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interactions using b-cyclodextrin
in controlling perovskite solar cell performance†

Parnian Ferdowsi,a Sun-Ju Kim,b Thanh-Danh Nguyen,b Ji-Youn Seo,b

Jun-Ho Yum *a and Kevin Sivula a

In the context of perovskite solar cells (PSCs), enhancing device performance often involves adding a small

excess of lead iodide (PbI2) to the precursor solution. However, the presence of unreacted PbI2 can lead to

accelerated degradation compromising long-term stability. This study addresses this issue through

supramolecular complex engineering by introducing beta-cyclodextrin (b-CD) into a triple cation

perovskite to effectively prevent the crystallization of residual PbI2. This approach results in uniform

crystal growth and the passivation of undercoordinated lead cation defects. The use of b-CD leads to

a PSC with an improved power conversion efficiency (PCE) of 21.36%, surpassing the control, and

enhanced stability against aggressive thermal stress and high humidity (85% RH). This is supported by

optical and morphological investigations, underscoring the role of b-CD to maintain the desired

perovskite phase. Notably, in comparison to the b-CD-free control, the b-CD-treated sample exhibited

minimal bandgap shifts of 3 meV after 1170 hours of moisture exposure. Furthermore, this method not

only passivates unreacted PbI2 but also provides valuable insights into the role of b-CD in hybrid

perovskite solar cells. Additional tests with maltose as a non-cyclic control were conducted and confirm

the superior ability of b-CD to enhance perovskite film stability under harsh conditions. The formation of

a supramolecular system between b-CD and perovskite holds promise as a strategy to control perovskite

precursor chemistry, material structure, and subsequent device performance and stability.
Introduction

In recent years, scientists have been fascinated by the remark-
able properties of halide perovskite materials, which are leading
the way in the development of advanced optoelectronic tech-
nologies, particularly in converting solar energy into electricity
for photovoltaic systems. These materials have attracted wide-
spread attention due to their remarkable photoelectric proper-
ties, featuring tunable band gaps, large absorption coefficients,
long electron and hole diffusion lengths, low exciton binding
energies, ease of fabrication, and low-cost processing.1–6 The
perovskite material is structured with an ABX3 composition,
consisting of an organic/inorganic monovalent cation, A
(methylammonium (MA+), formamidinium (FA+), or cesium
(Cs+)); a divalent metal, B (Pb2+ or Sn2+); and a halide anion, X
(Cl−, Br−, or I−).7,8

Perovskite solar cells (PSCs) have currently achieved
impressive power conversion efficiencies (PCE) of up to
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26.1%,9,10 solidifying their position as one of the frontrunners
for next-generation thin-lm photovoltaics. However, despite
their improved efficiency, signicant obstacles to their
commercialization still persist.7,11 The primary obstacle
hindering their practical deployment stems from their limited
extrinsic stability, notably in the presence of oxygen and mois-
ture, as well as intrinsic instability under typical device oper-
ating conditions, including voltage bias, exposure to light, and
temperature uctuations. These challenges are particularly
associated with the migration of ions, weak binding and ion–
electron properties of perovskite crystals, when subjected to an
applied electric eld.12 This can lead to a degradation of
photoelectric properties, which, in turn, can adversely affect
both the performance and long-term stability of PSCs.13,14

Inherent defects and grain boundaries are the main ion
migration pathways within the perovskite layer. Notably,
unreacted lead iodide (PbI2) at these sites, including surface of
perovskite grains, and the interface between the perovskite layer
and the charge transport layer,15–20 is a major cause of intrinsic
instability under illumination. It can break down into iodine
and metallic lead, acting as recombination centers and
promoting ion migration.15,21 In stark contrast, some studies
have shown that the intentional addition of a slight excess of
PbI2 in the precursor for PSC fabrication can actually enhance
efficiency.16,17,22–24 In this case several mechanisms that enhance
J. Mater. Chem. A, 2024, 12, 15837–15846 | 15837
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the performance of these solar cells have been identied,
including defect passivation in perovskite lms, reduction in
halide vacancy concentration, prevention of the formation of
organic-rich surfaces, and enhanced charge transport.16,18–20,25–27

Moreover, the unreacted PbI2 formed at the interface between
the perovskite layer and charge transport layer can effectively
suppress charge recombination and improved carrier injection
either due to surface passivation or band edge matching
between charge transport layer, PbI2, and the perovskite.17,20,28,29

The conicting observations that PbI2 can both enhance
performance but degrade stability suggests a need for research
efforts directed toward simultaneously mitigating crystalliza-
tion of residual PbI2 while improving device stability, ensuring
that efficiency gains do not compromise the long-term reli-
ability of perovskite solar cells.

Numerous methods have emerged to mitigate the adverse
impact of excess PbI2 in perovskite materials. For instance,
a ligand modulation technique improved device performance
by transforming excess PbI2 into vertically distributed PbI2
nanosheets, but it did not address PbI2 photolysis-induced
instability.30 To eliminate residual PbI2 and enhance stability,
a secondary growth method using organic cations and isopropyl
alcohol (IPA) surface treatment was effective but requires
additional effort.15,31–34 Hence, there remains a need to simul-
taneously eliminate residual PbI2 and enhance stability using
a simple method.

In this respect there have been efforts to develop strategies to
suppress ion migration, including passivation, controlling the
crystal growth, and increasing ion-migration barriers through
substitution.35–39 While signicant efforts have been made to
control ionic migration pathways, the ultimate solution
depends on developing an effective method to preemptively
inhibit ion mobility.

One promising approach involves supramolecular complex
engineering. A particularly versatile strategy, which has recently
proven highly effective in preventing these issues within
perovskite compositions, relies on host–guest (HG) complexa-
tion. This method utilizes a variety of macrocyclic host (H)
molecules, which can selectively bind and transport geometri-
cally compatible guest (G) molecules through noncovalent
interactions.40–43 By employing HG complexation, it becomes
possible to regulate ion migration phenomena, as the host
molecules effectively capture cations. This emerging approach
has the potential to impact the crystal structure of perovskites
and consequently inuence the properties of materials and
devices, leading to enhanced long-term stability.2,6,44–47 For
instance, b(beta)-cyclodextrin (b-CD) is one the most well-
known cyclic H molecules comprising seven glucose units
connected by a-1,4 glycosidic bonds. The b-CD can capture
hydrophobic substances in water and can be
functionalized.11,44,48–50 This molecule is chosen for its remark-
able capacity to interact with various chemical compounds
effectively, aiming to establish a comprehensive supramolec-
ular network involving all perovskite precursors in the solution.
It also demonstrates non-toxicity, commercial availability, cost-
effectiveness in comparison to alternative macrocyclic hosts,
and the capability to form supramolecular HG complexes in
15838 | J. Mater. Chem. A, 2024, 12, 15837–15846
aqueous solutions. Despite their potential, the application of
CDs in HG complexes with metal halide perovskites in solar
cells and LEDs has seen limited use.11,44,51–55 Previous studies
highlight b-CD's pivotal role in regulating growth, improving
device efficiency, and enhancing moisture resistance. Notable
applications include stable MAPbBr3/b-CD nanodots for diverse
use,44 and crucial role of b-CD in achieving standard blue
emission and high photoluminescence quantum yield in
CsPbBr3 nanorods, ensuring stability against moisture and
oxygen.53 Investigations into CD's interaction with single cation
perovskite materials showcase their dual advantage in
enhancing crystallinity and moisture resistance by modulating
solvation equilibria.51 Moreover, in an n–i–p conguration, b-
CD has been utilized for moisture resistance and grain stabili-
zation, leading to an improvements in stability and efficiency.56

Additional studies have explored the utility of b-CD under
different operational challenges, employing it as an iodine-
trapper in double cation PSCs to mitigate iodine-induced
degradation, thereby enhancing stability and efficiency under
light and heat.57 A moisture-dependent host–guest interaction
between b-CD and adamantane enabled a self-healing system in
exible perovskite solar cells—promising prolonged device
longevity in portable and wearable photovoltaics.54 Beyond
LEDs and solar cells, b-CD proves valuable in applications like I2
trapping in Li–iodine batteries,55 highlighting its broad poten-
tial in advancing perovskite-based technologies.

Herein, we utilized the remarkable properties of b-CD for
triple cation perovskite, drawing inspiration from its successful
application in the aforementioned studies. We incorporated b-
CD in the precursor solution of triple cation perovskite to
remove the residual PbI2 in the perovskite composition through
providing uniform crystal growth and passivating under coor-
dinated metal/organic cation defects. A perovskite lm modi-
cation using b-CD yields a PCE as high as 21.36% with
competitive solar cell performance and enhanced device
stability against aggressive thermal stress and high humidity
(85% RH). Furthermore, it effectively prevented crystallization
of unreacted PbI2 and provided valuable mechanistic insights
into b-CD's role in hybrid perovskite solar cells.

Results and discussion

To evaluate the impact of b-CD in triple cation perovskites, we
investigated Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 both with
and without b-CD. Films were synthesized using a conventional
solution processing method and deposited onto the hole
transport layer (HTL) through a one-step procedure employing
chlorobenzene (CB) as an anti-solvent (Scheme 1), following the
detailed protocol outlined in the Experimental Section. In our
study, we exclusively used b-CD due to its favorable interaction
with PbI2 and MAI, supported by prior research.51 Alpha cyclo-
dextrin (a-CD) was not examined due to its lower solubility and
limited interaction.

Various concentrations of b-CD, specically for thin lm
formation, were investigated, ranging from 0% to 5 weight/
volume %, including intermediate values of 0.05%, 0.1%,
0.3%, 0.5%, 1%, 2%, and 5%. The outcomes of some of these
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta01741b


Scheme 1 Representation of b-CD modulation mechanism and
potential interaction sites in an inverted perovskite solar cell.

Fig. 2 Photovoltaic characteristics. (a) Current–voltage scans for the
best performing devices, and (b) corresponding IPCE spectra and
photocurrent density calculated by integrating the IPCE with the
AM1.5G solar spectrum.
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experiments are presented in the ESI† (ESI, Fig S1–S3,† which
present thin lm XRD data (S1a†), steady-state photo-
luminescence (S1b†), UV-vis absorption (S1c†), top-down and
cross-sectional SEM images (S2 and S3†), respectively). Results
from these experiments will be discussed in detail below.

To assess the impact of b-CD on photovoltaic performance,
we fabricated solar cells with varying b-CD concentrations (0%,
0.3%, 0.5%, 1%, 2%, and 5%) and compared their performance.
Notably, the power conversion efficiency (PCE) of these solar
cells under standard AM1.5G 1 sun conditions showed
a notable improvement, increasing from an average of 15.55%
to 19.88% with the addition of 0.5% b-CD. Furthermore, the
optimized concentration of 0.5% b-CD led to enhancements in
all parameters: the open-circuit voltage (VOC) increased from an
average of 1.06 V to 1.12 V, the ll factor (FF) rose from 71.44%
to 77.21%, and the short-circuit current density (JSC) increased
from an average of 21.31 mA cm−2 to 23.08 mA cm−2 (Fig. 1).

Based on these results, a champion cell, attributed to the
0.5% b-CD treatment, exhibited an impressive PCE of 21.4%,
high VOC of 1.14 V, a substantial JSC of 23.5 mA cm−2, and
a notable FF of 80.2%. In contrast, the control champion cell
without b-CD treatment achieved a PCE of 19.4%, VOC of 1.11 V,
JSC of 23.3 mA cm−2, and FF of 74.8% (Fig. 2a) as detailed in
Fig. 1 Statistical distribution of the photovoltaic parameters for
control and b-CD-treated devices.

This journal is © The Royal Society of Chemistry 2024
Table 1. Notably, the characterization results conclusively
indicated that the optimal concentration of b-CD was 0.5%.
Consequently, this concentration was selected for further
investigations and analysis in the subsequent stages of the
study.

The expected JSC obtained by integrating the incident
photon-to-current efficiency (IPCE) spectra for the treated
device amounted to 22.1 mA cm−2, which closely matched the
measured JSC value derived from the current–voltage charac-
teristics (Fig. 2b).

X-ray diffraction (XRD) measurements were conducted to
investigate the structural properties of perovskite lms. The
XRD spectra of the lms exhibit the typical perovskite peaks at
2q z14° and z31° for all concentrations, corresponding to the
(100) and (200) perovskite lattice orientations, respectively.
Notably, the presence of PbI2 crystals, evidenced by the peak
around 12.5°, is observed in both control and the treated lm
with 0.05% b-CD. However, this PbI2 peak vanished with
increasing concentrations of b-CD (0.1%, 0.3%, and 0.5%)
(Fig. 3a and S1a†). The absence of this crystalline phase can
likely prevent any PbI2 decomposition into iodine and metallic
lead under light exposure, a process associated with recombi-
nation. Consequently, we anticipate a reduction in non-
radiative recombination, leading to improved device efficiency.

The impact on the surface morphology was further examined
using scanning electron microscopy (SEM). Fig. 3b clearly
shows the absence of PbI2 crystals with the addition of b-CD at
a concentration of 0.5%. Additionally, various concentrations of
b-CD in treated lms exhibit differences in surface coverage and
morphology when compared to the control lms (Fig. S2†).
Cross section SEM images are shown in Fig. S3.† In the control
sample, multiple grains and an internal grain boundary are
observed. However, in the treated sample with 0.5% b-CD, the
Table 1 Photovoltaic parameter data of control and treated sample by
b-CD 0.5%

JSC (mA cm−2) VOC (V) FF (%) PCE (%)

Ctrl Forward 23.3 1.11 74.8 19.4
Reverse 23.3 1.10 76.3 19.6

b-CD 0.5% Forward 23.5 1.14 80.2 21.4
Reverse 23.4 1.13 79.4 20.9

J. Mater. Chem. A, 2024, 12, 15837–15846 | 15839
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Fig. 3 Characterization of the triple-cation perovskite without/with b-
CD treatment. (a) XRD pattern on ITO substrates covered by a SAM
layer (PbI2 reflection indicated by a star), (b) top-view SEM images, (c)
steady-state PL spectra (ITO/MeO-2PACz/perovskite), and (d)
absorption spectra (glass/perovskite) of control (ctrl) and treated
sample by 0.5% of b-CD.

Fig. 4 XPS core-level spectra of pristine perovskite film and b-CD-
treated perovskite film for (a) Pb 4f, (b) O 1s, (c) C 1s, and normalized (d)
O 1s, (e) C 1s, and (f) 207Pb NMR spectra of PbI2 and PbI2 + 0.5% b-CD
precursor solutions in DMSO-d6. The asterisk (*) indicates metallic Pb
species.
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grains appear compact and nicely aligned alongside each other,
and the excess PbI2 is notably absent. The SEM images provide
additional evidence conrming the absence of a crystalline PbI2
phase in the lms with the addition of b-CD, particularly from
0.3% and above. Furthermore, it is widely believed that ion
migration oen occurs across grain boundaries, where the
macrocyclic host molecules are thought to assemble.14,35,39,58

Therefore, it is expected that the morphology changes, which
have already shown their impact on photovoltaic characteris-
tics, will also be reected in the optoelectronic properties.

The optoelectronic properties were investigated by steady-
state UV-vis absorption and photoluminescence (PL) spectros-
copy of thin lms with the glass/perovskite and ITO/MeO-
2PACz/perovskite architectures, respectively. The PL spectra of
the samples containing 0.5% of b-CD displays higher PL
intensities compared to the others (Fig. 3c and S1b†). Typically,
higher PL peak intensity points toward the suppression of non-
radiative charge recombination. This observation aligns with
the improvements in the crystallinity noted in the XRD analysis.
However, the absorption spectra of both the control and treated
lms exhibit similar characteristics, suggesting that the pres-
ence of the b-CD does not signicantly impact the lm's
thickness and composition (Fig. 3d and S1c†).

Furthermore, the space-charge-limited current (SCLC)
method was employed to estimate the trap density as depicted
in Fig. S4.† Electron-only devices (ITO/SnO2/Perovskite with and
without b-CD/PCBM/Ag) were fabricated to quantify the trap-
state density in the perovskite layer. The trap-state density
(Ntrap) was determined using the specic equation equation,59

with calculation details provided in the experimental section. As
illustrated by the SCLC curves (Fig. S4†), the trap-lled limit
voltage (VTFL) for perovskite lms without b-CD (Fig. S4a†) and
those with 0.5% b-CD (Fig. S4b†) were found to be 0.487 V
(average: 0.455 V) and 0.348 V (average: 0.353 V), respectively.
Notably, the perovskite lm incorporating 0.5% b-CD exhibited
a lower VTFL compared to the control sample, suggesting
15840 | J. Mater. Chem. A, 2024, 12, 15837–15846
a reduction in trap-state density. Based on the VTFL results, the
average Ntrap for the control and b-CD-treated lms were
calculated to be 1.47 × 1016 cm−3 and 1.14 × 1016 cm−3,
respectively (Table S1†). This outcome provides additional
evidence that the introduction of b-CD can effectively mitigate
the trap-state density of perovskite.

We further examined the charge recombination dynamics in
the device by analysing the functional relationships between JSC
(Fig. S5a†) and VOC (Fig. S5b†) with various incident light
intensities. The ideality factor (a), indicating bimolecular
recombination, was found to be 0.97 for the control and 1 for
the 0.5% b-CD-treated sample. A higher a value closer to 1
suggests effective suppression of bimolecular recombination in
perovskite solar cells with 0.5% b-CD. The light intensity
dependence of VOC (Fig. S5b†) provides further insights into the
recombination processes accompanying changes in light
intensity. The ideality factor (3) under open-circuit conditions,
with a range of 1 < 3 < 1.5, reects the extent of charge recom-
bination. A value of 3 closer to 1 indicates lesser bimolecular
recombination, while a value closer to 1.5 suggests more traps
in the device, leading to increased bimolecular recombination,
which is unfavourable for charge transmission and collection.
Experimental results reveal that with the incorporation of 0.5%
b-CD, the 3 value is reduced from 1.40 kT/q to 1.09 kT/q, aligning
well with the results obtained from SCLC measurements, indi-
cating the signicant role of b-CD in passivating defects
through supramolecular interaction.

To explore deeper into the inuence of b-CD treatment on
the perovskite, X-ray photoelectron spectroscopy (XPS) analysis
was conducted. Within the Pb 4f level range (Fig. 4a), the XPS
spectra revealed two primary peaks corresponding to Pb 4f7/2
and Pb 4f5/2 at 138.8 and 143.6 eV, respectively, which are
attributed to Pb–I species. Additionally, there were two smaller
peaks observed at 136.9 and 141.9 eV, indicating the presence of
metallic Pb. Notably, the metallic Pb peak disappeared in the
treated lm, suggesting that b-CD molecules could bind to the
undercoordinated Pb2+ ions responsible for the formation of
metallic Pb. This would greatly hold promising implications for
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Topographical (top) and surface potential (bottom) images of
control and b-CD-treated films by KPFM measurements in the dark
condition.
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enhancing the operational stability of the PSCs, which are
adversely affected by the presence of elemental Pb. Further-
more, the peaks within the O 1s and C 1s level ranges at 533.5 eV
and 287.1 eV, respectively, are associated with C–O binding
energies and suggest that b-CD remains present on the surface
of the lm (Fig. 4b and c). In addition, as depicted in the
normalized spectra (Fig. 4d and e), it is evident that these peaks
(both in the O 1s and C 1s level ranges) exhibit a noticeable shi
towards higher binding energies in the case of the b-CD 0.5%
treated sample when compared to the sample containing only b-
CD without perovskite. These results collectively suggest that b-
CD is not merely adsorbed onto the surface but rather inte-
grated into the perovskite layer.

To understand the mechanism responsible for the observed
changes, nuclear magnetic resonance (NMR) spectroscopy was
conducted. Initially, we performed solid-state NMR spectros-
copy, the results of which are illustrated in Fig. S6a and b.† In
this context, it is noteworthy that b-CD exhibited a broad peak,
whereas the target substance displayed a heightened peak
intensity when compared to the control within the same spec-
tral region (Fig. S6a†). In the normalized spectra (Fig. S6b†), we
were able to observe a slight distinction between the target and
control samples, accompanied by the emergence of a minuscule
new peak. However, it is important to note that we encountered
difficulties drawing condent conclusions from these observa-
tions, primarily because the quantity of b-CD is exceedingly
small, rendering it most likely undetectable through NMR
techniques.

Subsequently, we opted to perform solution NMR analyses
on the precursor solutions. Notably, a shi was observed in the
207Pb NMR spectra when comparing PbI2 at a concentration of
150 mM to PbI2 with the addition of 0.5% b-CD (Fig. 4f).
Remarkably, no such shi was observed in the 1H NMR spectra
for the other precursor solutions, implying that the shi (Pb) is
unlikely to be inuenced by environmental factors (Fig. S7†).
The 1H NMR spectra revealed the presence of b-CD peaks in the
mixture of precursor and b-CD, and these peaks did not exhibit
any noticeable chemical shi. Moreover, a solution of control
and 0.5% b-CD powder in DMSO-d6 was prepared, and

1H NMR
analysis conrmed the presence of b-CD within the solution
(Fig. S8†). The 207Pb NMR shi upon adding 0.5% b-CD indi-
cates an interaction with PbI2, contrasting unchanged 1H NMR
spectra, emphasizing the selective b-CD binding to PbI2.

Based on XPS and NMR observations, it is evident that b-CD
effectively anchors uncoordinated Pb2+ ions. This interaction is
pivotal in preventing the formation of metallic Pb, thereby
enhancing the overall stability of the lm under environmental
stress.

Attenuated Total Reectance-Fourier Transform Infrared
(ATR-FTIR) spectroscopy was further employed to investigate
the interactions between b-CD and the perovskite structure.
Perovskite lms with 0.5 and 5% b-CD were compared with the
control lm and b-CD powder. We opted to test 5% b-CD since
exploring a higher b-CD concentration ensured the detectability
of potential interactions. The resulting spectra depicted in
Fig. S9.† The observed shis in the C–O stretching vibrations
from 1152 cm−1 and 1019 cm−1 in pure b-CD to higher
This journal is © The Royal Society of Chemistry 2024
wavenumbers in the treated sample with 5% b-CD (1158 and
1059 cm−1) suggest an interaction between b-CD and the
perovskite. Additionally, the broader O–H stretching peaks in
the 3200–3550 cm−1 range for the treated samples in contrast to
the control, further support the hypothesis of likely supramo-
lecular interaction involving the hydroxyl groups of b-CD and
the perovskite structure.53,60 This implies the potential for
oxygen from the ether bond and hydroxyl groups forming
supramolecular interactions with Pb2+.

Drawing from literature on analogous systems where b-CD
has demonstrated its ability to regulate crystallization behav-
iour and improve device efficiency and moisture resistance
through host-guest interactions, it can be inferred that b-CD has
a similar effect in this context. Previous studies have shown that
b-CD can modulate nucleation rates by controlling the super-
saturation levels of precursor solutions and equilibrating
precursor solubility, leading to uniform nucleation. The
supramolecular interactions established by b-CD, particularly at
grain boundaries, result in a signicant improvement in the
crystalline-to-amorphous ratio, thereby altering the solution
chemistry and inuencing the nal lm properties. These
ndings highlight the important role of b-CD in modifying lm
characteristics and improving performance.51,53,56,57

We further investigated the electronic properties of perovskite
lm with and without b-CD treatment using kelvin probe force
microscopy (KPFM). As illustrated in Fig. 5, the b-CD-treated
perovskite lm revealed a lower average surface potential
compared to the control (−158 mV), which implies a change in
the electronic property of the perovskite surface.61,62 More
importantly, more homogeneous surface potential than that of
control, which is associated with mitigation of residual PbI2
crystals at the surface of perovskite upon b-CD treatment was
clearly observed. The similar root-mean-square roughness was
obtained for the control samples and the b-CD treated samples
(18.40 nm vs. 18.46 nm, respectively). The average surface contact
potentials were determined as −333 mV (with a range of −286 to
−380 mV) for the control samples and −441 mV (ranging from
−444 to −438 mV) for the b-CD modied samples.

To further explore the impact of b-CD on the humidity
resistance of perovskite lms, we subjected both untreated
J. Mater. Chem. A, 2024, 12, 15837–15846 | 15841
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control perovskite lms and those treated with 0.5% b-CD to an
85% relative humidity chamber at 27 °C. We conducted
assessments of the optical properties and morphology of the
samples aer exposure to humidity. The UV-Vis absorption
spectra presented in Fig. 6a and b depict measurements taken
at various time intervals, highlighting the benecial inuence
of b-CD in enhancing the humidity stability of perovskite lms.
Analysis of the absorption spectra revealed a noteworthy decline
in the control sample's absorption, particularly in the shorter
wavelength region. Notably, the inset SEM images in Fig. 6a and
b, revealed that the control samples exhibited degradation of
the perovskite structure aer 176 hours in the humid environ-
ment, while the presence of b-CDmaintained the desired crystal
phase. This observation implies that the reduction in absorp-
tion can be attributed to changes in the lm morphological
structure resulting from humidity stress.

Interestingly, exposure to moisture for 1170 hours caused
a shi in the bandgap from 1.595 eV to 1.583 eV in the control
sample (without b-CD), while only a minimal change of approx-
imately 3 meV was observed in the treated sample with 0.5% b-
CD (Fig. S10†), highlighting the moisture-stabilizing effect of b-
CD. These ndings reveal that prolonged exposure to moisture
led to the decomposition of the control sample into PbI2,
resulting in a redshi of the absorption edge and a reduction in
the band gap. The smaller ionic radius of methylammonium
(MA) compared to formamidinium (FA), along with the smaller
size of bromine compared to iodine, results in a higher tolerance
factor for FAPbI3 compared to MAPbBr3. This indicates greater
stability for FAPbI3 over MAPbBr3. Consequently, MAPbBr3
perovskite is more prone to decomposition at high temperature.
As the heating temperature increases, MAPbBr3 undergoes initial
decomposition in triple-cation perovskite lms, leading to an
increased FA ratio, a redshi in absorption edge, and a decrease
in bandgap energy.63–68 This decomposition also introduces
Fig. 6 Absorption spectra of (a) control and (b) b-CD 0.5% treated
films under humidity environment (85% RH) at 27 °C (insets show top-
view SEM images of films after 176 hours humidity exposure).
Absorption spectra of (c) control and (d) b-CD 0.5% treated films
before and after exposure to aggressive thermal stress for 3 hours at
140 °C.

15842 | J. Mater. Chem. A, 2024, 12, 15837–15846
defect states within the perovskite layer, impeding carrier trans-
fer and exacerbating electron–hole recombination causing
a decline in device performance.63,69 Importantly, our results
show that the chemical and crystal phase deterioration of
perovskite lms due these environmental factors can be averted
through supramolecular interaction using b-CD. Our ndings
align with previous research, which demonstrated that despite
being hydrophilic, b-CD enhances the moisture stability of
perovskite lms by improving nucleation and crystallinity,
thereby enhancing both optical properties and moisture resis-
tance. The presence of b-CD leads to more compact and merged
grains in perovskite lms, slowing down moisture and oxygen
permeation and increasing lm stability.51

To better demonstrate this, both the control and treated
sample (0.5% b-CD) lms were subjected to an aggressive
thermal stress test by exposing them to 140 °C for 3 hours in an
ambient air environment. Before and aer this thermal stress,
an examination of both optical and structural characteristics of
the perovskite lms was conducted. Analysis of absorption
spectra revealed a notable reduction in absorption for the
control sample at shorter wavelengths (Fig. 6c and d). This
mirrors the observed trend during humidity stress, indicating
a potential correlation with alterations in the morphological
structure of the lm induced by thermal stress. The impact of
harsh thermal stress on perovskite lm morphology was
investigated, with results shown in Fig. S11.† Following expo-
sure to increased thermal stress, a notable increase in the
intensity of the PbI2 peak was observed in the XRD data
(Fig. S12†). This heightened intensity indicates that there are
more PbI2 crystals in the perovskite lm, which is supported by
the SEM images. Thus, it is evident that thermal stress induces
a signicant amplication in the intensity of the PbI2 peak,
reecting substantial alterations in the structural of the perov-
skite lm. A similar trend of a decreased bandgap was observed
for thermal stability, mirroring the ndings observed for
moisture stability (Fig. S13†). This underscores the importance
of b-CD in mitigating bandgap shis and preserving the
perovskite phase under both moisture and thermal stress.

Furthermore, the observed remarkable color change aer
storing the perovskite lms for 5 months at a controlled envi-
ronment with a temperature range of 18–20 °C and humidity
between 40 to 45% provides additional compelling evidence of
stability. The control lm completely turned yellow, indicating
the absence of the perovskite phase, while the treated lm with
b-CD remained black (Fig. S14†). This result conrms again the
crucial role of b-CD in preserving the perovskite phase.

Long-term stability tests were conducted on both control and
treated devices (0.5% b-CD), under constant 1 sun illumination
and maximum power point tracking (MPPT) up to 320 hours,
without encapsulation, in an air light soaking box, maintaining
temperatures between 50 to 60 °C. The results are depicted in
Fig. S15.† As shown, the control device experienced a signicant
performance decline, with over a 45% relative loss in PCE aer
89 hours of MPPT ageing. Moreover, the control device ceased
to function aer 90 hours. In contrast, device treated with 0.5%
b-CD demonstrated enhanced stability, retaining around 73%
of its initial PCE aer 320 hours of testing. These ndings
This journal is © The Royal Society of Chemistry 2024
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underscore the effectiveness of b-CD treatment in improving
the long-term stability of our devices under harsh environ-
mental conditions.

To further highlight the signicance of b-CD's cavity in ion
capture, a series of experiments involving maltose, which consists
of two glucose units joined by an a-1,4-glycosidic bond
(Fig. S16a†), was conducted to compare its ion-capturing capa-
bilities against b-CD. Considering that maltose is a short linear
submit of b-CD, this exploration aimed to delineate the distinctive
attributes of b-CD's cavity structure. The lm treated with 0.5%
maltose underwent testing in an 85% relative humidity chamber
at 27 °C alongside control and b-CD treated lms. Fig. S16b†
shows the UV-Vis absorption spectra of a 0.5% maltose treated
lm. A noteworthy decline in absorption, particularly in the
shorter wavelength region is observed. An inset SEM image
revealed that aer 176 hours in the humid environment, the 0.5%
maltose lm showed degradation of the perovskite structure,
whereas the presence of b-CD maintained the desired crystal
phase, as previouslymentioned (Fig. 6b). This result conrms that
the cavity structure of b-CD's is key in bolstering the humidity
stability of perovskite lms. Fig. S16c† illustrates that exposure to
moisture for 1170 hours led to a bandgap shi from 1.598 eV to
1.586 eV in the 0.5% maltose lm, mirroring the behavior of the
control sample (Fig. S10a†). However, the lm treated with 0.5%
b-CD exhibited only a nominal change (Fig. S10b†).

To examine the inuence of maltose on thermal stability, lm
treated with 0.5% maltose underwent an aggressive thermal
stress test at 140 °C for 3 hours in an ambient air environment.
This test revealed a signicant decrease in absorption, particu-
larly noticeable in the shorter wavelength range, as depicted in
Fig. S17a.† Moreover, Fig. S17b† illustrates that the aggressive
thermal stress caused a shi in the bandgap of the maltose 0.5%
lm, aligning it more closely with the behavior of the control
sample shown in Fig. S13a.† Additionally, an evident enhance-
ment in the intensity of the PbI2 peak (2q z 12.5°) in the XRD
data of the maltose 0.5% lm is observed when compared to b-
CD 0.5%, as displayed in Fig. S17c.†

Moreover, an investigation into the impact of thermal stress
on the morphology of the perovskite lm treated with maltose
0.5% revealed degradation, as illustrated in Fig. S17d.† Thermal
stress was found to induce degradation in the morphology of
both the control lms and those treated with maltose 0.5%
(Fig. S11 and S17d†).

The results indicate that b-CD demonstrates superior perfor-
mance in enhancing the stability of perovskite lms under harsh
conditions compared to maltose. This outcome can be attributed
to the inherent architecture of b-CD, which likely provides better
protection and support against the deleterious effects of harsh
environmental conditions on the perovskite lms through
formation of supramolecular interaction.

Conclusions

In conclusion, our study demonstrates a promising implementa-
tion of perovskite lm modication through supramolecular
interaction with b-CD in triple cation perovskite devices. This
approach effectively eliminated unreacted PbI2, as conrmed by
This journal is © The Royal Society of Chemistry 2024
XRD and SEM analyses, leading to enhanced device performance,
likely attributed to defect passivation as evidenced by PL, SCLC
and the dependence of VOC on the incident light intensity studies.
Moreover, we observed improved device stability against aggres-
sive thermal stress and high humidity conditions (85% RH), as
supported by morphological investigations, underlining ability of
b-CD to maintain the desired perovskite phase. In addition, the
devices treated with a 0.5% of b-CD showcased improved stability,
maintaining over 73% of their initial PCE even aer undergoing
320 hours of testing at 50–60 °C.

Further characterizations were conducted to gain more
insight into the impact of the supramolecular complexation. XPS
analysis revealed that b-CD treatment led to the disappearance of
metallic Pb peaks, suggesting binding of b-CD to under-
coordinated Pb2+ ions. This nding holds promise for enhancing
the operational stability of PSCs by mitigating the presence of
elemental Pb. Furthermore, the observed shis in O 1s and C 1s
binding energies imply integration of b-CD into the perovskite,
supporting the absence of phase segregation at the surface.

To understand the mechanism responsible for these effects,
the interaction between the b-CD and perovskite was studied by
NMR spectroscopy. The distinct shi observed in the 207Pb
NMR spectra with the addition of 0.5% b-CD suggests an
interaction between b-CD and PbI2, while the absence of similar
shis in 1H NMR spectra can imply minimal environmental
inuence, reinforcing the selective binding of b-CD with PbI2.
These NMR ndings align with the observations from XPS,
collectively highlighting the potential of supramolecular inter-
action with b-CD as a valuable strategy in optimizing perovskite
device performance and stability. Additional tests, employing
maltose as a non-cyclic control, conrmed the superior efficacy
of b-CD in enhancing perovskite lm stability under harsh
conditions, attributed to its unique cavity structure. Overall, the
formation of a supramolecular system between b-CD and
perovskite presents a promising strategy for controlling perov-
skite precursor chemistry, material structure, and subsequent
device performance and stability. Indeed, we believe that our
research can open a novel pathway toward more efficient and
environmentally friendly perovskite solar cells.
Experimental methods
Materials

The materials used were commercially available. All solvents
and chemicals were used without further purication.
Methods

Perovskite and b-CD precursor solutions. The “mixed”
perovskite precursor solutions were deposited from a precursor
solution containing CsI, FAI, PbI2, MABr and PbBr2 in anhydrous
DMF : DMSO 4 : 1 (v/v) according to a formula of triple cation
perovskite as Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3. The b-CD was
added into the precursor solution at different ratios (0, 0.05, 0.1,
0.3, 0.5, 1, 2 and 5 w/v%).

Solar cell device fabrication. The patterned indium-doped tin
oxide (ITO) coated glass substrates were cleaned with 2%
J. Mater. Chem. A, 2024, 12, 15837–15846 | 15843
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Hellmanex water solution, acetone, and isopropanol under ultra-
sonication for 30 min, respectively. All ITO glass substrates were
dried with N2 blowing and then treated with UV-ozone for 15 min.

Inverted p–i–n architecture PSCs were fabricated (Scheme 1).
In a typical procedure, a hole transport material of (2-(3,6-
dimethoxy-9H-carbazol-9-yl)ethyl)phosphonic acid (MeO-
2PACz) (100 mL) with a concentration of 0.5 mg mL−1 dis-
solved in absolute ethanol was spin-coated on the ITO
substrates with a speed of 3000 rpm for 30 s, followed by
annealing at 100 °C for 10 min. Subsequently, 80 mL perovskite
precursor was spin-coated on ITO/MeO-2PACz layer at 6000 rpm
for 30 s with a ramp of 2000 rpm s−1. About 15 s prior to the end
of the program, 200 mL CB as anti-solvent was dripped onto the
pre-perovskite lm. Then the substrates were quickly trans-
ferred to a hot plate for 30 min at 100 °C. Aer those, 15 nm C60,
6 nm bathocuproine (BCP) and 100 nm Ag electrode via the
controllable power were thermally deposited on the ITO/MeO-
2PACz/perovskite substrate.

Characterization. Photovoltaic devices were measured in
forward direction from −0.1 to 1.2 V using a source meter
(Keithley 4200) under AM 1.5 illumination (100 mW cm−2) from
a Sol3A class AAA solar simulator (Oriel 69920), with a step
voltage of 30 mV and a delay time of 0.3 s. The light source
intensity was calibrated using a standard Si solar cell. The active
area dened by a metal mask aperture is 0.0435 cm2. The
incident photon-to-current efficiency (IPCE) spectra were
measured using an Oriel IQE-EQE 200B. Operational stability
was measured by maximum power point tracking (MPPT)
method under 1 sun illumination at ambient condition.

Using SCLC measurement, the trap-state density (Ntrap) was
determined through the following equation:

Ntrap ¼ 2VTFL303

eL2

where Ntrap represents the trap-state density, VTEL denotes the
trap-lled limit voltage, 30 stands for the vacuum permittivity (30
= 8.8 × 10−12 F m−1), 3 denotes the relative dielectric constant
of perovskite (here referenced to 62.23), e represents the elec-
tron charge (e = 1.6 × 10−19 C), and L signies the lm thick-
ness of perovskite (460 nm).

ATR-FTIR spectra were recorded with a PerkinElmer 1600
Series FTIR spectrophotometer.

UV-vis measurements were performed with a UV-3600 (Shi-
madzu) using a 2D integrating sphere. The samples were
measured using ITO or glass as a baseline correction according
to the substrates.

Photoluminescence measurements on perovskite lms were
performed using a Fluorolog-3 modular spectrouorometer
(Horiba) with an excitation light of 600 nm and 8 nm bandpass.

Scanning electron microscopy images were carried out with
SEM (Zeiss Merlin In-Lens detectors). Optical microscopy was
done using a Nikon Eclipse LV100ND.

X-ray diffractionmeasurements of thin lms were performed
on a by a D8 Discover Vario diffractometer (Bruker) equipped
with a Johansson Ka1 monochromator.

X-ray photoelectron spectroscopy measurements were
carried out on an Axis Supra (Kratos Analytical) using the
15844 | J. Mater. Chem. A, 2024, 12, 15837–15846
monochromated Ka X-ray line of an aluminium anode. The
pass energy was set to 20 eV with a step size of 0.1 eV. The
samples were electrically grounded to limit charging effects.

Nuclear magnetic resonance spectra were acquired on
a Bruker 400 MHz spectrometer (9.4 T) equipped with an AV-IV
console and a 5 mm liquid-state BBO Z-gradient eld three
channel (1H/2H/BB) probe head. Experiments were performed
at room temperature while locking to the deuterium signal of
the d6-DMSO. 1H chemical shis were referenced to Si(CH3)4
(d(1H) = 0 ppm) using the signals of the residual protons of the
deuterated solvent (d1H = 2.50 ppm) as secondary reference.
207Pb chemical shis were indirectly referenced with the 1H
signals of the residual protons of the deuterated solvent using
the X-scale (X = 20.920599 MHz) with Me4Pb + 5% C6D6

(d(207Pb) = 0 ppm) as secondary references.
Solid-state nuclear magnetic resonance-1H MAS NMR

spectra were recorded on a 900 MHz Bruker spectrometer
(21.1T) equipped with an Avance NEO console and 1.3 mm
HCND quadruple-channel CPMAS probe. Samples were packed
into 1.3 mm zirconia rotors under ambient atmosphere spun to
60 kHz spinning speed using nitrogen gas at room temperature.
1H MAS NMR spectra were recorded using Hahn echo
sequences. s90 pulse length was 2.6 ms. 16 scans were cumu-
lated for every spectrum. Recycle delays were chosen to be at 1.3
× T1. 1H chemical shis were referenced to the secondary
reference adamantane at 1.82 ppm.
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F. Jahanbakhshi, L. Merten, A. Hinderhofer, M. A. Hope,
O. Ouellette, A. Mishra, P. Ahlawat, D. Ren, T.-S. Su,
A. Krishna, Z. Wang, Z. Dong, J. Guo, S. M. Zakeeruddin,
F. Schreiber, A. Hagfeldt, L. Emsley, U. Rothlisberger,
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