XRD measurements were protected by spin-coating polystyrene
films inside the glove box to avoid moisture-induced aging during the measurement in air
(~5 min). The photoluminescence (PL) spectra were measured in an inert atmosphere using
an Ocean Insight QE Pro spectrometer with a 450 nm laser as an excitation source. The
atomic force microscopy (AFM) and infrared scattering-type near-field optical microscopy
(IR s-SNOM) measurements were performed using a Neaspec instrument (Munich, Ger-
many, 2020) integrated inside the glove box. The VIT_P/Pt cantilevers (NT-MDT) with Pt
tip coating, a probe radius of 25–35 nm, a typical resonance frequency of around 300 kHz
and a force constant of 50 N/m were used for the measurements.

Survey and core-level X-ray photoelectron spectra (XPS) were measured using a PHI
XPS Versaprobe 500 spectrometer (ULVAC-Physical Electronics, Chanhassen, MN, USA)
with a spherical quartz monochromator and an energy analyzer working in the range of
binding energies from 0 to 1500 eV. The samples were transferred to the instrument under
ambient conditions within 1 min and then kept in a vacuum chamber for 24 h prior to the
experiments. The measurements were performed at a pressure of 10−7 Pa.

2.5. Device Fabrication and Characterization

The ITO glass substrates were cleaned as described above. A solution of PTA in
chlorobenzene (2.5 mg mL−1) was spin-coated on the ITO substrates at 3500 rpm for 30 s.
The samples were then annealed at 120 ◦C for 15 min inside the glove box. Modified
Oct(Cs0.12FA0.88)n−1PbnI3n+1 (where n = 400, 200, and 40) formulations were used as light-
absorbing layer materials and compared to the Cs0.12FA0.88PbI3 reference. The perovskite
films were deposited by spin-coating precursor solutions at 4000 rpm for 80 s. The crys-
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tallization was induced by dripping 130 µL of chlorobenzene onto the film at the 36th
second after starting the spin-coating process. The obtained perovskite films were annealed
at 110 ◦C for 3 min. A PC61BM precursor solution (30 mg mL−1 in chlorobenzene) was
spin-coated on the top of the perovskite films at 1500 rpm for 30 s. Finally, the Ag or Al elec-
trodes (120 nm) were evaporated through a shadow mask in high vacuum (6 × 10−6 Torr)
to produce devices with an active area of 0.3 cm2. The solar cells were characterized by
current–voltage (I–V) and external quantum efficiency (EQE) measurements as reported
previously [80].

3. Results and Discussion

To obtain the 2D/3D perovskites, OctI2 was incorporated into precursor solutions of
the most commonly used single cation and mixed cation perovskites APbI3 (where A = MA,
FA, Cs0.12FA0.88, Cs0.1MA0.15FA0.75) to form the Oct(A)n−1PbnI3n+1 (where n = 40 and 400)
formulations. All perovskite films were fabricated via the single-step spin coating process
followed by annealing in a glove box filled with N2. Details can be found in the Section 2.
The molecular structure of octenidine dihydroiodide and a schematic representation of the
Dion–Jacobson phase formed using the OctI2 additive are presented in Figure 1.
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Figure 1. Molecular structure of octenidine dihydroiodide (a) and a schematic illustration of the
Dion–Jacobson phase that could be formed as a result of OctI2 integration into crystal lattice (b).

In order to study the impact of octenidine dihydroiodide on the phase composition and
optoelectronic properties of the Oct(A)n−1PbnI3n+1 (where n = 40 and 400) compositions
and monitor their aging behavior, the obtained perovskite films were characterized by
UV–Vis absorption spectroscopy and x-ray diffraction before and after exposure to white
light (for details, see the Section 2) in a pure nitrogen atmosphere (O2 and H2O < 1 ppm).
Additional insights were provided by using other complementary methods such as X-ray
photoelectron spectroscopy, atomic force microscopy, and infrared scattering-type near-field
optical microscopy.

Figure 2 shows the UV−Vis absorption spectra of the as-prepared Oct(A)n−1PbnI3n+1
films and the reference APbI3 samples and their evolution depending on the light exposure
duration. Absorption coefficients (k) of the pristine and modified absorber films as a
function of the wavelength are given in Figure S1 (Supplementary Materials). The first
thing to note is that the introduction of octenidine into all studied perovskite systems
leads to a change in the optical properties of the Oct(A)n−1PbnI3n+1 films. All obtained
Oct(A)399Pb400I1201 films demonstrate higher absorption coefficients than the corresponding
non-modified perovskites. On the contrary, the studied Oct(A)39Pb40I121 formulations with
higher octenidine loading demonstrate reduced k values except for Oct(FA)39Pb40I121 films,
which showed a noticeable increase in light absorption in the 700–800 nm region.

Figure S2 and Table S2 (Supplementary Materials) show the values of optical absorp-
tion edge for as-prepared samples depending on the OctI2 loading estimated from the
Tauc plots. With increase in the Oct content in the Oct(A)n−1PbnI3n+1 films, the optical
absorption bands showed noticeable blue shifts in the case of A = MA, Cs0.12FA0.88 and the
red shifts in the case of A = FA, Cs0.1MA0.15FA0.75. The observed different effects of octeni-
dine loading on the optical properties of the resulting perovskite films can result from a



Materials 2024, 17, 129 7 of 19

combination of several factors. On the one hand, the introduction of bulky organic dication
salt OctI2 might led to the formation of the Dion–Jacobson (2D/3D) phases, which are char-
acterized by increased band gaps in comparison with the original 3D systems [10,11]. On
the other hand, the accumulation of bulky cations mostly on the surface of the perovskite
grains and at the grain boundaries was frequently reported [81]. Therefore, the surface
and interface effects of OctI2 can lead to the red shift of the absorption band edge [82]. In
addition, the effect of OctI2 loading on the optical properties of the perovskite films could
be connected to the change in their nanoscale morphology, e.g., the formation of much
bigger or smaller grains than in the reference non-modified systems [83].
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Figure 2. Evolution of the UV–Vis spectra of the Oct(A)n−1PbnI3n+1 films depending on the OctI2

loading as compared to the reference APbI3 samples, where A = MA (a,e,i), FA (b,f,j), Cs0.12FA0.88

(c,g,k), and Cs0.1MA0.15FA0.75 (d,h,l) as a function of the aging time.

Atomic force microscopy showed that the introduction of OctI2 markedly changes the absorber
layer morphology (Figure S3, Supplementary Materials). Figure S4 (Supplementary Materials)
shows the grain size distribution of Oct(A)39Pb40I121 (where A = MA and Cs0.1MA0.15FA0.85)
perovskite films extracted from the topography data. For example, the MAPbI3 films are
characterized by an average crystallite size of 110 nm, whereas Oct(MA)39Pb40I121 exhibited
smaller grains (~50 nm) (Figures S3a,b and S4a,b, Supplementary Materials). The grains
with a loose structure (~250 nm) are observed in the case of the reference mixed-cation
Cs0.1MA0.15FA0.85PbI3 perovskite. In comparison, the Oct(Cs0.1MA0.15FA0.85)39Pb40I121
films demonstrate distinct grains with well-defined boundaries and a smaller average size
of ~180 nm (Figures S3c,d and S4c,d, Supplementary Materials). We attribute the decrease
in the average grain size in the modified films to the possible formation of some intermedi-
ate complexes between octenidine iodide and the components of the perovskite precursor
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solution owing to the strong co-ordinating bonding and hydrogen bonding [84,85]. The
modifier accelerates the crystallization process, thus increasing the number of nucleation
centers and producing uniform continuous films with the smaller size of the grains.

To identify the localization of the Oct dications within the perovskite films, scattering-
type scanning infrared near-field optical microscopy (s-SNOM, IR-SNOM) was applied.
This technique combines atomic force microscopy measurements and local infrared spec-
troscopy analysis with a lateral resolution of ca. 25–35 nm. Figure S5 shows the FTIR
spectra of Cs0.1MA0.15FA0.75PbI3 and octenidine dihydroiodide powders recorded in the
ATR (attenuated total reflection) mode, which were used to identify the OctI2 charac-
teristic frequency for mapping. For the perovskite absorber, a characteristic frequency
of 1186 cm−1 was chosen. The topography and IR s-SNOM mapping images for the
Oct(Cs0.1MA0.15FA0.75)39Pb40I121 film are presented in Figure 3. For the areas with higher
concentration of the octenidine dihydroiodide a strong IR s-SNOM signal at the OctI2
vibration frequency is observed (red areas), whereas low intensity (blue) areas are char-
acterized by the decreased additive concentration. The obtained results revealed that the
OctI2 cations are distributed mainly between the perovskite grains and at their boundaries,
whereas their content within the grains is much lower. Thus, IR s-SNOM data suggest that
OctI2 does not integrate within the MAPbI3 perovskite lattice but forms passivation shells
at the grain boundaries most likely linking neighboring grains.

Figure 4 shows the XRD patterns of the Oct(A)n−1PbnI3n+1 films and the reference APbI3
samples before and after light exposure. According to these data, all the Oct(A)n−1PbnI3n+1
films feature the main diffraction peaks corresponding to the 3D phase of APbI3. In par-
ticular, the pristine and modified absorbers based on MAPbI3 show distinct diffraction
peaks at 14.2◦, 20.2◦, 23.6◦, 24.6◦, 26.8◦, etc. characteristic of the tetragonal phase [86].
All the Oct(A)n−1PbnI3n+1 (where A = FA, Cs0.12FA0.88 and A = Cs0.1MA0.15FA0.75) films
exhibit the APbI3 perovskite cubic phase peaks corresponding to the (001), (011), (111),
(002), (012), (022), and (003) diffraction planes, respectively [87]. However, virtually all
Oct(A)n−1PbnI3n+1 films reveal the additional peak at 7.6◦, which can be attributed to the
formation of 2D perovskite phase coexisting with the 3D perovskite phase [88,89]. The
emergence of additional peaks at around 2θ = 12◦ and 26.5◦ for the material formula-
tions with A = FA and Cs0.12FA0.88 is attributed to the formation of quasi-3D perovskites
Oct(A)n−1PbnI3n+1 (where n > 10) [90–92]. Figure S6 shows zoomed parts of the diffraction
patterns of the Oct(A)n−1PbnI3n+1 films depending on the loading of OctI2 in comparison
with the reference APbI3 samples. In the case of the modified systems based on MAPbI3
and Cs0.12FA0.88PbI3 at n = 400 and 40 we observed small shifts of the diffraction peaks
by ~0.10 and 0.07◦, respectively, towards larger 2θ angles. Such effect was not observed
for other studied compositions. The slight shift of XRD peaks to higher angles indicates
compression of the lattice, which might be caused by bulk cations located at the boundaries
of perovskite grains and the lattice surface [93,94]. We believe that the 2D phases identified
by XRD are localized mostly on the surface of the grains and at the grain boundaries as
follows from the results of the IR s-SNOM mapping.

Some differences in the optical properties of the perovskite films induced by the Oct2+

cation loading can be associated with the formation of quasi-3D perovskites featuring
generally a slight blueshift of the absorption onset [92]. It is worth noting that low-intensity
signals of unreacted PbI2 are observed at ~12.8◦ in the XRD patterns of the reference APbI3
perovskite (where A = MA, Cs0.12FA0.88) films and disappear after the addition of the
OctI2 additive, thus indicating its beneficial effect on suppressing the formation of inactive
species during the perovskite formation.
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Figure 4. XRD patterns of the Oct(A)n−1PbnI3n+1 films and the reference APbI3 samples before and
after light soaking for 1464 h (A = MA) (a,e,i), 9000 h (A = FA) (b,f,j), 20,000 h (A = Cs0.12FA0.88)
(c,g,k), and 5000 h (A = Cs0.1MA0.15FA0.75) (d,h,l).

To explore how the OctI2 modification affects the intrinsic photostability of the per-
ovskite films, the samples were exposed to a light soaking at 70 mW/cm2 and 38 ± 3 ◦C in
an inert pure nitrogen atmosphere. It is clear that pristine MAPbI3 films undergo dramatic
photobleaching (Figure 2a) due to the complete decomposition of the tetragonal perovskite
phase as follows from the XRD data (Figure 4a). Lead iodide (PbI2) and metallic lead (Pb◦)
are the main degradation products as follows from the intense peaks at 12.6◦ and 31.6◦

(Figure 4a). On the contrary, the MAPbI3 films loaded with OctI2 show a largely improved
photostability as follows from the less pronounced changes in their optical properties and
maintenance of the perovskite phase peaks in the XRD patterns of the OctMA399Pn400I1201
films (Figure 4e). Moreover, the increased OctI2 loading in OctMA39Pb40I121 material for-
mulation essentially blocks the light-induced decomposition of the MAPbI3 films as follows
from a much weaker photobleaching with the preservation of the perovskite absorption
band at 780 nm in their UV–Vis spectra, wherein XRD reveals no formation of PbI2 impurity
even after aging for 1464 h (Figure 4i).

A substantial increase in the photostability of the MAPbI3 films loaded with OctI2 was
confirmed using X-ray photoelectron spectroscopy (XPS) (Figure 3c). The photochemical
decomposition of MAPbI3 is accompanied by the loss of organic cations in the form of
volatile organic species and the formation of PbI2 [95,96]. The XPS spectra confirmed this
degradation pathway for unmodified MAPbI3: the N 1s band is completely quenched
after 1464 h of light soaking showing a complete depletion of organic cations from the
film surface, whereas the Pb 4f7/2 and, particularly, I 3d5/2 bands undergo significant
high-energy shifts suggesting the formation of PbI2 and Pb◦ (Figure 3c). On the contrary,
the OctMA39Pb40I121 film shows just a minor reduction in the intensity of the N 1s band
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after 1464 h of light soaking and much smaller shifts in the positions of the Pb 4f7/2 and
I 3d5/2 bands (Figure 3d). These results prove unambiguously that the OctI2 additive
indeed effectively suppressed the photochemical degradation of MAPbI3.

In the case of the triple cation perovskite, the pristine films also undergo a considerable
light-induced decomposition. The absorption spectra in Figure 2d show the appearance
of strong light scattering due to severe recrystallization of the films and loss of their
uniformity. Further, a dramatic photobleaching is observed after light soaking for 2411 h
due to a near-complete decomposition of the cubic perovskite phase. According to the
XRD data, lead iodide and metallic lead were the main degradation products after light
soaking for 5000 h (Figure 4d). The engineered Oct(Cs0.1MA0.15FA0.75)n−1PbnI3n+1 light
absorbers demonstrated a spectacular resilience to the photoinduced degradation: a notably
suppressed recrystallization of the films (Figure 2h,l) is observed, whereas XRD revealed
only a slight admixture of lead iodide in the case of the material with n = 400 (Figure 4h).
An increase in the OctI2 loading (at n = 40) in the perovskite composition essentially blocks
the light-induced decomposition of the absorber films since XRD reveals only the pure
perovskite phase even after long exposure to light for 5000 h (Figure 4l).

In the case of the FAPbI3 and Cs0.12FA0.88PbI3 perovskites, the pristine films undergo
a serious film recrystallization manifested in the appearance of severe scattering effects
(Figure 2b,c). Interestingly, their phase composition remains almost unchanged and there is
only a small amount of lead iodide appearing in the films after light soaking for 9000 and
20,000 h, respectively (Figure 4b,c). The deterioration of the perovskite film morphology
is highly undesirable, because the carrier recombination, diffusion length, and carrier
separation efficiency directly depend on it. The degradation of the photoactive layer
morphology would lead to a sharp deterioration in the material charge-transport properties
and, as a result, a drop in the photovoltaic device efficiency. The modification of the
FAPbI3 absorber by OctI2 results in a significant suppression of the light-scattering effects
(Figure 2f,j), while Cs0.12FA0.88PbI3 perovskite shows almost complete blocking of the
undesirable film recrystallization processes upon OctI2 loading (Figure 2g,k).

The XRD patterns shown in Figure 4 reveal that the phase composition of the aged films
is completely preserved and no signs of decomposition products appear after light exposure
for 9000 h in the case of Oct(FA)n−1PbnI3n+1 (Figure 4f,j) and 20,000 h for Oct(Cs0.12FA0.88)n−1
PbnI3n+1 (Figure 4g,k).

The observed substantial improvement in the material photostability can be attributed
to the ability of divalent Oct2+ cations to link the perovskite grains at the boundaries and
decrease the density of surface defects though the chelating effect of pyridyl groups to
the undercoordinated Pb2+ ions on the grain surface [27,97,98]. Passivation of defects on
the perovskite grains and the grain boundaries represents a powerful tool to inhibit the
photo-induced ion migration and the associated degradation mechanisms of the perovskite
materials [10,24,99]. It is important to note that the obtained results are among the best
values reported so far for photostability of non-encapsulated perovskite light-absorbing
films (Table S1) [100,101].

The effect of the OctI2 cation on the photovoltaic performance of the OctAn−1PbnI3n+1
(n = 40, 200, 400) absorber films was assessed for the Cs0.12FA0.88PbI3 perovskite system,
which is highly promising due to its superior photostability [102]. The solar cells were fab-
ricated with a planar p-i-n device architecture ITO/PTA/perovskite/PCBM/Ag (Figure 5a)
in which poly[bis(4-phenyl)(4-methylphenyl)amine] (PTA) and phenyl-C61-butyric acid
methyl ester (PC61BM) were used as hole-transport and electron-transport layer materials,
respectively. The perovskite films were grown using the single-step spin-coating method.
The device structure was completed by the evaporation of the top Ag electrodes (details
are given in the Section 2).
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Figure 5. Device architecture (a), current–voltage characteristics (b), and EQE spec-
tra (b) of the champion devices based on the pristine and modified perovskite films
Oct(Cs0.12FA0.88)n−1PbnI3n+1 with different OctI2 contents (c). The power conversion effi-
ciency (PCE) of the ITO/PTA/perovskite/PCBM/Al devices based on the pristine and modi-
fied Oct(Cs0.12FA0.88)n−1PbnI3n+1 perovskite films before and after exposure to light (70 mW/cm2,
T = 38 ± 3◦C) for 170 h in inert atmosphere (d).

Figure 5b shows the current density–voltage (J–V) characteristics for the champion
cells fabricated using different perovskite compounds Oct(Cs0.12FA0.88)n−1PbnI3n+1 (n = 40,
200, and 400) as well as the reference cells based on Cs0.12FA0.88PbI3, whereas the device
photovoltaic parameters are summarized in Table S3 (Supplementary Materials). The
short circuit current densities obtained in these measurements were reconfirmed by the
integration of the EQE spectra against the standard AM1.5G solar irradiation spectrum as
shown in Figure 5c.

The preliminary research without any additional optimization showed that the solar cell
performance based on the Oct(Cs0.12FA0.88)399Pb400I1201 perovskite absorber was comparable
to the reference devices featuring the power conversion efficiency (PCE) of 17.4% with the
open circuit voltage (VOC) of 1035 mV, short circuit current density (JSC) of 21.3 mA·cm−2,
and fill factor (FF) of 79.1% (Figure 5b, Table S3 (Supplementary Materials)). Meanwhile,
the control device exhibited a maximum PCE of 17.7% with a JSC of 21.7 mA·cm−2, VOC of
1061 mV, and FF of 77.0%. Notably, the OctI2-based cells demonstrated a slightly higher fill
factor (FF) values as compared to the devices fabricated using non-domified perovskite
films (Table S3 (Supplementary Materials)). This improvement may be associated with
the suppressed carrier recombination due to a higher quality of absorber films with a
lower density of structural defects and trap states. However, a further increase in OctI2
loading in the perovskite layer leads to a severe decrease in all photovoltaic parameters
presumably due to the deterioration of the charge collection due to the accumulation of 2D
phase with anisotropic transport properties at the grain boundaries (Figure 5b, Table S3
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(Supplementary Materials)). Unfortunately, low-dimensional A′An−1PbnI3n+1 perovskites
with relatively low values of n generally exhibit high exciton binding energies and, hence,
an inefficient generation and separation of charges that can limit their application in
optoelectronic devices [103,104]. This problem might be overcome by the introduction of
functional organic molecules, for instance, strong electron donors or acceptors [105,106].

The effect of the octenidine modification on the photostability of solar cells was ex-
plored using ITO/PTAA/absorber/PCBM stacks comprising Oct(Cs0.12FA0.88)399Pb400I1201
and Cs0.12FA0.88PbI3 compounds as photoactive layers. Half of the batch of the samples
was exposed to light (LED, 70 mW/cm2, 38 ± 3 ◦C) under an inert nitrogen atmosphere for
170 h, whereas the other half was stored in the dark inside the glove box. After light expo-
sure, the PCBM layer was refreshed to eliminate the influence of the electron-transporting
layer degradation and then the metal top electrodes were deposited. Figures 3d and S7
show that the OctI2 modification notable enhances the photostability of solar cells. In
particular, the devices based on pristine Cs0.12FA0.88PbI3 demonstrate a 15% reduction
in efficiency after 170 h of light soaking as compared to the control devices kept in the
dark. In contrast, the solar cells comprising Oct(Cs0.12FA0.88)399Pb400I1201 absorber showed
practically the same performances for the devices exposed to light and stored in the dark
(Figure 3d). We explain the increased stability of the octenidine-loaded devices by the
healing of the defects such as undercoordinated Pb2+ cations on the surface of the grains
and at the grain boundaries, which is translated to the superior PSCs operational stability
as discussed below.

A particularly promising and simple approach is based on the surface modification of
3D perovskite films with bulk organic cations—inducing the formation of a thin shell of the
2D phase covering the surface of 3D perovskite grains and grain boundaries without caus-
ing any significant deterioration to the charge transport [107,108]. In addition, it is known
that defects at the surface and grain boundaries in polycrystalline perovskite films serve
as recombination sites leading to photogenerated carrier annihilation and degradation of
absorber material [109]. Thus, following this approach, we investigated the possibility of
increasing the stability of MAPbI3, FAPbI3, Cs0.12FA0.88PbI3, and Cs0.1MA0.15FA0.85PbI3 per-
ovskites through surface modification with OctI2. Technically, this modification is achieved
by depositing a thin layer of the modifier on top of the grown perovskite films. Figure S8
(Supplementary Materials) shows the evolution of the UV−Vis absorption spectra for the
surface-modified absorber films upon light exposure. The obtained results suggest that
the stabilizing effect of surface modification could be even more impressive as compared
to that achieved by introducing a modifying agent into the precursor solution for coating
of perovskite films. The surface modification results in a slight red shift of the absorption
band edge. Figure S9 (Supplementary Materials) shows the corresponding Tauc plots for
the as-prepared reference and modified APbI3 samples. The observed bathochromic shift of
the absorption onset can be explained by the accumulation of bulky organic cations mostly
on the surface of the perovskite grains and at the grain boundaries [82].

Thus, the molecular additive engineering of perovskite absorber films using divalent
Oct2+ cations has been demonstrated to be an efficient technique to design material for-
mulations with remarkably enhanced photostability, which is essential for reaching long
operational lifetimes of PSCs.

4. Conclusions

Herein, we have introduced octenidine dihydroiodide OctI2 as a highly promising
molecular modifier for designing complex lead halides with spectacularly enhanced in-
trinsic photostability. Loading MAPbI3 and Cs0.1MA0.15FA0.75PbI3 perovskites with OctI2
effectively suppresses film photobleaching effects, reduces photochemical depletion of or-
ganic cations and prevents the accumulation of aging products such as Pb◦ and PbI2. Most
likely, divalent octenidinium cations bind to the surface of neighboring perovskite grains at
the grain boundaries, passivate surface defects (such as underco-ordinated Pb2+ cations)
and thus strongly stabilize the absorber material. In the case of FAPbI3 and Cs0.12FA0.88PbI3
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perovskite formulations modified by incorporation of Oct2+ cations, we observed a sig-
nificant suppression or a complete blockade of the undesirable photoinduced perovskite
recrystallization leading to the loss of film uniformity and the appearance of strong light-
scattering effects. Furthermore, no signs of decomposition under white light exposure
were observed for Oct(FA)n−1PbnI3n+1 within 9000 h and Oct(Cs0.12FA0.88)n−1PbnI3n+1
within 20,000 h, which are among the record lifetimes of perovskite films reported to
date. Using the dication perovskite formulation as a model system, we showed that the
optimally modified Oct(Cs0.12FA0.88)399Pb400I1201 perovskite layer delivers photovoltaic per-
formances comparable to that of the reference devices based on the pristine Cs0.12FA0.88PbI3
absorber films.

The obtained results show that the proposed approach has great potential in the
rational design of perovskite absorber materials with significantly enhanced photostability,
and paves the way to a demonstration of efficient and durable perovskite solar cells that
match industrially commercialized benchmarks.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma17010129/s1, Figure S1: Absorption coefficients of the pris-
tine and modified perovskite thin films as a function of the wavelength; Figure S2: Tauc plots
for OctAn−1PbnI3n+1 films of various compositions used for Eg estimation (assuming direct
bandgap); Figure S3: Surface morphology of the perovskite films: MAPbI3 (a), Oct(MA)39Pb40I121
(b), Cs0.1MA0.15FA0.75PbI3 (c), and Oct(Cs0.1MA0.15FA0.75)39Pb40I121 (d); Figure S4: Grain size distri-
bution for the pristine MAPbI3 (a), Cs0.1MA0.15FA0.75PbI3 (c), modified Oct(MA)39Pb40I121 (b), and
Oct(Cs0.1MA0.15FA0.75)39Pb40I121 (d) films; Figure S5: FTIR spectrum of the Cs0.1MA0.15FA0.75PbI3
and octenidine dihydroiodide powders; Figure S6: The zoomed parts of the diffraction patterns for
the Oct(A)n−1PbnI3n+1 films with different OctI2 loadings compared to the reference APbI3 sam-
ples, where A = MA (a), FA (b), Cs0.12FA0.88 (c), and Cs0.1MA0.15FA0.75 (d); Figure S7: The open
circuit voltage (VOC) (a), short circuit current density (JSC) (b), and fill factor values (FF) (c) of the
ITO/PTA/perovskite/PCBM/Al devices based on Cs0.12FA0.88PbI3 and Oct(Cs0.12FA0.88)399Pb400I1201
absorber films with and w/o exposure to light for 170 h (70 mW/cm2, T = 38 ± 3 ◦C); Figure S8:
The evolution of the UV–Vis spectra of the APbI3 films modified by the OctI2 surface coating upon
light exposure for A = MA (a), FA (b), Cs0.12FA0.88 (c), and Cs0.1MA0.15FA0.75 (d); Figure S9: Tauc
plots for APbI3 films modified by the OctI2 surface coating used for Eg estimation (assuming direct
bandgap) for A = MA (a), FA (b), Cs0.12FA0.88 (c), and Cs0.1MA0.15FA0.75 (d); Table S1: Overview of the
relevant reported data on the perovskite solar cells based on the Dion–Jacobson absorber materials;
Table S2: Experimental Eg values and the absorption edge (in brackets) for the OctAn−1PbnI3n+1 films
of various compositions obtained from the corresponding Tauc plots; Table S3: Average and the best
(in brackets) values of the device parameters based on Oct(Cs0.12FA0.88)n−1PbnI3n+1 absorber layers
with different OctI2 contents.
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