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Abstract  
Mesoporous carbon-based (mC) hole-transporting-layer-free architectures offer a cost-effective 
solution for the commercialization of perovskite solar cells (PSCs). Adding 5-aminovaleric acid 
(AVA) to MAPbI3 reduces defect concentration and enhances pore filling, while Eu enrichment in 
CsPbI3 reduces cation migration and enables device reusability. 
In this study, AVA-MAPbI3 mC-PSCs were encapsulated at room temperature (RT) with a solvent- 
and water-free polyurethane (PU) resin. Under continuous ambient light, RT, and 40% relative 
humidity (RH), PU encapsulant acts as a barrier to extend device durability and enable 
reusability. The formation of a bump in the J-V curve after ~250 h, already reported at low scan-
rate but here observed at 50 mV/s, strongly reduces the photovoltaic performances. We 
demonstrate that the bump is not linked to the formation of PbI2 but is explained by a water-
vacancy interaction that increases cation mobility and enhances screening effects near the 
electron-transport layer. The photovoltaic performances are fully restored by drying the devices 
under N2 flow for ~48 hours. 
A further addition of a hydrophobic Kapton tape interlayer between the PU and the device 
mitigates bump formation, boosts t90 to ~6000 h and projects t80 to ~10,800 h. Differently from 
the Kapton tape used alone, PU provides an effective sealing all around the devices, ensuring 
stability in 100% RH at 90 °C and even underwater. 
For indoor applications, Eu:CsPbI3 mC-PSCs typically degrade from γ- to δ-phase within ~1 h in 
air, whereas PU-encapsulated devices achieve t80 ~250 h, extendable to 1250 h with an additional 
closure glass slide. 
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1. Introduction 
Mesoporous carbon (mC) hole-transporting-layer-free (HTL-free) architectures represent a 
promising solution for the future commercialization of low-cost Perovskite Solar Cells (PSCs)1,2 
due to their printability, cost-effectiveness, and stability3. In addition, mC-PSCs offer versatility 
in integrating different perovskite formulations, with perovskite infiltration being the final 
processing step to complete the architecture. Besides outdoor use, mC-PSCs are also 
candidates for powering indoor photovoltaic Internet of Things (IoT) devices. 4  
Accounting for specific issues, the hybrid formulations like MAPbI3 must face the undesired 
formation of volatile species during operation in air, while inorganic CsPbI3 perovskite is unstable 
for the − to − phase competition5,6. To extend the durability of MAPbI3, additives such as 
aminovaleric acid (AVA) have been used7. Notably, mC-AVA-MAPbI3 devices have demonstrated 
stability for up to 1000 h under continuous 1 Sun illumination, even without UV filters or external 
heating8. For CsPbI3 perovskite, we have shown9,10 that the addition of Eu inhibits the formation 
of defect states which populate the band-gap region, resulting in improved device performances. 
As a result, mC-PSC with integrated CsPbI3:EuCl3 shows good performance stability under 
continuous illumination at 55 °C in the N2 environment11.  
However, despite being infiltrated into mC-PSCs, which offer humidity protection due to the 
hydrophobic character of the carbon electrode, all the perovskite compositions remain highly 
sensitive to ambient humidity. Therefore, for practical use, they require more effective protection 
with compatible encapsulating materials.  
PSCs can be encapsulated using various methods, including the application of thin films (e.g. 
SiO2

12
, Al2O3

13 ) or polymers (e.g. ethylene-vinyl acetate (EVA), polyolefin14) as protective coatings, 
with or without a cover glass15,16,17,18. In addition, edge sealants like polyisobutylene (PIB) can 
further slowdown moisture access from the edges19. An ideal encapsulation material should 
possess low oxygen (OTR) and H2O vapour transmission rate (WVTR), ensuring minimal 
permeability to gases and moisture. It should maintain optical clarity without affecting light 
transmission (e.g. for building integrated photovoltaics20,21, Agrivoltaics22, Si/perovskite tandem 
solar cells23), although this may not be essential for applications where semi-transparency24 is 
not required. Additionally, it should exhibit suitable mechanical properties to absorb strain25, 
resist UV26 and thermal oxidation27, adhere strongly to the perovskite device/module, and not 
react with or degrade the perovskite. Moreover, its thermal expansion coefficient should be 
similar to that of the perovskite layer28 to minimize the risk of delamination or mechanical stress-
induced damage.  
Various encapsulation strategies have been reported to encapsulate mC-PSCs, including glass 
covers with Surlyn edge sealing29, thermoplastic resin films composed of ionomer-based 
materials with a glass cover30,31, and the use of hot-melt polyurethane (PU) film with a glass 
cover32. Among these options, PU emerges as a promising encapsulation material33 due to its 
cost-effectiveness, lightweight nature, and thermal and light stability. However, any 
encapsulation methods with glass covers increase the overall weight and costs of the device. 
Additionally, the sealing process with PU film requires a vacuum laminator with temperatures 
exceeding 80 °C and/or the application of pressure, which may damage the devices.  
In this study, mC-PSCs infiltrated with AVA-MAPbI3 have been encapsulated using a 
thermosetting PU resin coating, which has been previously used to successfully encapsulate 
traditional p-i-n PSC by some of us34. Liquid PU is prepared by mixing two precursor monomers 
(polyol and isocyanate) and deposited on mC-PSCs by the drop-casting method also compatible 
with industrial production. As a huge mainstay of the material, this liquid PU formulation without 
solvents or water content polymerize and adhere to mC-PSCs at room temperature in a nitrogen 
environment. Moreover, the process is easily up-scalable for large-scale production. The 
encapsulated devices were then stored in ambient conditions at relative humidity (RH) of 30-
50%, continuously exposed to ambient light at room temperature. The photovoltaic 
performances of encapsulated devices were monitored over time, revealing a complex interplay 
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between PU and ambient humidity, which results in the appearance of a reversible bump in the 
mC-PSC J-V curves. Typically, this bump is observed in unencapsulated mC-PSCs when the scan 
speed during J-V measurements is low (4-6 mV/s)11,35. We investigated through focused 
experiments and simulations the origin of this bump which arises in PU-encapsulated mC-PSCs 
at a higher scan speed (50 mV/s). In addition, focused encapsulation strategies (e.g. specific 
interlayer between PU and mC-PSC) were proposed to boost the durability of AVA-MAPbI3 mC-
PSCs along a timescale of 9 months, highlighting the pivotal role played by PU for protection and 
reuse in extreme humidity conditions and in H2O soaking. Finally, the PU was applied to a full-
inorganic Eu:CsPbI3 perovskite. The performances of the encapsulated Eu:CsPbI3 mC-PSCs 
were monitored, highlighting the positive effect of PU on improving solar cell durability.  
 

2. Material and methods 
Perovskite precursor solution fabrication: A mix solution of 1 M PbI2 (Tokyo Chemical Industry) 
and 1 M CsI (Tokyo Chemical Industry) was prepared by mixing them in a mixed solvent of DMF 
and DMSO (3:1 v/v). EuCl3 (Sigma-Aldrich) solutions of 0.1 M concentration were made in a mixed 
solvent of DMF and DMSO (3:1 v/v). The solutions were stirred at RT for 1 h. Then, 1 ml of the 
PbI2/CsI solution was mixed with 0.5 ml of the EuCl3 solution to obtain Eu:CsPbI3 and then stirred 
for 1 h. The entire procedure is conducted in air (RH~35%). The AVA-MAPbI3 precursor solution is 
commercially available (Solaronix). 
 
mC-PSCs Fabrication: The layers of monolithic architecture are screen-printed on a 
fluorinedoped tin oxide (FTO) glass substrate and consist of a compact TiO2(c-TiO2) as hole 
blocking layer (~50 nm), a mesoporous TiO2 (mp-TiO2) as electron transporting layer (~500 nm), 
a mesoporous ZrO2 (ZrO2) as insulating layer (~1 mm) and a high temperature annealed carbon 
electrode (~10 mm). The entire stack is commercially available (Solaronix). Before the use, the 
sample was annealed at 400 °C for 30 min to remove contaminants trapped in the porous 
structure. The procedure of perovskite infiltration in mesoscopic stack was entirely conducted 
in a N2- filled glovebox. For the fabrication of Eu:CsPbI3 and AVA-MAPbI3 mC-PSCs, we drop-
casted 10.4 µl of Eu:CsPbI3 solution and 5.76 µl of AVA-MAPbI3 solution on the mesoporous stack 
by using a micropipette, respectively. We waited 30 min to allow the full infiltration of the 
solution. Then, for Eu:CsPbI3 we perform two-step annealing 1) 90 °C for 10 min and 2) 350 °C for 
2 min, followed by a rapid cooling at RT to form the -black photoactive phase. The addition of Eu 
in the form of EuCl3 enhances the material's quality by reducing the formation of intra-gap 
defects9. For AVA-MAPbI3 mC-PSC, we anneal the samples at 50 °C for 15 min to form the 
tetragonal photoactive phase. 
 
Polyurethane Encapsulant Fabrication: Polyol and diisocyanate precursors were provided by 
Demak Polymers. Polyol resin with viscosity ~1300 Cp is composed by 80% Sovermol 780, 20% 
Polyol 3610, and 0.05% Tin-based catalyst, in weight. Diisocyanate resin with viscosity ~1100 Cp 
is composed by 40% Tolonate X Flo 100 and 60% Desmodur Eco N7300, in weight. 
Aliphatic ether-ester based polyurethane is obtained by mixing polyol and diisocyanate (1:2.5 
weight ratio) for 5 min at RT. Prior to deposition, the mixture is subjected to a vacuum treatment 
to eliminate the air bubble and the humidity trapped during mixing process. The PU mixture has 
a gel time of 45 min. PU is thus deposited by drop-casting 600 L within a square frame delimiting 
the deposition area onto the mC-PSC to constrain the PU to the designated cell area, ensuring 
reproducible thickness in different samples (1.5±0.2 mm). The PU thickness measurements 
show a variation of +2% from center to borders in a sample. Photovoltaic performance over time 
on samples with different PU thickness (1.3 ÷1.7 mm), are similar, suggesting that such 
differences in PU thickness do not have effect. The PU/mC-PSC is stored at RT and in N2 
environment for 3 days to allow the complete polymerization of the encapsulant layer avoiding 
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intrusion of air humidity. The resulting PU film has hardness of 63 ShD, and glass transition 
temperature of 33 °C. 
 
X-Ray Diffraction: XRD patterns were collected using a SmartLab (Rigaku) diffractometer 
equipped with a 9kW rotating anode Cu x-ray source (operating at 45 kV and 200 mA) and 
HyPix3000 detector. An Anton Paar heating stage, equipped with a polyether ether ketone dome 
filled with dry N2 at a pressure slightly above the atmospheric one (+0.3 bar), was used to keep 
the samples at controlled temperatures (24 °C) in controlled atmospheres. The step size for 
pattern recording was 0.02° with acquisition speed equal to 1°/min. 
 
Device characterization: J-V characteristics were measured in air by a digital source meter 
(Keithley model 2401) under AM 1.5-simulated sunlight (100 mW/cm2) from Peccell PEC-L01. The 
solar cells devices were masked (shadow mask) to define the active area of 144 mm2. The scan 
range was from −0.1 to 1.2 V for forward scan and from 1.2 to −0.1 V for reverse scan with a step 
of 0.01 V with a scan rate of 50 mV/s. 
 
SEM images: SEM-FIB analyses were performed by dual beam focused ion beam (FIB) using a 
Thermofisher Helios 5 UC+ system. Before the SEM-FIB analysis most part the carbon layer was 
mechanically removed. FIB cross section was performed with the Ga+ ion beam at 30 keV, down 
to the glass substrate, in regions where the residual carbon layer was more than 4 m. Tungsten 
protective layer was deposited in situ to avoid excessive damage from the ion beam. Several 
cross sections were done in every sample in order to confirm the local results. In the sample 
exposed to water every FIB cross section has met a dissolved region until the oxides layer. No 
one dissolved area was found in the PU encapsulated sample. SEM images were acquired with a 
back-scattered electrons configuration, using 5 keV electron beam. 
 
Density functional theory calculations: We used the density functional theory to calculate the 
total energy of H2O molecules within MAPbI3 crystals with positively charged iodine vacancies 
(VI

+). We considered (222) pseudocubic MAPbI3 supercells containing a single H2O molecule 
and one VI

+ defect and various positions within the supercell. The ground state energy of this 
system was calculated with the aid of the Quantum Espresso software suite36, using the vdw-
DF3-opt1 van der Waals exchange-correlation functional37 along with Perdew-Burke-Ernzerhof 
ultrasoft pseudopotentials38,39 for the description of core electrons. The cutoff for the kinetic 
energy for wavefunctions and the augmented charge density were set to 50 Ry and 400 Ry, 
respectively. We used a (444) Monkhorst-Pack grid for the sampling of the Brillouin zone40, 
whereas both atoms and lattice parameters were allowed to fully relax.  
 
 

3. Results and discussion 
3.1 Polyurethane on mC-PSCs with AVA-MAPbI3 
3.1.1  Understanding the role of PU at the interface with the device 

We investigated the PU barrier capability when it is deposited on mC-PSCs infiltrated with 
standard AVA-MAPbI3 which was optimised for this architecture to be stable for >1000 h in air 
under full sunlight.7 Specifically, as the final step after perovskite infiltration, a 1.50.2 mm-thick 
layer of PU is deposited by drop-casting a mixture of polyol and diisocyanate (1:2.5 ratio) onto 
the mC-PSC surface (see Fig. 1 a-b) in ambient conditions. Then, the PU is left to polymerize for 
3 days under dry N2 flux at RT. The detailed synthesis of PU and fabrication steps of PSCs are 
provided in the Experimental Section. We compare the evolution of photovoltaic parameters over 
time of the reference unencapsulated device (Fig. 1a), the encapsulated device with PU (Fig 1b) 
and the device encapsulated with PU but with an additional C tape layer placed between PU and 
the device surface (C tape+PU) (Fig.1c), all of them continuously exposed to air (RH 30-50%) and 
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ambient light (300-1500 lux) at RT. The latter encapsulation strategy is used to decouple the 
presence of PU from that of mC-PSC, to evaluate eventual PU-Perovskite interaction effects. 
Figures 1d–f show the evolution of J-V curves over 1500 hours for the representative devices from 
batches of four samples per type. Figures 1g–j illustrate the corresponding changes in 
photovoltaic parameters over time.  Statistical data, represented as box plots of photovoltaic 
parameters, are shown in Figure S1. The unencapsulated device shows an initial efficiency value 
of 5.6% in agreement with values reported in the literature11,41 for the same large-area (1.5 cm2) 
device architecture without additional humidity thermal treatments41. Higher efficiency values 
(in the range 11-14%) are reached on small-area devices (0.04 to 0.1 cm2)11,42. The 
unencapsulated device shows an initial improvement of efficiency ascribable to an open-circuit 
voltage (VOC) increase from 0.85 to 0.91 V in the initial days, as shown in Fig. 1d, and to a small 
increase of the short-circuit current (JSC), which stabilizes to an average value of 12.5 mA/cm2.  
On the contrary, the fill factor (FF) value remains stable over time at ~50%. Then, the power 
conversion efficiency (PCE) remains almost unchanged, at a value of ~6% up to 1500 h, as well 
as the other photovoltaic parameters. The performances of PU and C tape+PU devices show 
similarities but diverge in evolution over time if compared to unencapsulated PSCs. Initially, the 
JSC values align with those of the unencapsulated device (12.5 mA/cm2), while VOC and FF values 
are lower compared to unencapsulated PSCs (Fig. 1g-h), similar to what is reported in the 
literature for different encapsulation strategies in the same mC-PSCs architecture31. However, 
both Voc and FF rise throughout ~200 h, eventually almost matching those of the unencapsulated 
device, as observed in J-V curves at day 9 in Fig. 1 d-e-f and in Fig.1g-h-i-j. The PU and C tape+PU 
covered devices reach the maximum value of efficiency of ~5% after ~250 h.  
After 250 h of storage, a distinctive bump appears in the J-V curves of both PU and C tape+PU 
PSCs causing a decrease in Jsc and an increase in FF (see Fig. 1e-f). Specifically, the PU device 
exhibits a high FF of ~70% and JSC of 5 mA/cm2 from 250 h until 1500 h, whereas the C tape+PU 
device shows an increasing FF value from 45% to ~60% and Jsc of 7.5 mA/cm2. During this period, 
the VOC values remained stable, except for a noticeable increase in VOC observed in the PU PSC 
~1000 h (Fig 1g). This trend of photovoltaic parameters badly impacts the device efficiency values 
after 1500 h of the C tape+PU mC-PSC (3.9%) and the PU mC-PSC (3%). Bumps were observed 
in identical unencapsulated device architectures (see Fig, S2)11 but only at a low scan rate (6 
mV/s instead of 50 mV/s), and therein related to cation migration. The comparison of the J-V 
curves in which the bump appears, is reported in Fig. S2, also showing that in the J-V curve of the 
C tape+PU encapsulated device at 6 mV/s, no bump emerged. This aspect will be further 
discussed in section 2.2.2. 
Thus, we investigate the origin of this behaviour for PU-encapsulated devices. The hypothesis of 
a degrading interaction between the PU and the device surface or between the C tape adhesive 
and the device surface can be excluded, since we found that the mC-PSC with only C tape on the 
device (w/o PU) behaves over time as the unencapsulated device, i.e. with no bump formation as 
shown in Fig. S3.  
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Fig.1 Schematic of the AVA-MAPbI3 mC-PSC w/o PU (a), with PU (b), and with C tape+PU (c). J-V 
curves (reverse scan) over the time for AVA-MAPbI3 mC-PSC w/o PU (d), with PU (e) and with C 
tape+PU (f). Evolution of VOC (g), FF (h), JSC (i) and PCE (j) over the time for AVA-MAPbI3 mC-PSC 
w/o PU, with PU and with C tape+PU. 
 
 
To investigate the structure of mC-PSC under the PU layer after 1500 h exposure to air, we peeled 
off the PU and the C tape + PU layer and performed X-ray diffraction (XRD) measurements on the 
mC-PSCs at the side of the carbon layer (Fig 2a). We performed XRD measurements on 
unencapsulated mC-PSC as a reference. In the case of the PU device, the peeling process 
removed almost all the mC-Perovskite (mC-PSK) layer from the substrate whilst in the case of C 
tape+PU device only a thin layer was removed. For this reason, we performed the analysis on 
both the mC-PSC remained on one side after peeling and the peeled PU from the other mC-
perovskite side. Surprisingly, despite the good performances, the unencapsulated sample 
exhibited a dominant peak at 12.67° which indicates the presence of PbI2, a by-product 
diagnostic of MAPbI3 degradation, and a minor peak at 14.1° (MAPbI3 -tetragonal phase) (Fig. 
2b). This finding contrasts with the PSC performance which does not show any decay being 
stable at a value of ~6% (see inset of Fig. 2b). We argue that the degradation is a progressive 
process that starts at the mC-side of the device, the one exposed to air, and proceeds 
downwards. This transformation does not initially impact the electrical performances that are 
instead linked to the inner perovskite infiltrated into the mesoporous oxides (i.e. ZrO2 and TiO2) 
where carrier photogeneration mostly happens (see simulated generation rate profile in Fig. S3). 
This is confirmed by XRD measurements at grazing incidence angle (0.4°) in Fig. S5, which shows 
how in the topmost 600 nm of the mC/perovskite blend only PbI2 is present, with the MAPbI3 peak 
appearing at a 1.2 m depth. It is important to recall that PbI2 is a hydrophobic material, and thus 
its presence as a capping layer can slow down further access of moisture thus delaying device 
degradation43.  
The C tape + PU mC-PSC displays a different pattern compared to the unencapsulated device, 
featuring a prominent MAPbI3 peak alongside a minor presence of PbI2. Similarly, the XRD 
analysis of the PU-encapsulated device reveals only the MAPbI3 peak at 14.1°, with no detectable 
PbI2 in either the mC-PSC post-peeling or the peeled PU (mC/perovskite side). In addition, no 
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peaks of hydrated phases (monohydrated or dihydrated MAPbI3) are detected44 (Fig. S6). This 
underscores the protective role of PU in shielding MAPbI3 from irreversible degradation into PbI2.  
All those findings suggest that the decay of performances for PU samples is not related to an 
irreversible degradation of MAPbI3 layer into PbI2, but to a different phenomenon. Moreover, we 
found that after C tape+PU peeling, the bump vanished (Fig. S7) and the JSC increased, reinforcing 
the hypothesis that the phenomenon of performance decay is reversible and that the bump is 
related to the presence of PU (since the devices with C-tape alone w/o PU have never shown a 
bump).  
 

 
 
Fig.2 (a) Schematic of X-Ray diffraction measurements on AVA-MAPbI3 mC-PSCs in which the PU 
layer is peeled off. (b) X-ray diffraction patterns of AVA-MAPbI3 mC-PSCs w/o PU and after peeling 
of PU and C tape+PU. In the inset, the J-V curves after 1500 h of storage in air for the three kinds 
of devices are shown. 
 

3.1.2 Understanding the role of PU with respect to air humidity 
To disentangle the role of ambient humidity, we prepared two mC-PSCs encapsulated with PU 
and two encapsulated with C tape+PU. One pair of devices was initially stored in air, while the 
other was stored in a N2 flow environment (see Fig. 3a). After one month, the samples stored in 
air were transferred to N2, and vice versa (Fig. 3a), followed by another change of storage 
conditions after an additional month. Fig. 3b-c-d-e illustrates the evolution of photovoltaic 
parameters for PU devices, while Fig. 3f-g-h-i depicts those for C tape+PU mC-PSCs, with storage 
conditions alternating between air (circular markers) and N2 (triangular markers). 
Focusing on the first 700 h of the experiment, we observe that the VOC values for both mC-PSCs 
encapsulated with PU and C tape+PU increase over time when stored in air (from 0.86 V to 0.91 
V). Conversely, when the samples are stored in N2, the VOC decreases from 0.86 V to around ~0.78 
V. The PU and C tape+PU devices stored in air exhibit the same behaviour as observed previously, 
with a bump emerging after several days, resulting in an inflated FF and a decrease in JSC. In 
contrast, no bump is found in the J-V curve of devices stored in N2, thus the values of FF and JSC 
remain constant over time. 
After the change of the storage conditions (700-1400 h), the devices previously stored in N2, now 
in air, show an increase in VOC from 0.78 V to 0.92 V, accompanied by the emergence of the bump 
after several days (increased FF and decreased JSC). Conversely, the samples previously stored 
in air, now in N2, demonstrate a complete recovery of the performances after 1-3 days in N2, 
particularly with an increase in Jsc and a decrease in FF, reflecting the disappearance of the bump 
in J-V curves. It's noteworthy that the VOC for the sample stored in N2, after 800 h in air, slightly 
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decreases but remains at a high value in the range ~0.86-0.88 V, indicating that the increase of 
VOC is related to a maturation process occurring when the sample is stored in air for the first time, 
similarly to what was observed in the literature59. The last change of storage conditions (1400-
2100 h) for both mC-PSCs confirms what was previously observed.  
In summary, the appearance of bumps with the consequent inflation of FF and decrease in JSC is 
a phenomenon occurring in the air, probably due to limited moisture access through the PU, to 
an extent small enough to allow a full reset through storage in N2 for 1-3 days. A drying process 
thus enables H2O molecules to leave the device in both cases, whether or not the  PU is in direct 
contact with the mC-PSC. 
The optimal approach would be to prevent or minimize bump formation through targeted 
strategies, such as incorporating interlayers into the device structure (as further discussed 
below) or, in certain applications like double-glazed windows, using an inert gas environment 
between glass layers to reduce exposure to moisture and oxygen. 
 

 
 
Fig. 3 Schematic of the experiment in which one couple of AVA-MAPbI3 encapsulated devices 
with PU and with C tape+ PU was initially stored in air, while the other was stored in a nitrogen 
(N2) environment After one month, the samples stored in air were transferred to N2, and vice versa 
followed by another change of storage conditions after an additional month (a). Evolution of VOC 
(b), FF (c), JSC (d) and PCE (e) over the time for PU encapsulated AVA-MAPbI3 mC-PSCs with 
storage conditions alternating between air (indicated by circular marks) and N2 (indicated by 
triangular marks). Evolution of VOC (f), FF (g), JSC (h) and PCE (i) over the time for C tape+PU 
encapsulated AVA-MAPbI3 mC-PSCs with storage conditions alternating between air (indicated 
by circular marks) and N2 (indicated by triangular marks). 
 
 

3.1.3 Understanding the role of the PU under high humidity conditions 
The influence of H2O vapour on the formation of the bump in the J-V curve was investigated 
through a focused experiment in which the unencapsulated mC-PSC surface was intentionally 
exposed to H2O vapour (see Fig. 4a). The sample was placed in a closed glass container filled 
with 60 mL of water at RT, serving as a source to generate a humidity-saturated environment 
(100% RH). The device surface was positioned 3 cm away from the water, and the glass side was 
masked to allow light illumination of the mC-PSC. The J-V curve before exposure to H2O vapour 
is depicted in Fig. 4b. Following only 1 min of exposure to H2O vapour at RT, a bump emerged with 
a significant decrease in JSC and inflation in FF. The forward and reverse scans of this J-V curve 
closely resembled those of the mC-PSC encapsulated with PU after 37 days of storage in air, as 
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illustrated in Fig. 4c. Subsequent exposures of 10, 20, and 30 min to H2O vapour do not eliminate 
the bump, instead, it slightly shifts towards lower voltage values. Upon removal of the H2O vapour 
source, the bump promptly vanishes, with a slight increase in JSC, although it does not return to 
its initial value.. Attempts to recover performance by storing the sample in N2 environment have 
resulted in an initial but partial increase in JSC after 3 h, but further recovery was not achieved 
after an additional day in N2. Exposing the same device to a further 1.5 h of H2O vapour results in 
the bump reforming. Once again, after 3 days of N2 storage, only a partial recover of performance 
is observed (Fig S8), and the mC-PSC performance is permanently compromised. In this case, 
no PbI2 or hydrated phase were detected by XRD measurements after the stress test, as shown 
in Fig. S9.  
The same experiment was conducted using the mC-PSC encapsulated with C tape+PU (Fig. 4d). 
Differently from the previous case (w/o PU), exposure to H2O vapour for 19 h at RT does not 
induce any efficiency changes in the mC-PSC, and bumps are not formed. Only a slight increase 
in VOC was detected. To enhance the water action, the temperature was raised to 50 °C, thus 
elevating the H2O vapour pressure inside the glass to 92.5 torr from 22.4 torr at 24 °C 45. After 80 
min, the bump starts to appear. Further increasing the temperature to 90 °C (vapour pressure 
raised to 525.8 torr) results in the full formation of a bump after 25 min. As a note of merit, after 
1 day of N2 storage, the electrical performance was fully recovered. A similar experiment was 
conducted with the water temperature fixed at 90 °C. As shown in Fig. 4f, 3 h were required for 
the complete appearance of the bump. However, full performance recovery was achieved, even 
in this case, after 1 day of N2 storage. The experiment demonstrates that the bump phenomenon 
is induced by exposing the unencapsulated device to medium-pressure H2O vapours or, in the 
case of encapsulated devices, its appearance is promoted through prolonged exposure and 
increased vapour pressure at elevated water temperature. To further investigate the interaction 
between PU film and water, the water absorption has been evaluated by dipping the PU film in 
deionized water at room temperature for prolonged time. The results showed that PU film 
absorbs around 0.8% by weight of water after 7 hours (Fig. S10), indicating a certain amount of 
water can permeate and be retained into the polymer matrix. Those outcomes validate the 
hypothesis that water diffuses through the PU resin and mediates a moderate access of single 
water molecules at the interface with the device, lastly causing the J-V bump. Limited access of 
water molecules also explains the reversibility of the electrical performances that occurs after 
drying the device under N2 flow.  
Since no degradation by-products were found in XRD analyses in encapsulated PSCs, we can 
further support our argumentation by citing the following literature findings. Schlipf et al.46 
showed that under ≤58% RH, water molecules progressively adsorb onto the surface of MAPbI3 
crystals until the film contains ∼10 vol % of water; for this humidity level the H2O vapour pressure 
is not sufficient to enter the crystals and to form monohydrate phase and indeed no hydrated 
phases or PbI2 were detected. Fransishyn et al. 47 demonstrated that cell failure in humid 
environments is not caused by the decomposition of the perovskite layer, but rather by an 
increased ionic mobility48 within MAPbI3. This elevated mobility results in the loss of photocurrent 
due to the screening of the built-in potential in device architecture with gold as the top electrode. 
Interestingly, they also observe the emergence of bumps in J-V curves under this condition. Leguy 
et al.44 observed a similar behaviour in MAPbI3-PSC devices after 3 h at 77% RH at 21 °C, 
consisting of a Jsc decrease and a progressive bump appearance followed by a recovery of 
performance by N2 flowing for 5 h; consistently PbI2, hydriodic acid (HI) and CH3NH2 were not 
detected as instead typically observed in the presence of water. However, that paper and the 
related results refer to layered device architectures that are probed at high scan rates (e.g. 500 
mV/s 44). In our case, MAPbI3 is used in a mesoporous architecture that is, in principle, more 
accessible to water. A recent paper49 reported a bump in experiments under water-rich 
environment conditions but under low scan rates (4.2 mV/s), although an interpretation of the 
origin of the bump and its relationship with water is not provided.  
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Based on all those findings and our experiments we argue that limited access of water molecules 
mediated by PU that, intercalating in the MAPbI3 grains, can thus increase the ionic mobility with 
fingerprint in the bump formation. Consistently, when the PU is peeled off, the bump disappears 
(Fig S7). Similarly, storing the device in a flowing N2 environment enables water molecules 
release from the perovskite and the PU layer, with the performances consequently recovered (Fig 
4e-f).  
In unencapsulated devices, we show that JSC is not fully recovered after storage in N2. It was 
reported in Ref. 50 that the hydration/dehydration process without any encapsulation could 
induce morphological alterations in the recrystallized MAPbI3 grains, with irreversible effect on 
the JSC. Conversely, in Ref. 46, it is reported that MAPbI3 morphology changes from faceted to 
more round-shaped crystals after exposing it to 1.5 h of H2O (RH ~80-100%). In our case, 
scanning electron microscopy analyses performed on the cross-sections of unencapsulated 
mC-PSC after water exposure (Fig. 5a) reveal large areas extending from the carbon layer to the 
oxides (mp-TiO2 and mp-ZrO2), wherein the perovskite is missed as indicated by the change in 
mass contrast (in Fig. 5a bright regions identifies infiltrated perovskite material). The funnel 
shape of those altered regions denotes abundant access of water into the mC layer that further 
extends into the mp-ZrO2 and mp-TiO2 layers. This explains the irreversible loss in JSC.  
This effect is not found in PU-encapsulated mC-PSCs (Fig. 5d) and indeed, as a note of merit, this 
coverage works against abundant water access even at extreme conditions of water pressure 
and temperatures, for the benefit of a full recovery of performances. Extreme humidity conditions 
at high environmental temperatures (40-90 °C) were also applied in Ref. 49 onto the same mC-
PSC devices by using super-repellent nanoparticles, that were instead not sufficient to preserve 
the device from degradation.  
 

 
Fig. 4 Schematic of the experiment where the unencapsulated AVA-MAPbI3 mC-PSC surface is 
exposed to extreme humidity conditions at RT (a). J-V curves of the unencapsulated AVA-MAPbI3 
mC-PSC before and after cycle of H2O exposure or N2 storage for several days (b). Comparison 
of J-V curve of unencapsulated AVA-MAPbI3 mC-PSC exposed to H2O and PU encapsulated AVA-
MAPbI3 mC-PSC after storage in air for 37 days (c). Schematic of the experiment where the C 
tape+PU encapsulated AVA-MAPbI3 mC-PSC surface is exposed to H2O vapour at RT and at 
higher temperatures (50 °C and 90 °C) (d). J-V curves of the C tape+PU encapsulated AVA-MAPbI3 
mC-PSC before and after cycle of H2O exposure or N2 storage for several days at RT and higher 
temperatures (e-f). 
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Fig.5 (a) Scanning electron microscopy analyses performed on unencapsulated mC-PSC before 
(initial state) and after (final state) water exposure. (b) Final state of encapsulated mC-PSC after 
exposure to extremes humidity conditions at high environmental temperatures. 
 

3.2 Understanding the origin of the bump in the J-V curves 
3.2.1 Influence of PSC-PU interface on the bump 

To address the origin of the bump in J-V of PU-encapsulated devices over time, we fabricated new 
devices (4 of each kind) using different interlayers between mC-PSCs and PU. Specifically, we 
used standard adhesive-backed Kapton tape and a bilayer made of Al foil and C tape. Fig. 6a-b-
c displays the J-V curves over time of the PU, C tape+PU, and solely C tape encapsulated devices, 
serving as references, consistent with those previously presented in the paper. Figures 6c–f 
illustrate the time evolution of the J-V curves for the representative mC-PSC from a batch of four 
devices per type, with the corresponding photovoltaic parameters shown in Figures 6g–j. 
Statistical data of photovoltaic parameters are provided in Figure S11. The mC-PSC covered with 
Kapton tape+PU exhibits a distinct behaviour over time: a small bump appears after ~250 h, but 
after ∼1000 h it begins to diminish until it disappears, as shown in Fig. 6d. Conversely, the 
behaviour of the C tape+Al foil+PU resembles that of the C tape+PU device, while the Al foil+C 
tape+PU mC-PSC behaves similarly to the Kapton tape+PU device. The photovoltaic parameters 
over time shown in Fig. 6g-h-i-j indicate that at the end of the monitoring period (1500 h), the 
parameters of the Al foil+C tape+PU and Kapton tape+PU mC-PSCs are similar to those of the C 
tape and unencapsulated devices (see Fig. 1). In particular, JSC and FF values are ~12.5 mA/cm2 
and 50%, respectively, characteristic of a J-V curve without a bump. As a result, the PCE for these 
devices (C tape, Al foil+C tape+PU, Kapton tape+PU) is in the range of 5-6%, while for the other 
devices (PU, C tape+PU, C tape+Al foil+PU) is in the range of 3-4%. The fact that the C tape+Al 
foil+PU and Al foil+C tape+PU behave in different ways indicates that the interface with the mC-
perovskite surface is a key factor. We argue that under the Kapton tape or the aluminum foil, a 
low H2O permeability is achieved because of their higher hydrophobicity and water barrier 
properties compared to PU and C tape+PU. This would be in agreement with the different water 
contact angles on the three different surfaces, as shown in Fig. S12. In particular, the surfaces of 
PU, C-tape, and Kapton tape exhibit contact angles of 75.9°, 89.3°, and 92.5°, respectively (Table 
S1). The initial bump formation in the samples covered with Al foil+C tape+PU and Kapton 



 12 

tape+PU, which is suppressed over time, can thus be linked to limited water molecules trapped 
at the interface as the coverage is applied during the in-air procedure.  
 

 
Fig. 6 Schematic and J-V curves (reverse scan) over the time for AVA-MAPbI3 mC-PSC with PU (a), 
C tape (b), C tape+PU (c), Kapton tape+PU (d), C tape+Al+PU (e) and Al+C tape+PU (f). Evolution 
of VOC (g), FF (h), JSC (i) and PCE (j) over the time for AVA-MAPbI3 mC-PSC with PU, C tape, C 
tape+PU, Kapton tape+PU, C tape+Al+PU and Al+C tape+PU.  
  
The behaviour of the Kapton tape+PU mC-PSC was monitored over a longer time and compared 
to the unencapsulated device. As shown in Fig. 7a-b-c-d, the t90 of unencapsulated AVA-MAPbI3 
mC-PSC, calculated relative to the maximum value reached by the PSC (6.25%), is equal to 1965 
h. The t90 of the Kapton tape+PU mC-PSC is equal to ∼6000 h (maximum PCE value of 6.15%). Fig. 
7e-f shows the mC-PSCs at t90 with Kapton+PU encapsulation and without encapsulation 
showing the effect of PU in avoiding the MAPbI3 to PbI2 transformation.  
Once reached the t90, the Kapton tape+PU mC-PSC was further stressed under 100% RH H2O 
vapour at 90 °C for 3 h, as done for the C tape+PU case (Fig. 7g and Fig. 4d). Despite this harsh 
treatment, only a slight decrease in Jsc was observed, with no bump effect, differently to what was 
seen with C tape+PU coverage. This observation supports the hypothesis that the small bump 
detected in the initial days for the Kapton tape+PU-encapsulated mC-PSC, which later 
disappeared, is due to water molecules trapped during sample preparation under ambient 
conditions. This underlines that the Kapton tape+PU encapsulation minimizes the H2O entrance 
and its interaction with the perovskite. Like the C tape-PU case, one day in N2 results in the 
recovery of the initial JSC value. Furthermore, the same Kapton tape+PU covered device, after H2O 
vapour exposure, was subjected to a full soaking in liquid H2O at RT. Remarkably, the Kapton 
tape+PU effectively protected the mC-PSC, preventing the transformation from MAPbI3 to PbI2 
(Video S1), allowing the preservation of mC-PSC performance as shown in Fig. 7h (10 s and 30 s 
soaking). In contrast, the unencapsulated device transforms from MAPbI3 into PbI2 after 5 s of 
soaking in water (Video S1), resulting in complete performance loss, as shown in Fig. S13. The 
experiment demonstrates that the PU creates effective coverage and sealing all around the 
device that assures its stability even under extreme conditions.  



 13 

 

 
Fig 7 Evolution of VOC (a), FF (b), JSC (c) and PCE (d) over the time for AVA-MAPbI3 mC-PSC 
encapsulated with Kapton tape+PU. Photo of the mC-PSC encapsulated with Kapton tape+PU 
and unencapsulated one at t90. Photo of the mC-PSC encapsulated with Kapton tape+PU (e) and 
unencapsulated one (f) at t90 (g) J-V curves of AVA-MAPbI3 mC-PSC encapsulated with Kapton 
tape+PU before and after cycles of H2O exposure (100% RH) at 90 °C. (h) J-V curves of AVA-
MAPbI3 mC-PSC encapsulated with PU+Kapton tape before and after cycles of soaking in liquid 
H2O at RT. 
 

3.2.2 Influence of the ionic mobility on the bump  
A bump in the reverse J-V curves of PSCs has often been observed or predicted44,47,49,51 , however, 
its microscopic physical origin, especially its possible connection with water, is still not 
conclusively understood. A recent study51 proposed that the bump appearing in mC-PSC with 
infiltrated MAPbI3 and its dependence on voltage scan rate may be attributed to a relaxation 
mechanism from a metastable state at high scan rates to a stable one at lower scan rates, where 
charge transfer at the contacts is suppressed, although this could not be ascribed to ion 
migration, nor possible interactions with water. Theoretical studies on layered PSCs have 
predicted that water molecules intercalated in MAPbI3 (embedded in the perovskite lattice 
without disrupting it) reduce the energy barrier for the migration of positively charged iodine 
vacancies (i.e., the most mobile defects in MAPbI3 52), thus enhancing their mobility53, with the 
specific value of the barrier strictly dependent on the particular ab-initio description54. With this 
in mind, we decided to simulate the reverse-scan J-V curve of mC-PSCs infiltrated with MAPbI3 
using the commercial tool Setfos (v5.4.13; by Fluxim AG)55, accounting for light absorption and 
mixed electronic and ionic conduction in a transient drift-diffusion framework. Our goal was to 
demonstrate that the bump and the decrease in JSC is triggered by the water-induced increase in 
cation mobility.  
The device layout and simulation parameters are identical to those reported in Ref. 11, where the 
unencapsulated mC-PSC architecture with MAPbI3 was modelled and optimized to reproduce 
experimental measurements under various conditions. Here, after carefully exploring the impact 
of each simulation parameter on the final J-V curve, we report which one can stimulate the bump 
formation at scan rate 50 mV/s, which causes no bump in unencapsulated devices. Based on 
reasonable values56,57, we varied the cation mobility by two orders of magnitude, from 2∙10-11 
cm2/Vs to 2∙10-9 cm2/Vs. As a rule of thumb, according to Einstein’s relation and the Arrhenius-
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like form of the diffusion coefficient, an increase by one order of magnitude in mobility would be 
achievable with a rather small (~0.06 eV) decrease in iodine vacancy migration barrier. For each 
mobility, we simulated the device response in reverse scan at 50 mV/s. The resulting J-V curves 
are shown in Fig. 8a. As previously reported, the bump does not appear at 2∙10-11 cm2/Vs for this 
scan rate (it would appear for 6 mV/s) 11. However, we found that an increase in cation mobility 
lowers the final JSC and induces the bump earlier, i.e., at higher voltages, even at 50 mV/s. 
Notably, we find that this behaviour emerges regardless of the particular choice of other 
simulation parameters (see, e.g., Fig. S14), further supporting our hypothesis of an ion-induced 
origin of the bump. 
To better understand the microscopic origin of this behaviour, we focused on how the 
electrostatic potential and electric field look across the device. The maximum in current, as one 
would expect, corresponds to a maximum in (positive) electric field in the bulk of the PSC, as 
seen in Fig. S15, where we plot the electric field ~1 μm away from the c-TiO2 interface, in the mp-
ZrO2/perovskite layer. However, the most critical transport phenomena occur in the topmost 10 
nm of the perovskite/mp-TiO2 region, at the interface with c-TiO2. Indeed, the electron extraction 
efficiency ultimately depends on the sign and magnitude of the local electric field 𝐸⃗  (i.e. negative 
derivative of the potential) at this interface. This can either favor (negative 𝐸⃗ , pointing towards the 
interface) or hamper (positive 𝐸⃗ , pointing away from the interface) cation accumulation in its 
proximity, thus modulating the local density of electrons. In Fig. 8b, we show the potential 
profiles in this region, at five applied voltages ranging from 0.5 V (yellow lines) to 0.1 V (red lines) 
and for an increasing cation mobility (left to right). In Fig. 8c, the resulting 𝐸⃗  at the c-TiO2 interface 
(i.e. at x = 50 nm) is plotted as a function of the applied voltage and for the same values of cation 
mobility. We note that the local electric field 𝐸⃗  at V=VOC and V=0 reaches values two orders of 
magnitude larger than in the bulk (see Fig. S15). This is due to both the relatively huge generation 
rate of electron-hole pairs in this narrow region of the PSC (see Fig. S4) and the relatively high net 
ionic charge accumulating therein during the voltage scan. Most importantly, the electric field 
increases as the reverse scan proceeds, starting from being negative at V=VOC and eventually 
changing sign from negative to positive at the voltages where the reverse J-V curves exhibit the 
bump. This is due to a sign change of the net ionic density at the interface (Fig. S16), from being 
cation-rich (negative 𝐸⃗ ) to being anion-rich (positive 𝐸⃗ ), similar to what was reported to occur for 
2∙10-11 cm2/Vs at a scan rate of 6 mV/s 11. This drastic change of interface polarization hampers 
further electron accumulation in the proximity of the interface and may thus be regarded as the 
root cause of the overall current suppression.  
It is worth noting that the reversible degradation observed in the experiments, often 
characterized by a more pronounced decrease in JSC along with the bump, is likely due to a 
complex interplay between water-induced ion mobility enhancement and other reversible 
degradation effects57. 
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Fig 8 Effect of cation mobility on the reverse-scan J-V curves of AVA-MAPbI3 mC-PSCs at fixed 
scan rate of 50 mV/s. (a) Simulated J-V curves for different values of cation mobility, exhibiting 
bumps at specific voltages (arrows). (b) Simulated potential profiles across the first 10 nm of the 
perovskite/mp-TiO2 layer near c-TiO2, for different applied voltages from 0.5V (yellow) to 0.1V 
(red). Panels from left to right show the evolution of the potential profiles for the different 
considered values of cation mobility. Red (white) plus signs schematically represent cations 
moving towards (away from) the c-TiO2 interface. (c) Electric field at the c-TiO2 interface, 
switching sign at the same voltages where the “bumps” occur.  
 
 

3.2.3 Atomistic correlations between a single water molecule and charged defects in 
MAPbI3 

The previous paragraph strongly indicates that the presence of the bump in the J-V curves of 
hybrid perovskite photovoltaic devices is related to an increase in the mobility of positively 
charged mobile ions in the presence of H2O molecules. To better understand the possible 
interaction mechanisms between water molecules and charged defects in MAPbI3, we 
performed density functional theory calculations in (222) pseudocubic MAPbI3 supercells 
containing a single H2O molecule and positively charged iodine vacancies (VI

+) in various 
positions within the supercell (see Experimental section). It is important to point out here that 
iodide vacancies have low migration barriers56 and tend to obtain a positive charge for the entire 
range of the electrochemical potential within the material’s bandgap58. 
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Fig 9 (a) Schematic representation of an H2O molecule interacting with an undercoordinated Pb 
atom that stands next to a positively charged iodine vacancy in MAPbI3. (b) Relative energy as a 
function of the minimum distance between an H2O molecule and a Pb atom that stands next to 
charged iodine vacancy in MAPbI3. Blue dots indicate atomic configurations where the H2O 
molecule interacts with the dangling bond of the undercoordinated Pb atom, whereas red dots 
indicate configurations where there is no direct interaction. A total of 10 different configurations 
is considered. 
 
Fig. 9a shows the most stable configuration obtained after structural relaxation, which is 
characterized by an interstitial H2O molecule whose transient negative charge of the dipole 
(localized on the O atom) interacts with an undercoordinated Pb atom next to the VI

+ site. When 
changing positions of the VI

+ within the supercell, we observe that configurations where 
interactions near vacancy sites generally have lower energy with respect to configurations where 
it is distant from VI

+ sites (Fig. 9b). Overall, we notice that two factors that influence the total 
energy of each configuration are: (a) the local deformations induced on the perovskite lattice, 
and (b), the possibility of charge sharing between H2O and undercoordinated Pb atoms next to 
VI

+ sites. Hence, considering the extremely low migration barriers reported for H2O molecules 
within MAPbI3

53, our results indicate that H2O molecules should diffuse near charged iodide 
vacancies within the perovskite lattice, where the possibility of interacting with 
undercoordinated Pb atoms is higher, to minimize the total energy of the system. Although this 
aspect by itself cannot be directly correlated with the increase of iodine vacancy mobilities, it 
could indicate a plausible combined ionic diffusion mechanism that involves a simultaneous 
movement of both types of defects (VI

+ and H2O) within the PSC. 
 
 

3.3 Polyurethane on mC-PSCs with Eu:CsPbI3 
As a further case study, we evaluated the encapsulation properties and behaviour of the 
thermosetting PU by applying it to mC-PSCs infiltrated with Eu:CsPbI3 and monitoring the 
electrical performances over time. This fully inorganic formulation is of interest for indoor 
applications due to its bandgap being higher than that of AVA-MAPbI3

4
. The PU dispensation 

procedure and device area are the same as the previous perovskite formulation (Fig. 10a-b). The 
Eu:CsPbI3 mC-PSCs were stored under the same conditions as AVA-MAPbI3 mC-PSCs. The J-V 
curves over time for the representative device from a batch of four Eu:CsPbI3 mC-PSCs are 
shown in Figs. 10 c-d along with the photovoltaic parameters (VOC, FF, JSC and PCE) evolution 
measured in full-area devices (1.5 cm2) (Fig. 10e-f-g-h-i). Statistical data are shown in Fig. S17. 
The initial efficiency value of the unencapsulated mC-PSC is 5%, consistent with the efficiency 
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previously reported for large-area Eu:CsPbI3 mC-PSCs11. The efficiency increases to 9.4% in 
small area Eu:CsPbI3 mC-PSCs devices (0.04 cm2)9,11. The unencapsulated mC-PSC exhibited 
poor stability, with the power conversion efficiency (PCE) values dropped from 5% to 0.1% within 
1 h (t80=15 min), primarily due to a significant decrease in the JSC value. This degradation is 
attributed to the phase transition from the photoactive -black phase to the non-
photoactive −yellow phase, triggered and catalysed by ambient humidity. 
The encapsulated mC-PSC initially performs with lower efficiency compared to the 
unencapsulated counterpart (4% vs 4.98%), owing to lower values of VOC (0.92 V vs 1.1 V) and FF 
(45.8% vs 50.2%), similar to the case-study of AVA-MAPbI3 mC-PSCs. Positively, both VOC and FF 
increase over time, as shown in Fig. 10e-f, eventually reaching values comparable to those of the 
unencapsulated mC-PSCs (1.03 V and 51.6%, respectively). We argue that this increase in VOC 
and FF values is attributable to a maturation effect, reported elsewhere as due to a reorganization 
of the perovskite crystallites within the porous matrix59. The JSC value is instead constant over 
time (9.2 mA/cm2) (Fig. 10g). As a result, the efficiency of the encapsulated cell reaches a 
maximum efficiency of 5.1% after 220 h, overcoming the initial efficiency of the unencapsulated 
mC-PSC (5%), as shown in Fig. 10g. The encapsulated devices exhibit good long-term stability, 
retaining 80% of their initial efficiency for 250 h (Fig. 10h). This represents a 1000-fold stability 
improvement compared to the unencapsulated mC-PSCs, highlighting the beneficial effect of PU 
on enhancing the mC-PSC durability. The subsequent decline in efficiency is due to the phase 
transformation from the black to the yellow phase of Eu:CsPbI3. The fact that the black Eu:CsPbI3 
phase starts transforming into the yellow phase (Fig. 10 and Fig.S18) at the same time when the 
bump appears in AVA-MAPbI3 mC-PSCs (~250 h) (Fig. 1), further supports that the bump 
phenomenon is related to moisture diffusion through the PU and indeed to water molecules 
action. This also implies that using Kapton tape would be ineffective once water access has 
caused an irreversible phase transition in the perovskite layer. 
We found that the durability of mC-PSCs based on Eu:CsPbI3 is further enhanced by 
incorporating PU as a co-encapsulant between the device and a glass cover. Consequently, the 
t80 is extended to 1250 h, as illustrated in Fig. S19, representing a 5000-fold increase compared 
to the unencapsulated device. Focused edge-sealing strategies could further improve the 
stability of these devices60,61. 
 

 
 
Fig 10 Schematic of the Eu:CsPbI3 mC-PSC w/o PU (a) and with PU (b). J-V curves (reverse scan) 
over the time for Eu:CsPbI3 mC-PSC w/o PU (c) and with PU (d). Evolution of VOC (e), FF (f), JSC (g) 
and PCE (h) over the time for CsPbI3:EuCl3 mC-PSC w/o PU and with PU. The efficiency of 
Eu:CsPbI3 mC-PSC w/o PU (i) decreases from 5% to 0.1% in ~1 hour due to the phase transition 
of Eu:CsPbI3 perovskite from black to yellow phase.  
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4. Conclusion 
In conclusion, our study demonstrates the benefits of using thermosetting PU resin as an 
encapsulating layer (1.5 mm) to enhance the stability of mesoporous HTL-free perovskite solar 
cells based AVA-MAPbI3 and Eu:CsPbI3.  
In the case of AVA-MAPbI3 mC-PSCs, the devices encapsulated with PU and C tape+PU are 
characterised by the emergence of a bump in the J-V curves after 250 h of exposure in the air. The 
appearance of a bump, with a consequent inflation of FF and the decrease of JSC, is reported in 
the literature for unencapsulated mC-PSCs analysed at a low scan rate (4-6 mV/s) in air 
conditions at 24 °C. In our case, the bump formation unexpectedly occurs at a high scan rate of 
50 mV/s in encapsulated mC-PSCs stored in air (RH 30-40% 25 °C). Moreover, we show that 
bump formation is not linked to an interaction between PU and the mC-PSC surface, as inserting 
an interlayer of C-tape produced the same effect.  
Counterintuitively, we found that the presence of the bump in PU-encapsulated mC-PSC is not 
indicative of material degradation within the device. The bump can be reset by storing the device 
under N2 flow, leading to a recovery of the initial electrical performance. We also showed that 
unencapsulated and PU-encapsulated devices behave differently under high humidity 
conditions (RH 100% and in the temperature range 50-90 °C). In the first case, abundant and 
continuous water access produces large areas of deep degradation in the perovskite material, 
starting from the mC top contact and extending into the oxide layers at the ETL side. In the second 
case, no by-products are observed and indeed recovery of the initial electrical performance 
remains feasible. This demonstrates that PU serves as a protective layer, allowing limited water 
access into the device, likely through a dynamic equilibrium. This limited access to water 
molecules, which is known to cause an increase in cation mobility, was pinpointed as the root 
cause of the bump by simulating the ionic-electrical response of the devices. Without such a 
variation in mobility, the bump would only be detected at a low scan rate (4-6 mV/s). More 
generally, our simulations provide key insights into the microscopic physical origin of the bump, 
clearly attributing it to a variation of net ionic charge at the perovskite/mp-TiO2 and c-TiO2 
interface, and the consequent change of interface polarization, which ultimately determines 
electron extraction. 
Lastly, among different interlayers applied between mC-PSCs and PU, the use of a Kapton tape 
mitigates bump formation, and this has been linked to its higher hydrophobicity and reduced 
interaction with water molecules compared to PU alone. In this case, the t90 is extended to ∼6000 
h, a value 3-fold higher than that measured in unencapsulated devices (1965 h). The projected t80 
is 10800 h. In addition, this encapsulation method prevents the transformation from MAPbI3 to 
PbI2 when the device is immersed in H2O, preserving its photovoltaic performance. 
In the case of Eu:CsPbI3 mC-PSCs, while the unencapsulated sample shows a rapid decline in 
performance (t80=15 min) due to phase transition induced by ambient humidity, PU-
encapsulated devices exhibit significantly improved stability, retaining 80% of their initial 
efficiency for up to 250 h. This represents a 1000-fold increase in stability compared to their 
unencapsulated counterparts. Further encapsulation improvements, such as placing PU 
between the device and a glass cover, extend the device lifetime to 1250 h, resulting in a 5000-
fold gain in stability. 
 
 
Supporting Information 
Photovoltaic parameters statistics over time for four AVA-MAPbI3 mC-PSC PU-encapsulated and 
unencapsulated devices; J-V curves showing bump in unencapsulated (t0) at scan rate=6 mV/s 
and PU-encapsulated (800 h) devices at scan rate 50 mV/s; photovoltaic parameter trends over 
time for unencapsulated vs. C-tape-encapsulated AVA-MAPbI3 mC-PSC; simulated carrier 
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generation profile under 1 sun for AVA-MAPbI3 mC-PSC; XRD of unencapsulated AVA-MAPbI3 
mC-PSC after 1500 hours in air; XRD pattern of AVA-MAPbI3 mC-PSC with PU film peeled after 
1500 hours in air; J-V curves in reverse scan for C-tape+PU encapsulated AVA-MAPbI3 mC-PSC 
over time, before and after PU peeling; J-V curves of unencapsulated AVA-MAPbI3 mC-PSC under 
H2O vapor and N2 storage; XRD of unencapsulated AVA-MAPbI3 mC-PSC post-water and N2 
exposure; PU water absorption profile over time at room temperature; photovoltaic parameters 
statistics over time for AVA-MAPbI3 mC-PSC devices with various interlayers; water wettability 
comparison for PU, C tape, and Kapton tape surfaces; water contact angle measurements for 
PU, C tape, and Kapton tape; J-V curves of unencapsulated device pre- and post-10 seconds H2O 
soak; impact of traps and recombinations on the simulated J-V curves for different values of 
cation mobility; electric field near c-TiO2 interface during reverse scan for varying cation 
mobilities; cationic density at c-TiO2 interface during reverse scan for different cation mobilities; 
photovoltaic parameters statistics over time for Eu:CsPbI3 mC-PSC devices; PU-encapsulated 
Eu:CsPbI3 mC-PSC at t0 and after 14 days in air; photovoltaic parameters evolution over time for 
Glass+PU encapsulated Eu:CsPbI3 mC-PSC. 
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Graphical Abstract  
 

 
Left panels: durability of PU-encapsulated mesoporous carbon-based (mC) hole-
transporting-layer-free (HTL-free) perovskite solar cells (PSC) integrating AVA-MAPbI3 and 
Eu-CsPbI3. Right panels: J-V curves after stress test under high humidity conditions for 
Kapton tape+PU and PU encapsulated PSCs or water immersion collected in PU-
encapsulated HTL-free mc-PSC integrating AVA-MAPbI3 
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