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Abstract: The commercialization of perovskite solar cells is hindered by the poor thermal stability of
organic–inorganic hybrid perovskite materials. Herein, we demonstrate that crystalline thermoplastic
polymer additives, such as a mixture of polyethylene oxide (PEO, 100,000 MW) and polyethylene
glycol (PEG, 12,000 MW), can improve the thermal stability of CH3NH3PbI3 (MAPbI3) perovskites
and thereby enhance device stability. High-quality less-defect perovskite films were obtained by
establishing a strong reaction between hydroxy groups in the PEO + PEG mixture and the unco-
ordinated Pb2+ in MAPbI3 perovskites, leading to a high power conversion efficiency of over 18%
despite the presence of insulating thermoplastic polymers in the MAPbI3 film. More importantly, as
compared with pristine MAPbI3 perovskite solar cells, the PEO + PEG-modified counterparts showed
significantly improved stability under thermal treatment at 85 ◦C in ambient air with a relative
humidity of 50–60%, remaining at nearly 71% of their initial efficiency values after 120 h. These
demonstrations offer a feasible thermoplastic polymer additive engineering strategy to improve the
thermal stability of perovskite solar cells.

Keywords: halide perovskites; thermal stability; thermoplastic additives; solar cells

1. Introduction

Organic–inorganic hybrid perovskite solar cells (PSCs) have been a key field of re-
search in the previous decade due to their high light absorption coefficient, varied bandgap,
and long carrier lifetime [1–4]. Owning to their remarkable photovoltaic performance
and low-cost fabrication, organic–inorganic halide PSCs have tremendous potential as a
foundation for the next generation of photovoltaics. In a relatively short development
period, PSCs have achieved a startling 25.7% power conversion efficiency (PCE) due to
their optoelectronic characteristics [5–9]. The key to this fast development is the ground-
breaking thin-film technology that has been established. Although the efficiency of PSCs
has immensely shortened the gap with the Schockley–Quisser theoretical limit, there are nu-
merous interior and surface defects in perovskites caused by their polycrystalline structure,
volatile organic components, and ionic nature, generating very limited device stability that
prevents them from being commercialized [10–12]. This is certainly relevant for devices
subjected to environmental stress, such as humidity, heat, oxygen, sunlight, and combina-
tions of these, all recognized as possible degradation factors [13–16]. Therefore, developing
ultra-stable and high-efficiency devices that can withstand harsh operating conditions is a
challenging task and an urgent need.

Organic–inorganic hybrid perovskites easily decompose in both humid and hot envi-
ronments [17,18]. Improvements in stability against humidity have been reported in several
studies. The humid environments’ stability issue can be simply solved by reliable encapsu-
lation [19], which is very mature in the industry. However, thermal stability is not such
a case. Despite this, industrial validation needs exceptional temperature stability, which
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cannot be achieved by encapsulation. The hybrid perovskites usually decompose under
substantial heating due to the intrinsic volatile capability of organic components which
are only weakly bound with inorganic PbI6 frameworks. Therefore, it is of great impor-
tance to develop feasible approaches to improve the thermal stability of organic–inorganic
hybrid perovskites. Researchers in the field of organic–inorganic hybrid perovskites are
striving to develop various mechanisms and strategies that can improve their photovoltaic
performance. In order to minimize barriers towards the commercialization of organic–
inorganic hybrid perovskite solar cells, compositional engineering, the incorporation of
additives, the interface and surface passivation of light absorber layers, the selection of
charge transport layers, solvent engineering, and electrode layer selection have received
much attention [20–23].

Additive engineering has been extensively studied for improving device stability [24–26].
Additive engineering is viewed as a promising option to form defect-free perovskite crys-
tals. The addition of additives to the perovskite precursor solutions was found to be
advantageous for passivating bulk and grain boundary defects during the formation of
the perovskite phase [27,28]. For example, an additive of oxalic acid (OA) containing two
bifacial carboxylic acid groups was added to the perovskite precursor solution to enlarge
grain size, reduce grain boundaries, and passivate trap states, resulting in a higher power
conversion efficiency and excellent thermal stability [29]. Moreover, potassium hexafluo-
rophosphate (KPF6) as a modifier was employed to accelerate perovskite crystallization by
boosting completely coordinated intermediate groups in the solution and compensating
for halide vacancies, which passivated ionic defects and decreased non-radiative recombi-
nation, strengthening device efficiency and stability [30]. Li et al. demonstrated that the
crosslinking between CH2=CH groups in dipentaerythritol pentaacrylate (DPPA) blocks
ion migration channels at grain boundaries [31]. Therefore, due to its synergistic function,
ion migration was effectively inhibited while the PSCs demonstrated strong operating
stability. In addition, polymeric materials can act as growth templates and retardants to
form high-quality perovskite films [32,33]. Lee et al. investigated the use of a non-ionic sur-
factant, polyoxyethylene (20) sorbitan monolaurate (Tween 20), to enhance the performance
and stability of perovskite solar cells fabricated using the thermal-assisted blade-coating
method. They demonstrated that adding an appropriate amount of Tween 20 to a MAPbI3
perovskite film can control the crystalline domain size and significantly enhance radiative
recombination, resulting in a high power conversion efficiency [34]. Despite their high
molecular weights, the polymers remained within the perovskite films during anneal-
ing, preventing them from evaporating and passivating crystal growth regions. Cai et al.
studied the effect of three polymers on perovskites-HTL interface modification, including
hydrophilic PEG, thermoplastic poly (methylmethacrylate) (PMMA), and poly [2-methoxy-
5-(2-ethylhexyloxy)-1,4-pheny-lenevinylene] (MEH-PPV) semiconductor. Based on their
analysis of the modified perovskite films, it was found that the modified perovskite films
were more tetrahedral with lower surface roughness and exhibited enhanced photovoltaic
characteristics [35]. Our previous study showed that localized defects can be passivated
through Lewis acid–base interactions to improve photodetection performance [36]. In-
terestingly, hygroscopic PEG protects the perovskite layer from moisture, resulting in
exceptionally stable perovskite films and devices [37]. Despite the progress in enhancing
the stability of perovskite solar cells in a humid environment, there is a lack of study on the
improvement of thermal stability for the hybrid perovskite films and the associated solar
cells with the use of PEG polymers.

In this study, we demonstrate that a mixture of crystalline thermoplastic additives,
polyethylene glycol (PEG), and polyethylene oxide (PEO) delivers a high-performance
and thermally stable perovskite solar cell. As a conclusion, PEO + PEG mixture treatment
results in a high-performance inverted perovskite solar cell with a high efficiency of 18.55%.
Moreover, thermoplastic PEO and/or PEO + PEG mixtures with high molecular weights
can play a role as a shield to stabilize the perovskite texture under heat attack; the unen-
capsulated devices with PEO + PEG modification showed enhanced thermal stability, as
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they maintained 71% of their initial efficiencies after 120 h of presence at 81 ◦C in ambient
air with a relative humidity (RH) of 50–60% in dark conditions. However, the efficiencies
of the untreated devices sharply decreased to 10% of their initial values after only 48 h
under the same test conditions. Overall, this treatment provides a viable way to increase
the thermal stability of perovskite solar cells.

2. Experimental Section
2.1. Materials

Methylammonium iodide (MAI, 99.99%), lead iodide (PbI2, 99.99%), bathocuproine
(BCP, 99%), and Poly [bis (4-phenyl) (2,4,6-trimethylphenyl) amine (PTAA) were purchased
from Xi’an Polymer Light Technology Corp. Polyethylene oxide (PEO, 100,000 MW)
and polyethylene glycol (PEG, 12,000 MW) were purchased from Alfa Aesar. N, N-
Dimethylformamide (DMF, 99.8%), chlorobenzene (CB, 99.8%), and isopropanol (IPA,
99.5%) were purchased from Sigma-Aldrich. Buckminsterfullerene (C60, 99%) was pur-
chased from Nano-C. Silver (Ag, ≥99.99%) was purchased from ZhongNuo Advanced
Material (Beijing, China). Indium tin oxide coated glass (ITO glass) was bought from
Huanan Xiangcheng Technology Co., Ltd. (Changsha, China).

2.2. Film and Device Fabrication

Cleaning of indium tin oxide (ITO) glasses was carried out successively with detergent,
water, acetone, and isopropanol and then dried at 70 ◦C. A further 20 min UV-ozone
treatment was applied to the as-treated ITO substrates to increase their hydrophilicity. The
substrates were then transferred to an N2-filled glove box. ITO substrates were spin-coated
with PTAA solution (5 mg/mL in toluene) at 4000 rpm for 30 s, followed by annealing
at 100 ◦C for 10 min. The MAPbI3 films were prepared by a two-step technique. Three
different types of solution were prepared: 1. 1.2 M PbI2, and 0.2 M MAI in DMF solvent
with different PEG concentration ratios (0, 0.5, 1, and 2 mg/mL); 2. 1.2 M PbI2 and 0.2 M
MAI in DMF solvent with different PEO concentration ratios (0, 0.5, 1, and 2 mg/mL); 3. A
combination of PEO + PEG in different ratios, including (PEO 0.5 mg + PEG 0.5 mg), (PEO
1 mg + PEG 1 mg), and (PEO 2 mg + PEG 2 mg), was added to 1.2 M PbI2 and 0.2 M MAI in
1 mL DMF solvent. All of these solutions were spin-coated onto PTAA at 6000 rpm for 20 s.
The MAPbI3 perovskite films were formed by dropping the MAI solution (40 mg/mL in
IPA) onto the PbI2-rich substrates at 4000 rpm, followed by 30 min of annealing at 100 ◦C.
Then, thermal evaporation was used to fabricate C60 (20 nm), BCP (7 nm), and Ag (80 nm).
The active area of the device was defined as 0.08 cm2.

2.3. Instrumentation

Current density-voltage (J-V) curves were measured without mask using a Keithley
2450 Source Meter under AM 1.5G irradiation (100 mW/cm2) with a xenon-lamp solar
simulator (Newport Oriel 66902). For the EQE curves, a quantum efficiency measurement
system (Enli Technology) was used in air without encapsulation. A Bruker D8 ADVANCE
X-ray diffractometer and a Cu-K radiation source (λ = 1.5418 Å) were applied to acquire
the X-ray diffraction (XRD) patterns. The surface and cross-sectional morphological photos
were captured with a Navi Innovation scanning electron microscope and Helios Nano
Lab G3 UC scanning electron microscope, respectively. The surface composition of the
perovskite was studied by X-ray photoelectron spectroscopy (XPS) using AXIS SUPRA+.

3. Results and Discussion

In principle, PEO and PEG polymers have the same molecular formula, and their
names are defined based on their molecular weight (MW). PEG is typically used for MWs
of less than 20,000, whereas PEO is used for MWs of above 20,000. In order to investigate
the effect of the molecular weight of polyethylene glycol on the photovoltaic performance
of MAPbI3 perovskite solar cells, PEG (MW 12,000), PEO (MW 100,000), and a mixture
of PEO and PEG (PEO + PEG; weight ratio, 1:1; the PEO + PEG with a molecular weight
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between PEG and PEO) were introduced as additives into the step-one PbI2 solution to
modify the MAPbI3 perovskites. By using these additives, the effect of different molecular
weights of the polymers on the performance of perovskite solar cells can be studied.
The top-view scanning electron microscopy (SEM) images of ITO/PTAA/MAPbI3 films
fabricated without and with PEG, PEO, and PEO + PEG are shown in Figures 1a–d and S1.
SEM photographs demonstrate that perovskite grains are uniform and in good contact,
and no pinholes are observed in all the perovskite films. Meanwhile, it is found that the
grain sizes of the perovskite films are significantly reduced after modifying the MAPbI3
perovskite with PEG, PEO, and PEO + PEG polymers. In addition, the effect of a PEO + PEG
mixture on the morphology of a different perovskite composition (MAPbIxCl3-x) was
investigated, and we find that the grain size of the MAPbIxCl3-x perovskite film is also
significantly reduced after introducing a PEO + PEG mixture (Figure S2). It is reported
that the interactions between hydroxy groups of PEG (or PEO) and lead ions can form
more nucleation sites during the perovskite crystallization process, thereby generating
the smaller grains [38]. According to our previous work, the molecular weight of poly
(ethylene glycol) additives affected the perovskite crystal size due to the steric effect of
polymeric additions [36]. Meanwhile, the steric effect of PEG-related polymers with long
ligands could hinder perovskite crystallization and form a compact and uniform perovskite
film with smaller grains. Moreover, PEG and PEO increase the surface energies of the
MAPbI3 perovskites, contributing to the total Gibbs energy; the smaller grain sizes are thus
expected to stabilize the perovskite phase of the MAPbI3 active layers. This approach has
also been found to be effective when combined with polyethylene glycol modifications,
which increases the perovskite film’s tolerance to moisture [38]. It should be pointed out
that an excess of small grains is not beneficial to form the high-quality film [39]; thus, a
better perovskite film can be expected to form when employing PEO + PEG modifiers with
a suitable molecular weight.
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Figure 1. SEM images of (a) the control perovskite film, (b) PEG treated perovskite film, (c) PEO
treated perovskite film, and (d) PEO + PEG treated perovskite films. (e) XRD patterns of the control
perovskite films without and with PEG, PEO, and PEO + PEG mixture treatment.

Furthermore, the impact of PEG, PEO and PEO + PEG on the perovskite crystal struc-
ture was further investigated by recording X-Ray diffraction (XRD) patterns, as displayed
in Figure 1e. All the samples showed two characteristic peaks at 14.0◦ and 28.3◦, which are
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assigned to the (110) and (220) lattice planes of the tetragonal MAPbI3 perovskite crystal,
and a higher crystallinity is found in the modified perovskite films based on the enhanced
intensities at both the (110) and (220) planes, leading to better performance of the perovskite
solar cells. This increase in intensity of characteristic peaks is mainly due to the formation of
Lewis base reactions between PEG (and PEO) with hydroxy groups and the uncoordinated
Pb2+ in MAPbI3 perovskite. Such a strong interaction is expected to increase the activation
energy of nucleation, which is able to slow down perovskite crystal growth to improve the
crystallinity of the perovskite films with a preferred orientation, forming a high-quality
perovskite film with low nonradiative recombination defects. In addition, a small peak at
12.5◦ is also found in these perovskite films, indicating an excess of PbI2. A small amount
of PbI2 in the MAPbI3 perovskite is expected to improve the optoelectronic performance of
the perovskite film [40].

We then investigated the effect of the molecular weight of polyethylene glycol on the
thermal stability of the perovskite films at 85 ◦C by recording XRD patterns. As shown
in Figure 2a, the control perovskite film showed a large increase in two additional peaks
at 12.6◦ and 38.6◦ with increasing heating time, which correspond to the (001) and (003)
planes of the hexagonal PbI2 phase. Meanwhile, distinct PbI2 was also observed in the
perovskite film with PEG modification over time (Figure 2b). However, only a small PbI2
product was observed in the PEO and PEO + PEG-treated perovskite films under the
same thermal stability conditions (Figure 2c,d). This indicates that PEO and PEO + PEG
can improve the endurance of the MAPbI3 perovskite film against heat, which should be
attributable to the usage of thermoplastic PEO and/or PEO + PEG with high molecular
weight. The thermal stability of perovskite solar cells with PEO + PEG modification is
attributed to the thermoplastic properties of the mixture, which enable the device to remain
stable even when exposed to high temperatures, ensuring its long-term performance. The
reaction between the hydroxyl group of PEO + PEG and the uncoordinated Pb2+ in MAPbI3
perovskite forms a protective layer that shields it from heat attack. All of these factors
contribute to the enhanced thermal stability of perovskite solar cells.

The planar heterojunction perovskite solar cells were constructed with a structure of
poly [bis (4-phenyl) (2,4,6-trimethylphenyl)amine] (PTAA)/MAPbI3 perovskite/fullerene
(C60)/2,9 dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)/Ag to investigate the influence
of PEO and PEG on the device performance, as shown in Figure 3a. Figure 3a displays the
cross-sectional SEM image of the realistic device, suggesting a dense and uniform layered
morphology. To further investigate the effect of these additives on device performance, we
optimized the concentration ratio of PEG-only (0, 0.5, 1 and 2 mg/mL), PEO-only (0, 0.5, 1,
and 2 mg/mL), and a combination of PEO + PEG (0.5 + 0.5, 1 + 1, and 2 + 2) mg in 1 mL
DMF. As shown in Figure 3b, the pristine device showed a PCE of 17.21%, along with an
open circuit voltage (VOC) of 1.051 V, a short-circuit current density (JSC) of 22.73 mA/cm2,
and a fill factor (FF) of 0.72. After the PEG-only (0.5) modification, the device showed a PCE
of 17.35%, along with a VOC of 1.067 V, a JSC of 22.22 mA/cm2, and an FF of 0.72. When
the amount of PEG was increased to 1 mg, the device exhibited a higher PCE of 17.74%,
along with a VOC of 1.070 V, a JSC of 23.04 mA/cm2, and an FF of 0.71. However, the PEG
(2) device only showed a lower PCE of 17.25%, a VOC of 1.070 V, a JSC of 22.52 mA/cm2,
and an FF of 0.71. Similarly, as illustrated in Figure 3c, the untreated device showed a
PCE of 17.42%, along with a VOC of 1.051 V, a JSC of 22.03 mA/cm2, and an FF of 0.70.
After the PEO (0.5) modification, the device showed a PCE of 17.28%, a VOC of 1.064 V,
a JSC of 21.93 mA/cm2, and an FF of 0.73. The PEO (1) device showed a PCE of 17.62%,
a VOC of 1.081 V, a JSC of 23.54 mA/cm2, and an FF of 0.68. Lastly, the PEO (2) device
showed a PCE of 17.07%, a VOC of 1.083 V, a JSC of 23.18 mA/cm2, and an FF of 0.67.
Furthermore, the optimization of the concentration ratio of PEO + PEG-based devices was
also investigated. As illustrated in Figure 3d, the control device showed a PCE of 18.14%, a
VOC of 1.056 V, a JSC of 23.12 mA/cm2, and an FF of 0.73. After the modification of PEO +
PEG (0.5 + 0.5), the device showed an improved PCE of 18.44%, a VOC of 1.064 V, a JSC of
23.26 mA/cm2, and an FF of 0.73. Specifically, the device with PEO + PEG (1 + 1) showed
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a further increase in PCE of 18.76%, along with a VOC of 1.061 V, a JSC of 23.34 mA/cm2,
and an FF of 0.75. However, the device with PEO + PEG (2 + 2) showed a decreased PCE
of 17.74%, with a VOC of 1.069 V, a JSC of 22.72 mA/cm2, and an FF of 0.72. Thus, the
photovoltaic performance of PEG-, PEO-, and PEO + PEG-treated devices was evaluated
with an optimized ratio of 1 mg, 1 mg, and 1 mg + 1 mg in a 1 mL precursor solution,
respectively. In addition, statistical analysis further confirmed the optimization of these
PEG, PEO, and PEO + PEG concentrations to modify the solar cells based on MAPbI3
perovskites (Figure S3).
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Figure 2. XRD patterns of the perovskite film without (a) and with (b) PEG, (c) PEO, and (d) PEO +
PEG treatment before and after thermal stability at 85 ◦C. * represent the characteristic peaks of PbI2.

The comparison of photovoltaic performances between the control device and PEO-,
PEG-, and PEO + PEG-treated devices is shown in Figure 3e, and the relevant parameters
(average values) are listed in Table 1. The control device showed a PCE of 18.36%, along with
a VOC of 1.058 V, a JSC of 23.65 mA/cm2, and an FF of 0.72. After modifying the perovskites
with PEG-only and PEO-only, the efficiencies decreased to 17.33% and 16.56%, mainly due
to the lower JSC of 22.02 mA/cm2 and 22.66 mA/cm2, respectively. However, the PSC
modulated by the PEO + PEG mixture yielded a higher PCE of 18.70%, accompanied by
a VOC of 1.066 V, a higher JSC of 23.62 mA/cm2, and a higher FF of 0.73. Additionally,
the PEO + PEG mixture was further used to decorate the MAPbIxCl3-x-based device, as
shown in Figure S4 and Table S1. We found that PEO + PEG can also improve the device
performance of the solar cell based on MAPbIxCl3-x perovskite. These results indicate
that the addition of PEO + PEG to the perovskite layer can improve the photovoltaic
performance of devices based on different perovskite compositions. The variation in current
densities for these devices was further confirmed by the external quantum efficiency (EQE)
spectra, as shown in Figure 3f. The EQE spectra demonstrated that the integrated JSC values
of the PSCs correlated with their JSC values from the J-V test results. The current density
of PSCs decreased after decorating the perovskite films with PEO only and PEG only and
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increased when PEO was blended with PEG. In addition, statistical analysis of 20 devices
further suggested that all the performance parameters were reduced when the devices
were modified only with PEO and PEG. On the contrary, these parameters of the devices
were raised after employing the PEG + PEO mixture, as compared to the control, PEG-, and
PEO-treated devices (Figure 3g,h). This improvement in performance was demonstrated
by the transformed data represented in Figure 3g,h, which show a significant increase in
the performance parameters of the PEO + PEG-treated device. In addition, after modifying
the perovskites with PEO and PEO + PEG polymers, the current density of the devices
decreased from 23.65 to 21.66 and 23.62 mA/cm2, respectively. This is mainly due to the
insulating property and steric effect of polymer materials. In addition, PEO with a higher
molecular weight can show a stronger steric effect than PEO + PEG. Strong steric effects
can hinder charge extraction and transport, reducing the currents and device efficiencies.
However, PEO + PEG with a suitable molecular weight reduces defects in the perovskite
film through Lewis base reactions, while having weaker steric effects compared to PEO. It
is concluded that independent PEO and PEG can have a negative impact on enhancing the
device performance, whereas the combination of PEO and PEG can have a beneficial effect
and improve the photovoltaic performance of perovskite solar cells.
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Figure 3. (a) Device configuration and cross-sectional SEM image of the real device. J-V curves of the
perovskite solar cells based on different concentrations of (b) PEG (0, 0.5, 1, and 2 mg/mL), (c) PEO
(0, 0.5, 1, and 2 mg/mL), and (d) PEO + PEG (0, 0.5 + 0.5, 1 + 1, and 2 + 2 mg/mL). (e) J-V curves,
(f) EQE spectra and statistical distribution of (g) PCE and VOC and (h) FF and JSC of the PSCs with
and without PEG, PEO, and PEO + PEG mixture.
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Table 1. Photovoltaic parameters (average values) of the PSCs without and with PEG, PEO, and
PEO + PEG treatment.

Devices VOC (V) JSC (mA/cm2) FF PCE (%)

Control 1.058 23.65 0.72 18.36
With PEG 1.052 22.02 0.68 17.33
With PEO 1.042 21.66 0.67 16.56

With PEO + PEG 1.066 23.62 0.73 18.70

In addition, as a result of the PEO + PEG (1 mg + 1 mg) mixture allowing improvement
in the device performance, rather than the individual PEO and PEG, we further inves-
tigated the thermal stability of the device without encapsulation based on the ISOS-D-2
protocol [41], as shown in Figure 4a. The device containing the PEO + PEG mixture showed
excellent thermal stability, with 71% of initial PCE values retained after 120 h under heating
stress at 85 ◦C in ambient air with a RH of 50–60% in dark conditions. In comparison, the
control device efficiencies decreased to only 10% of their initial values after only 48 h under
the same test conditions. Additionally, the J-V curves of the devices with and without the
PEO + PEG mixture before and after thermal treatment in ambient air are also shown in
Figure 4b. It was further confirmed that the combination of PEO and PEG plays an imper-
ative role in improving the thermal stability of perovskite solar cells, as the PCE for the
control device sharply dropped from 15.49% to 1.58% after only 48 h of thermal treatment
at 85 ◦C, while the PCE for the PEO + PEG-based device dropped from 16.08% to 11.72%
after 120 h. These results suggest that the PEO + PEG mixture was effective in protecting
the device from deterioration under high temperature and humid conditions. The ability of
the PEO + PEG mixture to maintain its PCE values for extended periods of thermal storage
demonstrates its potential for practical application. This is an important characteristic
when it comes to the development of devices for use in solar energy applications.
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Figure 4. (a) Evolution of device efficiencies under heating stress at 85 ◦C in ambient air with a RH of
50–60% in dark conditions. (b) J-V curves of the devices with and without PEO + PEG before and
after thermal stability.

X-ray photoelectron spectroscopy (XPS) was performed to reveal the element compo-
sition on the perovskite surface and clarify the interaction between the PEO + PEG mixture
and perovskite. As shown in Figure 5a, a characteristic peak for O 1s was observed at a
binding energy of 529.1 eV in pure perovskite, while the peak intensity was much higher
and shifted to 529.7 eV when PEO + PEG was added to the perovskite film, suggesting the
existence of oxygen atoms derived from PEO and PEG. In addition, from Figure 5b, we
observed that the two signals of Pb 4f7/2 and Pb 4f5/2 were located at 138.4 and 143.3 eV,
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respectively, for pure perovskite film. When the PEO + PEG mixture was added to the
perovskite film, Pb 4f7/2 and Pb 4f5/2 were shifted to lower binding energies of 138.2 and
143.1 eV, respectively. This means that the positive charge of the Pb2+ ion in perovskite
was lowered, which may be ascribed to the lone pair electron of the O element in PEO and
PEG contributing to the 6p empty orbital of Pb2+, indicating a strong interaction between
PEO + PEG and perovskite. Such interaction allows for reduced trap states. Due to their
nonvolatile features, PEO and PEG polymers remain predominantly at the grain bound-
aries during the thermal annealing process. They act as scaffolds at the grain boundaries
to improve the durability of the perovskite against heat attack through the Lewis base
reactions. Furthermore, perovskite film is shielded from degradation by thermoplastic
PEO + PEG molecules, as illustrated in Figure 5c, which considerably improves the device’s
stability and contributes to its overall performance.
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4. Conclusions

Our study demonstrated that a small quantity of the PEO + PEG mixture can be
utilized as an additive in the preparation of efficient and stable perovskite solar cells. The
incorporation of the PEO + PEG mixture into the MAPbI3 perovskite improved device
efficiency rather than individual PEO or PEG polymers. As a result of the thermoplastic
shield and the Lewis base–acid reactions between the hydroxy groups in the PEO + PEG
mixture and the uncoordinated Pb2+ in MAPbI3 perovskites, PEO + PEG-based PSCs
exhibit increased thermal stability at 85 ◦C in ambient air compared to the control device.
Thus, this approach could be employed to stabilize different kinds of perovskite-based
photoelectric device topologies.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16093621/s1, Figure S1: SEM images of the control MAPbI3
perovskite film, PEG treated MAPbI3 perovskite film, PEO treated MAPbI3 perovskite film and
PEO+PEG treated MAPbI3 perovskite films; Figure S2: SEM images of MAPbIxCl3-x perovskite
film without and with PEO+PEG treatment; Figure S3: Statistical distribution of PCE, VOC, FF and
JSC of the PSCs with different concentrations of PEG (0, 0.5, 1, and 2 mg/mL), PEO (0, 0.5, 1, and
2 mg/mL), and PEO+PEG (0, 0.5 + 0.5, 1 + 1, and 2 + 2 mg/mL); Figure S4: J-V curves of the PSCs
based on MAPbIxCl3-x before and after PEO+PEG treatment; Table S1: Photovoltaic parameters of
the MAPbIxCl3-x PSCs without and with PEO+PEG treatment.
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