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borohydride salts in enhancing
perovskite solar cell performance and stability

Teresa Diaz-Perez, ad Carina Pareja-Rivera, a Jorge Pascual,c

Hector Juarez S., d Sofia Masi, *a Eva M. Barea, *a Silver-Hamill Turren-
Cruz *b and Iván Mora-Seró *a

A key problem for materials that form lead-based perovskite is the part of organic iodide that is oxidized and

formsmolecular I2, which negatively affects the efficiency and stability of the solar cell. Herein, we explored

adding special compounds, two borohydride salts, potassium borohydride (KBH4) and sodium borohydride

(NaBH4), into the perovskite precursor solution. These borohydride salts help prevent the oxidation process

by acting as reducing agents, preventing the defects caused by I2 by converting it back to I−. Also, I3
− is

generated from I2 and I−, which has a strong binding affinity to FA+, leading to deprotonation and

decomposition of the perovskite. Borohydride salts can prevent this degradation and help stabilize the

precursor solution. Furthermore, borohydride salts have a second role, enhancing film crystallinity and

defect passivation and increasing humidity resistance, which improves overall stability and device

performance. As a result, a promising efficiency of 20% is achieved, exhibiting long-term stability.
Introduction

Hybrid perovskite solar cells (PSCs) have attracted signicant
attention in recent years due to their remarkable efficiency and
enhanced stability, making them a primary focus of current
research.1–3 These performance improvements are primarily
attributed to key advances in additive engineering,4 interlayers,
passivation,5 cation mixing,6 ion migration in mixed halides7,8

and phase segregation to improve environmental stabilization.9

Despite these notable developments, PSCs still face signicant
challenges related to material degradation, particularly under
real-world operating conditions.10,11 Recent studies have high-
lighted that a critical point of instability originates in the
perovskite precursor solution, where chemical reactions can
alter the intended composition of the perovskite and negatively
impact the quality of the nal material. During storage or
preparation, degradation products such as molecular iodine (I2)
and triiodide (I3

−) can form due to the oxidation of iodide.12

These species are highly detrimental to the lm's crystallinity
and purity and can signicantly reduce device efficiency and
long-term stability. This degradation is by deprotonation of the
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FA+ cation, which releases protons that then react with iodide
ions to generate I2.13 The presence of molecular iodine and
other iodine-related defects introduces trap states in the
material, negatively affecting charge transport and accelerating
performance loss over time.14 Furthermore, the degradation of
the precursor solution leads to harmful lm morphology,
reduced grain size, increased defect density, and phase insta-
bility. For this reason, an effective strategy to prevent perovskite
degradation could be the use of borohydride salts such as KBH4

and NaBH4 as additives. We explored these compounds, which
act as both reducing agents and weak bases, and suppress the
formation of I2. In addition to stabilizing the precursor solu-
tion, borohydride salts have been shown to improve lm crys-
tallinity, reduce defect density, and enhance moisture
resistance, ultimately resulting in more efficient and longer-
lasting perovskite solar cells.

Researchers have explored strategies such as defect passiv-
ation engineering and reducing agents to address this issue,
which have shown great promise in mitigating degradation.15–18

Several studies have successfully employed chemical additives
in tin-based perovskite cells to stabilize the material, particu-
larly by reducing Sn4+ formation. Tin tends to oxidize from Sn2+

to Sn4+, a process that leads to structural degradation and defect
formation in the perovskite lm. The incorporation of NaBH4,
for instance, not only effectively suppresses this oxidation but
also signicantly enhances device stability.19 Although Pb does
not have the same tendency to oxidation than Sn, oxidation
process occurs in lead-based perovskites, where iodide (I−)
oxidizes to molecular iodine (I2), it is proposed that NaBH4

could provide similar benets. Its use in lead-based perovskites
Sustainable Energy Fuels, 2026, 10, 1069–1079 | 1069

http://crossmark.crossref.org/dialog/?doi=10.1039/d5se01476j&domain=pdf&date_stamp=2026-02-14
http://orcid.org/0009-0007-2963-6802
http://orcid.org/0000-0002-2764-0513
http://orcid.org/0000-0001-8058-4189
http://orcid.org/0000-0002-7373-1627
http://orcid.org/0000-0002-9496-5828
http://orcid.org/0000-0003-3191-6188
http://orcid.org/0000-0003-2508-0994
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5se01476j
https://pubs.rsc.org/en/journals/journal/SE
https://pubs.rsc.org/en/journals/journal/SE?issueid=SE010004


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 5

:5
2:

15
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
may help stabilize the material, reduce defect formation, and
ultimately improve the performance and operational stability of
the devices. A recent study by Wu et al. highlights the use of the
ionic salt sodium borohydride (NaBH4) as an interfacial modi-
er between HTL and perovskite, addressing the defects
commonly found at this interface. The incorporation of NaBH4

improved interfacial energy alignment and signicantly
reduced interfacial defects in inverted perovskite solar cells,
leading to enhanced device performance.20 These strategies
show great potential for improving lead-based perovskite solar
cells' long-term stability and efficiency, supporting their future
commercialization.

Another recent study by Liu et al. explored the incorporation
of the ionic salt potassium borohydride (KBH4) as a reducing
agent at the NiOx/perovskite interface, effectively suppressing
the harmful formation of Ni4+ and preventing iodide oxidation
in inverted nickel oxide (NiOx)-based perovskite solar cells.21

These results suggest that borohydride salts have successfully
improved interface stability and could similarly benet lead-
based perovskites. By acting as reducing agents, borohydrides
could suppress I2 formation, mitigate defect generation,
enhance the lm quality, and ultimately improve device
performance. Other strategies that have been employed in the
addition of additives for the degradation of perovskite in the
precursor solution are Chen et al., who introduced benzylhy-
drazine hydrochloride (BHC), which converts harmful I2 back
into I−, reducing I3

− charge traps and restoring precursor
quality.22 Similarly, the additive potassium tetrauoroborate
(KBF4) has been reported to enhance inverted perovskite solar
cells by reducing microstrain, improving crystallinity, and
passivating defects. This optimization led to improving stability
and resistance to degradation.23–25 Conversely, Duan et al. re-
ported CsPbI3 perovskite solar cells using 4-uoro-
benzothiohydrazide (FBTH) in the precursor solution. FBTH
enhances stability by preventing I2 formation and suppressing
I− migration through strong N–H/I bonds. It also passivates
lead-related defects via S/Pb interactions, reducing trap states
and improving charge dynamics and stability under thermal
and light exposure.26

This research has signicantly improved the stability and
performance of perovskite materials, but further research is still
needed for their large-scale commercialization. In this work, we
focus on investigating two ionic borohydride salts, sodium
borohydride (NaBH4) and potassium borohydride (KBH4), as
effective reducing agents to enhance device performance. Both
additives exhibit good solubility in organic solvents and bene-
cial chemical properties. Notably, NaBH4, due to its stronger
ionic interactions and higher reducing power compared to
KBH4, is more effective at suppressing iodide oxidation, mini-
mizing defect formation, and improving the lm quality,
leading to increased efficiency and long-term stability of
perovskite solar cells.

Herein, we present the optimization and analysis of Cs0.1-
FA0.9PbI3 (CsFAPbI3) perovskite precursor solutions, with and
without adding two reducing agents, NaBH4 and KBH4. Our
study initially focused on understanding the role of these
reducing agents in preventing the oxidation of precursors
1070 | Sustainable Energy Fuels, 2026, 10, 1069–1079
within the solution, specically by reducing iodine (I2) to iodide
(I−). The main nding was that these agents stabilize the
precursor solution and enhance stability in the solid state by
passivating surface defects. This effect was conrmed by fabri-
cating and characterizing solar cells made of perovskite with
and without additives, demonstrating the benecial impact of
the reducing agents. Incorporating the additives KBH4 and
NaBH4 enhances the properties of the perovskite lms by
increasing their crystallinity and grain size, effectively passiv-
ating defects, and minimizing non-radiative recombination.
Results and discussion

The processes occurring in a perovskite precursor solution by
iodine-related defects resulting from borohydride can effec-
tively eliminate these defects, as schematized in Fig. 1. This
reaction stabilizes the precursor solution, reducing defects and
improving the quality of the perovskite lms. The result is
a stable perovskite structure with fewer non-radiative recombi-
nation centers to enhance the efficiency and longevity of the
devices.27 To study the oxidation of I− to I2, a pristine For-
mamidinium Iodide (FAI) solution was prepared and analyzed
by UV-vis spectroscopy, see Fig. 2a. Two additional solutions
were prepared, one with the addition of KBH4 (0.05 mg mL−1,
0.93 mM) and another with NaBH4 (0.05 mg mL−1, 1.32 mM) as
reducing agents, see Fig. 2b and c, respectively. The solutions
had been aged in the air for 6 hours. The absorbance spectrum
exhibits a characteristic increase of absorption at 365 nm
region, indicating the oxidation of I− to I2 in the FAI solution. In
contrast, with borohydride solutions, the absorbance does not
change signicantly.

The main degradation mechanism is oxidation iodide (I−)
when exposed to air, moisture, or illumination, which triggers
the following reaction eqn (1):28–30

2I− / I2 + 2e− (1)

This process leads to the decomposition of PbI2 or halide
loss. The borohydride ion (BH4

−) donates electrons to the
oxidized species (I2) in the precursor solution or in the lm,
reacting as follows eqn (2):

I2 + 2BH4
− + 2H2O / 2I− + 2B(OH)3 + 3H2[ (2)

This allows I2 to be reduced back to I−, restoring the stable
halide state within the perovskite structure. This means that
both additives can reverse the oxidation process. In addition,
BH4

− can coordinate with Pb2+ improving the interface between
ETL and perovskite layer.20

Another experiment of the absorption was measured
immediately aer preparation and then daily for up to 5 days. It
was conducted by varying molar proportions of borohydrides
(0.05, 0.1, 0.2, and 0.3 mg mL−1) added to the FAI precursor
solution, see Fig. S1. Aer 5 days of aging in air, a similar trend
was observed KBH4 and NaBH4, where signicant oxidation of
I− occurred only in the sample without borohydrides. The
optical appearance of the solutions aging FAI and with and
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Schematic illustration of I3
− oxidation and generation during the aging of the perovskite precursor solution and the influence of sodium or

potassium borohydride incorporation on perovskite solution.
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without borohydrides can be observed in Fig. S1f. The FAI
solution has a light-yellow color, while this yellowish color is not
observed with the borohydride solutions. Furthermore, another
experiment demonstrated that FAI solution was exposed in air
and clearly exhibited the formation of I2 (Fig. S2). However,
borohydride additive was added to aged FAI solution and the
yellow color disappeared immediately. The solution regained its
transparent appearance conrming that I2 was reduced to I−.

This effect clearly demonstrates that both NaBH4 and KBH4

can reduce I2/I3
− species in the perovskite precursor solution.

We therefore propose that borohydride additive acts reduce
oxidized I2 species in the perovskite precursor. Furthermore,
demonstrate suppress generation of I2 within perovskite lm by
increasing absorbance enhances charge carrier capture in the
presence of borohydrides.

To investigate the effect of KBH4 and NaBH4 on the perov-
skite lm morphology, we used scanning electron microscopy
(SEM). Fig. 3a presents images of perovskite fresh lms for both
reference and samples with KBH4 and NaBH4. The reference
lm exhibits small, non-uniform grains. In contrast, adding
KBH4 and NaBH4 results in lms with more homogeneous and
Fig. 2 UV-Vis absorption spectra of solutions: (a) FAI, (b) FAI/KBH4, and (
The spectra were recorded after 6 hours of aging in air. The FAI solution e
In contrast, aged solutions KBH4 and NaBH4 show similar absorbance e

This journal is © The Royal Society of Chemistry 2026
improved grain distribution. This signicant increase in the
lm treated with NaBH4 indicates an average grain size of
960 nm, 720 nm for the potassium-treated lm, and 630 nm for
the reference lm in the statistical graph of grain size, see Table
S1. Bigger grain size and homogeneous lm can potentially
reduce defects, enhance transport charge carriers, and improve
the solar cell's performance. To analyze the long-term effect
additives in the morphology of perovskite lms, morphology
was also analyzed aer 3 months of aging, see Fig. 3b. During
the aging time the lms were stored under dark in a dry box at
20% RH and 25 °C. The aged perovskite lms show holes in the
case of reference and KBH4 lms. In contrast, with NaBH4, there
are no holes or defects on the surface of aged samples. However,
it is observed an a slight increase in the average grain size aer
aging, see Table S1, but considering the standard deviation, it
cannot be concluded that this increase is statistically
signicant.

X-ray diffraction (XRD) patterns of fresh and aged CsFAPbI3
perovskite lm are plotted in Fig. 4a. The perovskite lm
incorporating NaBH4 exhibits stronger diffraction peaks
compared to the other lms, pointing to enhanced crystallinity.
c) FAI/NaBH4 (0.05 mg mL−1) in DMF : DMSO (4 : 1 v/v) solvent mixture.
xhibits a characteristic peak at 365 nm, indicating iodine oxidation.12–22

ffects without signs of oxidation.

Sustainable Energy Fuels, 2026, 10, 1069–1079 | 1071
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Fig. 3 Top-view scanning electron microscope (SEM) images of films and histogram of grain size extracted from the views. (a) Reference
perovskite type CsFAPbI3, with +KBH4, and with +NaBH4 (0.05 mgmL−1) on glass substrates. (b) 3-Month films of aging in the dry box at 20% RH
and 25 °C. The scale bar corresponds to 1 mm. Red circles highlight pinhole regions.
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No new peaks are observed in the XRD patterns aer adding
borohydrides. The degradation of the perovskite lms is evident
with the appearance of a d-FAPI peak at 11.80° aer 3 weeks of
aging. Nevertheless, the control and KBH4 lms display this
peak more intensely than the NaBH4 lm, suggesting a more
effective defect passive way to grain boundaries and interfaces.
The observed diffraction peaks are 13.95°, 19.85°, 24.30°,
28.10°, 31.50°, 34.65°, 40.25° and 42.75°, corresponding to (1 1
0), (1 1 2), (1 1 1), (2 0 0), (2 1 0), (2 1 1), (2 2 0) and (2 2 1) of the
cubic perovskite alpha black phase.31

In the study by Ho et al., it was shown that individual grains
undergo chemical and structural changes during light- and
humidity-induced degradation or phase segregation in mixed-
1072 | Sustainable Energy Fuels, 2026, 10, 1069–1079
cation perovskites. Importantly, they demonstrated that the
degradation pathways differ depending on the stress condi-
tions. Under light exposure, nanoscale depressions were
observed to form over time, whereas under high relative
humidity such depressions were not necessarily detected;
instead, grain coarsening and growth were observed. Based on
these observations, Ho et al. suggested that the formation of
surface depressions is primarily light-driven and can be accel-
erated by higher relative humidity.32

In our case, although the aging was performed under rela-
tively low humidity and in the absence of illumination, similar
early-stage degradation processes such as phase transformation
decomposition pathways may still occur within the bulk or at
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Perovskite type Cs0.1FA0.9PbI3 films with/without KBH4 and NaBH4 (0.05 mgmL−1) on glass substrates. (a) XRD fresh/aged films and aged,
(b) UV-Vis absorption, and (c) PL spectra fresh and PL after 3 months of aging (20% RH and 25 °C).
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grain boundaries. These processes can lead to structural
changes detectable by techniques sensitive to crystallographic
without necessarily producing pronounced morphological
changes observable. Therefore, the absence of obvious surface
degradation in SEM images does not preclude underlying
structural degradation, particularly under mild aging condi-
tions, and is consistent with the degradation mechanisms re-
ported for mixed-cation perovskites.

The UV-vis light absorption spectra of perovskite lms are
then shown in Fig. 4b. The fresh perovskite lms with and
without additives show similar light absorption intensity.
However, aer 3 months, the reference sample showed low
absorption intensity due to the lm's degradation, and the
massive formation FAPbI3 yellow delta phase, as shown in the
XRD measurements, see Fig. 4a. Despite d-FAPI is also detected
in the XRD measurements in aged samples with borohydrides,
the amount of degraded material is signicantly lower than in
fresh samples, as no signicant reduction is light absorption is
detected, see Fig. 4b. In the study by Kang D. H. et al. have
shown that absorbance of perovskite lms is relatively insen-
sitive to small amounts of PbI2 formation, particularly when
PbI2 is present in excess at low concentrations. In such cases,
almost no change in optical absorbance is observed, even
though XRD clearly reveals the presence of secondary phases. In
contrast, a pronounced decrease in absorbance is typically
associated with the formation of the non-perovskite d-phase,
This journal is © The Royal Society of Chemistry 2026
which is optically inactive in the visible region and can be
readily conrmed by XRD through the appearance of intense d-
phase diffraction peaks. This behavior highlights that structural
degradation detected by XRD can precede or occur indepen-
dently of signicant optical degradation, especially when the
degradation pathway involves PbI2 formation rather than
extensive d-phase conversion. This behavior highlights that
structural degradation detected by XRD can precede or occur
independently of signicant optical degradation, especially
when the degradation pathway involves PbI2 formation rather
than extensive d-phase conversion.33 Therefore, in our case, the
preserved absorption intensity with borohydride lms aer
aging indicates that it remains largely intact. In contrast, the
XRD results reveal underlying phase evolution and clearly
indicate the formation of secondary phases, that do not yet
translate into a measurable loss of optical absorption.

Moreover, the steady-state photoluminescence (PL) was
performed on perovskite lms with different borohydrides, as
shown in Fig. 4c. The fresh lm shows that PL increases with
borohydride additives respect the reference, pointing for
a benecial role reducing the non-radiative recombination.
Note that there is a blue shi of the PL peak aer aging, see
Fig. S3, due to the higher relative Cs amount of respect FA in the
CsFAPbI3 perovskite due to the formation of d-FAPI. In addition,
aer 3 months, PL even increases for lms with NaBH4 additive.
A high open circuit steady state PL indicates lower non-radiative
Sustainable Energy Fuels, 2026, 10, 1069–1079 | 1073

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5se01476j


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 5

:5
2:

15
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
recombination in the lm, attributed to fewer defect
density.31,34,35 In contrast, in reference and KBH4 lms aged over
time, the PL intensity of perovskite lms decreases, likely due to
defects generated during the aging as observed in SEM with the
aged lms, see Fig. 3b. Ma, F. et al. demonstrated that the
presence of an a/d phase junction induces a spectral shi in the
photoluminescence (PL) emission and, importantly, can result
in enhanced PL intensity compared to a pure a-phase lm. This
enhancement is attributed to a reduction in nonradiative
recombination, likely due to defect passivation and improved
interfacial energetics at the phase junction, which suppress
trap-assisted recombination.36 Therefore, in our case, although
XRD indicates structural degradation and phase evolution aer
prolonged aging, the increased PL intensity observed for the
NaBH4 perovskite lm can be rationalized by the formation of
a mixed a/d phase conguration. This phase mixture can reduce
nonradiative losses and enhance radiative recombination effi-
ciency, leading to stronger PL emission despite the presence of
secondary phases.

Aer lm analysis and characterization complete perovskite
solar cell devices were fabricated with an N–I–P conguration of
glassjITOjSnO2j perovskite (NaBH4 or KBH4) jSpiro-OMeTADj
Au, see Fig. 5a. The statistical parameters of the cells are shown
in Fig. 5b, including open circuit potential, VOC, short circuit
current, JSC, ll factor, FF, and photoconversion efficiency, PCE.
The device's performance corresponds to devices aer 3 months
aging, stored under dark in a dry box at 20% RH and 25 °C. It is
Fig. 5 (a) Solar cell architecture; (b) photovoltaic performance showing
integrated current density of aged solar cells. The statistical analysis was
stored under dark in a dry box under conditions of 20% RH and 25 °C.

1074 | Sustainable Energy Fuels, 2026, 10, 1069–1079
observed that the cell with the best photovoltaic performance
aer aging time is the NaBH4-based cell, achieving a maximum
PCE of 18.9%, followed by 17.7% for the KBH4-based cell and
15.5% for the reference cell. This fact is in good agreement with
lm aging characterization of NaBH4 samples that showed
lower d-FAPI content, see Fig. 4a, and good lm morphology,
see Fig. 3b, and higher PL, see Fig. 4c, pointing to a decrease
supercial defect with a non-radiative recombination losses
reduction. The integrated incident photon to current efficiency,
IPCE, is plotted in Fig. 5c. There is a good agreement between
the integrated IPCE current, Fig. 5c, and the measured JSC,
Fig. 5b, with the highest photocurrent obtained also for cells
with NaBH4.

The initial power conversion efficiency for the reference cell
(without borohydrides) was 15.7% with 21.8 mA cm−2 JSC, 1.0 V
VOC, and 74% FF. However, the efficiency of cells improves with
the addition of borohydrides. In the case of the KBH4 added
cell, the FF increases to 76% with an efficiency of 16.5%. In
contrast, NaBH4 cells improved all parameters, such as a VOC of
1.1 V, a JSC of 22.3 mA cm−2, an FF of 78%, and a PCE of 17.7%.
Solar cell performance values as summarized in Fig. S4 and
Table S2. As demonstrated in seminal studies on
methylammonium-free perovskites, Cs/FA-based compositions
prioritize phase stability and long-term operational durability,
particularly on planar n–i–p architectures.37 While these
systems can reach very high efficiencies under optimized
conditions, their intrinsic crystallization kinetics and defect
JSC, VOC, FF, and PCE with statistical analysis and (c) IPCE spectra and
collected from ∼20 devices after 3 months of aging. The devices were

This journal is © The Royal Society of Chemistry 2026
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tolerance generally result in lower initial PCEs compared to MA-
containing compositions, which have achieved record efficien-
cies but oen reduces thermal and ambient stability.38

However, Cs0.1FA0.9PbI3 formulation was intentionally selected
to suppress phase instability and volatile cation-related degra-
dation pathways. Therefore, efficiency is limited by stability-
oriented design more than optimization for maximum initial
performance. Accordingly, the primary contribution of this
work leads in demonstrating signicant improvements in long-
term device stability, reinforcing the relevance of stability-
driven compositional engineering practical perovskite solar
cells.

Devices incorporating both borohydrides exhibit higher
efficiencies than reference. This improvement results from their
similar redox chemistry as the borohydride anion (BH4

−)
maintains perovskite stability by reducing I2 to I−. In addition,
BH4

− can coordinate with Pb2+, enhancing the interface
between the ETL and the perovskite layer.20 Furthermore, the
Na+ cation contributes to stabilization within the perovskite
structure and improves surface properties by promoting the
growth of larger grains.19 Due to its smaller ionic radius and
higher electronegativity, Na+ forms stronger interactions within
the crystal lattice improving electronic quality and long-term
chemical stability of the perovskite.

In contrast, the lower performance and reduced stability
observed in devices containing KBH4 may be attributed to the
K+ ion, which according to previous studies is not completely
incorporated into the crystal lattice and can induce phase
segregation. Moreover, K+ reacts more readily with oxygen
accelerating structural degradation (Fig. 6).39

The fabricated solar cells present and outstanding shelf
stability under dark in a dry box under conditions of 20% RH
and 25 °C in all the cases, even for reference sample, reporting
a performance aer close to 3000 h higher than the initial
performance, see Fig. S5. The increase in efficiency is higher for
samples with borohydrides, being the highest the obtained with
NaBH4 additive. These results are especially signicant
considering that the analyzed devices were unencapsulated.
Aer this rst stability analysis a harsher aging study of
complete unencapsulated solar cell devices was performed
exposing fresh devices to higher relative humidity (∼60%) in
oxygen atmosphere and measured weekly over 5 weeks, see
Fig. 6. All J–V curves are presented in Fig. 6a–c, while photo-
voltaic parameters are summarized in Table S3. Note that in
these conditions reference devices exhibited a continuous
decrease in efficiency with aging, see Fig. 6d, retaining less than
80% of their initial performance aer 168 hours of continuous
operation, followed by complete degradation aer 500 hours. In
contrast, the devices incorporating borohydride showed an
increase in their initial efficiency over time in both cases,
without any signs of degradation until aer 750 hours of oper-
ation, showing in fact higher performance than fresh samples,
reaching even 20.1% PCE for NaBH4 samples, see Table S3.
Aer this time a decrease in efficiency is observed for samples
with borohydride additives. Specically, the device treated with
KBH4 exhibited a decline in PCE to below 70% of its initial value
aer 900 hours. Meanwhile, the device incorporating NaBH4
This journal is © The Royal Society of Chemistry 2026
showed only a slight reduction in PCE, maintaining over 90% of
its initial efficiency aer 900 hours. Previous studies have
demonstrated that perovskite solar cells can exhibit aging-
induced performance recovery even under dark storage,
driven by slow interfacial equilibration, redistribution of mobile
ionic species, and gradual defect passivation.40,41 These
processes can reduce non-radiative recombination and improve
charge extraction, leading to increases in VOC and FF over
intermediate aging times. In our case, the presence of borohy-
drides on device enhances these benign aging effects by
promoting continued passivation under suppressing recombi-
nation and reduce defects as shown in the Fig. 6d. As a result, an
improvement in device performance is observed over long-term
stability. All J–V measurements were performed under identical
and reproducible conditions, conrming that the PCE increase
at 720 hours reects intrinsic device.

On other hand, we evaluated the operational stability of the
unencapsulated devices control devices, KBH4 and NaBH4,
respectively in demanding ambient conditions (∼43% RH and
25 °C), tracking their performance at maximum power point
(MPP) under continuous illumination (100 mW cm−2, AM 1.5G)
(Fig. S6). The control and KBH4 device experienced a fast
degradation, with a T80 lifetime of 7 and 14 hours. Conversely,
NaBH4 devices demonstrated signicantly enhanced stabilities,
achieving impressive T80 lifetimes more of 24 hours. Herein, we
demonstrated a improvement in the ambient T80 lifetime,
anticipating an outstanding stability without encapsulation.
This achievement is particularly signicant because, with
NaBH4 enhance VOC and improve the operational stability at
MPP.

In general, both NaBH4 and KBH4 exhibit excellent redox and
structural stabilization properties. However, NaBH4 demon-
strates superior chemical compatibility and effectiveness in
perovskite, as it efficiently restores I− species through strong
reduction by maintaining iodine in its reduced form. Further-
more, NaBH4 also reduces the non-radiative carrier recombi-
nation which improve dramatically the resistance of device to
humidity, see more details in Table S6.

On the other hand, to assess the impact of the additive in the
recombination mechanisms,42 the different devices' ideality
factor, n, was calculated considering the relationship:

eVOC = Eg + nkBT In(F/F0) (3)

where e is the electron charge, Eg is the light absorber bandgap,
kB is the Boltzmann constant, T is the temperature,F is the light
intensity and F0 is a constant with the same units as F. n is
a parameter related to recombination mechanism. Comparing
n value of different samples at different aging stages helps to
track and compare recombination mechanism evolution. In our
case, this analysis, see Fig. 7 and Tables S5–S7, has been carried
out on samples used for the stability characterization reported
in Fig. 6, exposed to high relative humidity (RH∼ 60–25 °C%) in
dark conditions. The measurements indicate that fresh devices,
KBH4, NaBH4 and reference, exhibit similar behavior, see
Fig. 7a. For fresh devices, KBH4 exhibits an initial n value lower
than 2, indicating a contribution of surface recombination to
Sustainable Energy Fuels, 2026, 10, 1069–1079 | 1075
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Fig. 6 J–V curve (a) reference, (b) KBH4, (c) NaBH4, and (d) the long-term stability of the perovskite solar cells was measured in ambient air
exposed to high relative humidity (RH ∼ 60–25 °C%) at dark conditions, measured every week for a period of 5 weeks.
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the dominant bulk Shockley–Read–Hall (SRH) recombination.
However, a lower n does not necessarily guarantee superior
device performance or long-term stability.43 In our case, fresh
NaBH4 device shows a slightly higher n than KBH4, see Fig. 7a
and Table S4, while simultaneously exhibiting a higher VOC.
This behavior suggests that recombination with NaBH4 device is
initially dominated by SRH recombination. However, aging
could produce that Na+ in electrically neutralizing bulk defects
increasing the weight of interfacial recombination in the total
recombination, reected as a decrease of n.

Note that aer two weeks, see Fig. 7b, borohydride aged
samples slightly decrease the n values indicating the presence of
an alternative interfacial recombination pathway. When
Fig. 7 Open-circuit potential versus light-intensity including ideality fac
voltage and the irradiance level, where the black lines correspond to fits
reference, 1.76 and 2.26 to KBH4 and NaBH4 fresh device; (b) nid= 4.78 ref
and (c) nid = 4.23 and 1.86 to KBH4 and NaBH4 device after 5-weeks of

1076 | Sustainable Energy Fuels, 2026, 10, 1069–1079
interfacial recombination is the main recombination pathway
an ideality factor of 1 is expected.42 n values between 1 and 2
indicate the presence of both surface and bulk recombination.
In contrast, n values higher than 2 points to multiple trapping
recombination.44 We have previously observed in outdoors aged
perovskite minimodules that when initial n values between 1
and 2 evolves with aging time to n > 2 an irreversible degrada-
tion is experienced in the devices.44 Similar effect is observed
here. Aer 1 week reference cells show a n > 2, see Table S4 and
Fig. 7b. It is needed to wait 5 weeks to observe the irreversible
degradation, with n > 2 for KBH4 sample, see Table S4 and
Fig. 7b. In contrast, NaBH4 sample still preserving n < 2 aer
this time exhibiting the highest stability. This analysis clearly
tors. Calculation of nid from the relationship between the open-circuit
in accordance with eqn (2) in SI. These data indicate that (a) nid = 1.85
erence, 1.56 and 1.78 to KBH4 andNaBH4 device after 2-weeks of aging
aging.

This journal is © The Royal Society of Chemistry 2026
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establishes the benecial role for perovskite solar cells stability
of borohydride additives, especially in the case of NaBH4, that
also presents the less defective samples.

Conclusion

In summary, we demonstrate that two reducing agents, KBH4

and NaBH4, prevent the oxidation of the perovskite precursors
within the solution, specically by reducing iodine (I2) to iodide
(I−). These agents stabilize the precursor solution and enhance
stability in the solid state by passivating surface defects. This
effect was demonstrated in the benecial impact on photo-
conversion efficiency and long-term stability of the devices
prepared with reducing agents. Incorporating the additives
KBH4 and NaBH4 enhances the properties of the perovskite
lms by increasing their crystallinity and grain size, effectively
decreasing non-radiative recombination. The increase of
perovskite thin lm properties is translated to the solar cell
devices fabricated where devices prepared with borohydride
additives presents higher performance especially when NaBH4

is used. Concretely, the most dramatic increase respect the
reference devices without additives in observed in the long-term
stability of unencapsulated CsFAPbI3-based devices with NaBH4

additive in ambient high relative humidity RH 60% at 25 °C.
Shelf stability in these conditions exceeds 900 hours aer
fabrication more than a 5-fold increase respect the reference
devices. This work provides a simple and efficient strategy to
improve the performance of PSCs, which will benet future
commercialization.
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