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ABSTRACT: Lanthanum nickelate (LNO) was grown on an FTO-coated glass slide by
employing the chronoamperometry method and used as a hole transport layer (HTL) in
bulk heterojunction polymer solar cells (BHJ PSCs). The electrodeposition parameters,
including the deposition time, potential magnitude, and electrolyte conditions, were
changed to obtain LNO thin films, providing appropriate energy levels as an HTL. The
electrochemical, morphological, optical, and structural characteristics of electrochemi-
cally produced LNO samples were compared to those of the sample prepared via the
sol—gel procedure. The LNO sample prepared by applying —1.18 V while the electrolyte
was stirring exhibited significantly better electrochemical and optical properties. The
fabricated PSC using this sample provided a considerably higher (45.3%) power
conversion efficiency (PCE) than the PSC prepared based on an LNO thin film acquired
by the sol—gel method. The superior performance of the BH] PSC was ascribed to the
increased electroactive surface area (1.341 cm?), improved charge mobility (2.30 x 107
cm? V™' s7"), and reduced charge recombination probabilities. A short circuit current of
13.24 mA cm?, an open circuit voltage of approximately 0.64 V, a fill factor of 70%, an external quantum efficiency of 75.3%, and a
PCE of 5.9% were demonstrated by the best fabricated PSC, surpassing the reference device with a PEDOT:PSS HTL. Moreover,
the prepared PSC exhibited remarkable ambient stability, maintaining 84% of its initial PCE after 450 h of aging. The agreement
between DFT calculations and experimental results confirmed that LNO possesses the optical and elastic characteristics required to
improve the efficiency and stability of PSCs as an HTL.
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1. INTRODUCTION

Perovskite oxides are a class of ternary metal oxides with the
general formula ABO;, where A is a cation with a larger atomic
radius from alkaline earth or rare-earth metals and B is a
smaller cation from transition metals (e.g., Ni, Co, Ti, Mn, and
Fe).! The smaller cation B is situated inside the oxygen
octahedra, interconnected by corner-sharing. Conversely, the
larger cation A is coordinated with 12 oxygen anions at the
dodecahedral positions.” These compounds have received a lot
of attention due to their special features, such as structural
flexibility, fascinating electrocatalytic and thermodynamic
characteristics, stability, low toxicity, and various synthesis
methods.” The characteristics of oxides in general and
perovskite oxides in particular are tightly related to their
lattice structure; breaking the lattice symmetry can significantly
alter the characteristics of these materials.” Ideal perovskite
oxides have a highly symmetric cubic lattice that may undergo
distortion and convert into less symmetric structures of
tetragonal, monoclinic, orthorhombic, triclinic, and rhombohe-
dral® The perovskites” dielectric, magnetic, optical, and
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catalytic characteristics may be governed by the tilted and
rotated oxygen octahedra.” Perovskite oxide compounds show
metallic, semiconductive, and insulating properties, depending
on the type and size of metals in their structures.” Due to their
diverse compositions and features, perovskite oxides have
become extremely important and have been extensively used in
various fields, including water splitting, fuel cells, photo-
catalysis, light-emitting diodes, electrochemical devices, and
solar energy conversion.’ Different perovskite oxides could be
easily synthesized using a variety of techniques, including sol—
gel, co-precipitation, solid-state, hydrothermal, self-assembly,
and template approaches.” The applied synthesis method could
significantly affect the crystallinity, morphology, particle
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dimension, and specific surface area of the synthesized
perovskite oxides, which consequently could influence the
application of these compounds in different areas.” In recent
years, some perovskite oxides, such as BaSnOj; and SrTiOj,
BaTiO; with semiconductor characteristics have been applied
as the charge-transporting layer (CTL) in perovskite solar cells
(Per-SCs), which has enhanced their efficiency.” Also, an
increasing number of investigations have been conducted on
using La,_,Ce,NiO;, La;_,Ca,MnO; as counter electrodes and
CdSnO;, BaSnO;, BaTiO;, and SrTiO; as the working
electrode in the fabrication of dye-synthesized solar cells
(DSSCs), resulting in an improvement in their performance.’
In comparison, the number of studies on the application of
these materials in polymer solar cells (PSCs) is considerably
limited.

The CTLs, that is, the hole transporting layer (HTL) and
electron transporting layer (ETL), are used between the
electrodes and photoactive layer in PSCs and Per-SCs to tune
work functions and energy levels, form an ohmic contact,
diminish the energy barrier, improve charge selectivity, and
increase charge collection efficiencies of holes and electrons by
anode and cathode electrodes, respectively.'' Moreover, the
structural, optical, and electrochemical properties of CTLs can
considerably impact the performance of PSCs and Per-SCs."'
Notably, various materials have been employed as an ETL for
high-performance PSCs, while the development of HTLs lags
significantly behind.'” The most commonly used materials as
ETL are LiF, ZnO, TiO,, and PFN.” Due to its unique
properties, including transparency, mechanical permanence,
solution processability, and compatibility with various photo-
active layers, polyethylenedioxythiophene:polystyrenesulfate
(PEDOT:PSS) has been employed as the HTL in the majority
of reported high-performance PSCs.'* However, some main
disadvantages of PEDOT:PSS, such as an acidic and
hydrophilic nature, inadequate electron-blocking potential,
and heterogeneous electrical features, cause conventional
PSCs to have short lifetimes and a low power conversion
efficiency (PCE) and also experience quick degradation." In
order to avoid the drawbacks of PEDOT:PSS, considerable
endeavors have been dedicated to the advancement of
alternative HTLs, including metal oxides such as V,Os,
MoO;, WO; NiO,, CrO,, and CuO,, polymers, carbon
nanotubes, graphene oxide, and reduced graphene oxide.'®"”

Due to the high stability and low cost of binary metal oxides,
they have drawn much interest and have been extensively
studied as an HTL in PSCs. However, their fixed character-
istics, such as band gaps, energy levels, transmittance,
conductivity, and so on, are their primary limitations as
HTLs."® Because of the varying energy levels of donor and
acceptor compounds employed in the photoactive layer, these
fixed characters of binary metal oxides restrict the flexibility of
PSCs in general applications. To conquer these weak points
while maintaining the advantages of utilizing metal oxides as
HTLs, the design of ternary metal oxides, such as perovskite
oxides with tunable physicochemical properties and band
structure, can be a critical approach to promoting PSC
performance.'”

Lanthanum nickelate (LaNiO;, LNO) is one of the
perovskite oxide materials that has attained considerable
attention because of its exceptional features, including thermal
stability, high conductivity, thermoelectric and catalytic
activity.”> LNO has found a wide range of applications,
including ferroelectrics, dielectrics, conductive thin films,

therapeutics, and photocatalysis.”’ Compared to other perov-
skite oxides such as SrTiO;, BaSnOj3, BaTiO;, and so on, fewer
investigations have reported the application of LNO in the
fabrication of solar cells. Nevertheless, experimental and
theoretical studies on the LNO have revealed that this
compound can be used as a CTL in the construction of
solar cells.””*" In the sole study published on the utilization of
LNO as HTL in PSCs, a sample of this compound with a band
gap of 3.45 eV and transparency of >80% was prepared by the
sol—gel procedure. The PCE of 9.45% has been recorded in
this work by employing the PTB7-Th:PC71BM active layer.”
Preparing homogeneous thin layers to construct PSCs has
always been a significant challenge in solar cell design.”* Since
the ultimate performance of the PSCs can be remarkably
influenced by the structural characteristics of its constituent
layers, developing these devices and enhancing their efficiency
via the implementation of single-step, repeatable, and cost-
effective procedures could be highly beneficial.
Electrodeposition (ED) is an adaptable method for
fabricating thin films that has many advantages over more
traditional methods like physical vapor deposition (PVD),
sputtering, chemical vapor deposition (CVD), and pulsed laser
deposition (PLD). These advantages include implementation
simplicity, minimal material and energy consumption, low
temperature, affordability, scalability, and nontoxicity.”> The
electrodeposited thin film characteristics are highly affected by
the ED potential, precursor salt concentrations, deposition
time, temperature, and rate of electrolyte stirring.”* The ED
approach has already been utilized to synthesize several metal
oxides such as V,0s, NiO, ZnO, and so on by investigating
parameters such as the electrolyte concentration and
comparing different ED techniques such as cyclic voltammetry
(CV), chronoamperometry (CA), chronopotentiometry (CP),
and so on. The findings revealed that by adjusting the
indicated parameters and changing the physical and electro-
chemical properties of the produced nanomaterials, the
photovoltaic performance of PSCs could be improved.'®"”
Researchers have recently conducted extensive experimental
and computational studies using different device structures,
compositions, and fabrication methods to improve the stability
and efficiency of PSCs. > Computational chemistry, which has
developed into a new tool for scientific investigation, can
simulate several screening exgeriments, which could consid-
erably accelerate this research.”® Motivated by the high interest
in fully exploiting the potential of LNO as a CTL in the PSC
structure, we present a combined experimental and computa-
tional study to discover how LNO might increase the efficiency
and stability of PSC. According to most recent findings,
perovskite oxides have not yet been synthesized by the ED
method to be utilized in the fabrication of all kinds of solar
cells. In the current work, LNO nanostructures were
electrochemically produced on the FTO-coated glass slide
via the CA method. Several synthetic parameters, such as the
ED time, electrolyte stirring, and ED potential, were altered to
achieve the optimal ED state. Physical and electrochemical
evaluation of the acquired LNO thin films by ED was
performed. The results were compared with each other and
with those obtained utilizing the sol—gel procedure and spin-
coated on the transparent FTO photoanode. Based on the
obtained results, the prepared samples were suitable to be
employed as an HTL in the construction of BHJ PSC with
P3HT:PCBM as the active layer. Then, the performance
characterization was carried out on the fabricated PSCs. The
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results revealed that the PSC manufactured utilizing LNO
prepared under stirring and a cathodic potential of —1.18 V
provided superior performance. In order to provide a more
precise comparison and validate the experimental results,
computational calculations were employed on the rhombohe-
dral LNO, taking into account the X-ray diffraction data that
revealed that rhombohedral LNO is synthesized during the ED
process. DFT calculations, a commonly used theoretical
method for comprehending the properties of diverse materials,
were employed to determine the optical absorption coeflicient,
reflectivity, and elastic characteristics of rhombohedral LNO.
Eventually, based on the experimental findings confirmed by
computational results, the employment of LNO as HTL could
enhance the efficiency and stability of the PSCs.

2. EXPERIMENTAL DETAILS

2.1. Chemicals. The main reagents used in this work are listed in
the Supporting Information (Text S1).

2.2. Electrochemical Deposition of the LNO Thin Film. The
electrochemical procedure was performed to synthesize LNO
nanostructures by co-depositing La(OH); and Ni(OH), through
nitrate reduction. In order to co-deposit La(OH); and Ni(OH), in a
1:1 ratio, 25 mL of an aqueous solution containing La(NO;);-6H20
(10 mM), Ni(OH),-4H,0 (9 mM), and KNO; (200 mM) was
utilized as the electrolyte solution. During the ED process, a single-
compartment cell was used with three electrodes. The working
electrode was made of an FTO-coated glass slide, the counter
electrode was a platinum rod, and the reference electrode was
composed of a saturated Ag/AgCl electrode. In order to perform the
ED process, the FTO-coated glass slides were first separated into
smaller dimensions of 1.5 cm X 1.5 cm. The slides were then
subjected to a series of treatments to eliminate any contaminants that
may affect the accuracy of the results. Specifically, the slides
underwent etching in a solution composed of HCl, H,O, and
HNO; (24:24:2 v/v). Subsequently, the slides were subjected to
sonication in acetone and isopropanol for 15 min each. After each
step, the slides were carefully washed with DI water to remove any
remaining impurities. Following washing, the FTO slides were dried
in an oven at 120 °C for 15 min and then employed as the working
electrode. The ED was conducted potentiostatically by applging
—1.18 V to the FTO vs Ag/AgCl at an ambient temperature.2 In
order to acquire the desired thin film of LNO nanostructures, the
potentiostatic ED procedure was performed at three deposition times
of 1, 2, and 4 min by employing a cathodic potential of —1.18 V to the
working electrode. The prepared samples in this step were named
LNO-TF/ED-T1, LNO-TF/ED-T2, and LNO-TF/ED-T4 to indicate
the ED duration.

In the next step, the impact of solution stirring on the quality and
features of the resulting thin film was explored. The ED of the LNO
was performed by applying a potential of —1.18 V at the optimal time
of 2 min (based on the physicochemical and electrochemical results),
whereas the electrolyte solution was gently stirred utilizing a magnetic
stirrer at the speed of 100 r.p.m. The obtained sample in this stage
was named LNO-TF/ED-V1.

Eventually, the optimal ED potential was determined by precisely
repeating the ED procedure at two other potentials of —1.13 and
—1.09 V while the solution was stirred slowly for 2 min as in the
previous step at a speed of 100 rpm. The obtained samples using
—1.13 and —1.09 V were designated as LNO-TF/ED-V2 and LNO-
TF/ED-V3, respectively.

After rinsing with DI water, all samples were transferred to a
furnace for annealing. Perovskite oxides are fully crystalline at 550 °C,
and the ideal temperature for crystallization is typically between 600
and 900 °C.*° However, it was discovered that the FTO transparent
conductive electrode loses conductivity when subjected to high
temperatures (>600 °C) during thermal annealing. Therefore, the
annealing process was performed for 5 h at the highest temperature of
600 °C that can be tolerated by FTO.

Considering that the X-ray diffraction (XRD) pattern of the FTO
substrate can interfere with the diffraction pattern of the LNO film, a
platinum plate was employed as the working electrode while the
counter and reference electrodes remained constant. The ED process
was performed by employing a potential of —1.18 V for 120 min. As
previously performed in some other studies, this step was undertaken
to ensure that any interference caused by the FTO substrate was
eliminated and that a clear diffraction pattern of the LNO film could
be obtained for an accurate comparison with the powder sample
acquired via the sol—gel procedure.*’

In the above-explained ED process, a rise in the local pH can occur
at the surface of the working electrode once a potential is given to the
electrode to convert nitrate into nitrite in an aqueous solution.

NOj + H,0 + 2¢” — NOj + 20H"

Consequently, the solubilities of La** and Ni** on the electrode
surface diminish, and these ions can be precipitated as La(OH); and
Ni(OH),, respectively.”” The as-deposited mixed metal hydroxide
film on the platinum surface was rinsed with DI water, dried at room
temperature, and put in the furnace for annealing. The annealing
process was performed at 600 °C for S h. The obtained black film was
scratched from the platinum surface and used for characterization.
The prepared sample was named LNO-P/ED-600.

2.3. Sol—Gel Synthesis of LNO. A solution of La(NO,);-6H,0
(10 mM), Ni(OH),-4H,0 (10 mM), and (C4HzO,-H,0) (50 mM)
was prepared in 100 mL of DI water. This solution became pretty
transparent after adding a small amount of liquid ammonia to control
the pH to 7. In order to initiate the dehydration process, the solution
was heated to 130 °C on a hot plate for 2 h with constant stirring.
Polycondensation of citric acid and nitrates occurred during the
dehydration process.”® A small amount of the obtained transparent
viscous solution in this phase was used to prepare the LNO thin film
by a spin-coating technique. First, a layer of the indicated solution was
spin-coated on the FTO substrate with a rotation speed of 3000 rpm
for 1 min. The deposited FTO was left in an oven to be dried at 85 °C
for 10 min.”® These processes were carried out seven times to ensure
that the entire surface was covered and to produce the desired
thickness of the thin layer. Subsequently, the deposited film was
postannealed in a furnace at 600 °C for S h. The prepared sample was
named LNO-TF/SG. The remaining part of the transparent viscous
solution was annealed at 600 °C for S h. The obtained powder sample
was named LNO-P/SG-600 and used for further characterization.
The names of all the prepared samples under different conditions are
listed in Table SI.

2.4. Characterization of the LNO Nanostructures. The main
methods and the details for the physicochemical and electrochemical
characterization of LNO nanostructures in this work are described in
Texts S2 and S3.

2.5. Construction of BHJ PSC Devices. Considering the
physicochemical and electrochemical evaluation, the prepared LNO
samples were appropriate to be applied as HTL in the structure of
PSC. Therefore, following the provided instructions, conventional
PSCs were fabricated with the FTO/LNO/P3HT:PCBM/AI
structure. A solution of P3HT: PCBM (1:1, 10 mg/mL in
chlorobenzene) was stirred for 12 h and then sonicated at room
temperature for 15 min. A spin-coating technique was employed to
deposit 150 uL of the prepared active layer solution onto the LNO-
coated FTO substrate at 1500 rpm. Finally, the cathode electrode
consisting of a thin layer of Al (200 nm) was deposited onto the
prepared films utilizing the PVD technique. To compare the
photovoltaic characteristics of the LNO-based solar cell with the
reference solar cell made of the PEDOT:PSS, a solution containing S
mg of this compound was added to 5 mL of DI water. This solution
was then spin-coated onto the FTO electrode at 2000 rpm. The active
layer solution was also prepared using the same method and spin-
coated onto the electrode that had already been coated with the
PEDOT:PSS layer. Finally, a 100 nm-thick aluminum cathode was
deposited on the electrode by employing the PVD technique. All of
the described procedures were performed in a glovebox filled with N.,.
The fabricated cells based on LNO and PEDOT:PSS thin films as
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Figure 1. (a) XRD patterns, (b) UV—vis absorption spectra of the LNO suspension dispersed in H,0:C,H;OH (1:1 v/v) with a concentration of
~0.2 mM, and (c) the corresponding Tauc’s plots of the synthesized LNO by the sol—gel (LNO-P/SG-600) and ED (LNO-P/ED-600) methods.

HTL were named PSC-LNO-TF/ED-T2, PSC-LNO-TE/ED-V1,
PSC- LNO-TF/ED-V2, PSC- LNO-TF/ED-V3, PSC-LNO-SG, and
PSC—PEDOT:PSS. The name and constituent parts of the fabricated
PSCs are listed in Table S2.

During the Al deposition process, a shadow mask consisting of six
identical windows was used to ensure uniform active area for all
fabricated PSCs. The evaluation of the current density—voltage (J—V)
characteristics for the developed cells was conducted utilizing a Zive
SP1 Potentiostat/Galvanostat while subjecting them to AM 1.5
illumination at an intensity of 100 mW cm™2. The Enli Technology
Company’s QE-R solar cell spectrum response evaluation system was
used to determine the external quantum efficiency (EQE) of the
produced PSCs throughout the wavelength range of 300 to 800 nm.

2.6. Computational Method. The details for density functional
theory (DFT) calculation used in this work is explained in Text S4
(Supporting Information).

3. RESULTS AND DISCUSSION

3.1. Structural and Morphological Analysis of the
Synthesized Samples. The crystallinity and phase purity of
the LNO powder samples synthesized using the sol—gel
(LNO-P/SG-600) and ED (LNO-P/ED-600) methods were
investigated utilizing XRD spectroscopy. The XRD spectra of
the LNO samples after calcination at 600 °C are represented in
Figure la. To verify that the crystallization of the LNO
nanostructures was completed at 600 °C, the annealing process
of samples acquired by sol—gel and ED procedures was also
carried out for S h at 800 °C. The XRD patterns of LNO-P/
SG-800 and LNO-P/ED-800 samples are depicted in Figure

S2. The presence of LNO crystals was verified in both cases by
the detection of characteristic diffraction peaks located at 26=
23.21°, 32.86°, 40.71°, 47.30°, 53.50°, 58.64°, 69.06°, 73.95°,
and 78.4° related to (100), (110), (111), (200), (210), (211),
(220), (300), and (310) planes, respectively. As illustrated in
Figure la and Figure S2, the XRD patterns of all samples are
well matched with those of the JCPDS card no. (00-033-0711)
labeled as LaNiO; with a rhombohedral crystalline structure,
and no peaks related to other materials such as La,O; or NiO
were observed.”® As depicted in Figure S2, the diffraction peak
intensity increased by increasing the calcination temperature
for samples obtained from the sol—gel and ED methods. The
average crystallite size of LNO nanoparticles synthesized by
the sol—gel method and calcinated at two different temper-
atures of 600 °C (88.6 nm) and 800 °C (167.0 nm) was
compared with those provided by the ED method at 600 °C
(30.83 nm) and 800 °C (134.1 nm). The results revealed that
higher calcination temperatures led to larger crystallite sizes.”’
Additionally, the nanoparticles produced by the sol—gel
approach were found to be larger than those produced by
the ED method at both calcination temperatures. Fundamen-
tally, the nucleation and growth processes govern the
production of nanoparticles in a reaction.’”*' Results suggest
that the nucleation rate in the ED approach is greater than that
of the sol—gel method, resulting in the formation of a smaller
crystallite size of LNO, which is probably due to a lower
growth rate.
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Figure 2. SEM images of (a, a’) LNO-P/ED-600 and (b, b’) LNO-P/SG-600 and (a”) corresponding TEM images of synthesized LNO powders
by the ED (LNO-P/ED-600) and (b”) sol—gel (LNO-P/SG-600) methods.
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Figure 3. Longitudinal SEM images of (a, a’) LNO-TF/ED-T1, (b, b’) LNO-TF/ED-T2, and (¢, ¢’) LNO-TF/ED-T4 at two different
magnifications, (a”—c”) associated cross-sectional SEM images, and (a”— ¢”) AFM 3D height images.

The UV—vis absorption spectra of the LNO-P/SG-600 and consisting of H,0:C,H;OH (1:1 v/v) with a concentration
LNO-P/ED-600 samples obtained in a dispersion media of 0.2 mM are illustrated in Figure 1b. The LNO-P/ED-600
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Figure 4. (a) cv response of bare FTO, LNO-TF/ED-T1, LNO-TF/ED-T2, and LNO-TF/ED-T4 samples in 0.1 M KCI containing 5.0 mM
[Fe(CN)4]**". (b) UV—vis absorption spectra of the indicated samples and (c) the corresponding Tauc’s plots.

sample exhibits a lower absorption intensity than the LNO-P/
SG-600 sample, while both samples display a significant
absorption peak in the UV region. The higher absorption of
the LNO-P/SG-600 sample is attributed to the larger sizes of
the acquired nanoparticles in this sample (see Figure 2a”,b").
The UV—vis spectra of the synthesized samples were utilized
to estimate their optical band gap, employing Tauc’s plot
methodology. The estimation of the optical band gap values of
the samples was carried out based on a (ahv)* versus hv
(energy) plot (Figure 1c). This involved extrapolating a fitted
straight line to the hv axis and determining the point at which
it intersected to obtain the value of the band gap. The
estimated optical band gaps of 3.37 and 3.67 eV for LNO-P/
SG-600 and LNO-P/ED-600 samples are consistent with the
literature value reported for LNO nanoparticles.”’ Based on
the conducted research in the field of PSCs, compounds with
optical band gaps ranging from 3 to 4 eV are currently being
investigated as charge-transporting materials.”’ Therefore, the
LNO nanostructures obtained from the earlier procedures
described could be utilized to create a thin film, which can
serve as a CTL in the PSC structure.

The morphology of the produced LNO samples was
investigated by employing the SEM imaging technique. Figure
2a,a’,b,b" shows the SEM images of the LNO-P/ED-600 and
LNO-P/SG-600 powder samples, respectively. As can be seen,
particles with a relatively more compact and bigger crystallite
size were obtained for the LNO-P/SG-600 sample compared
to the LNO-P/ED-600 sample, which confirmed the XRD
results. Particle agglomeration could be ascribed to particles’
high surface energy and small dimensions, which can lead to
their easy merging to form clusters or aggregates.’' In addition,
the EDS spectra of the LNO-P/ED-600 and LNO-P/SG-600

are displayed in Figure S3a,b, respectively, which confirms the
presence of La, Ni, and O elements within the synthesized
samples.

Furthermore, TEM analysis was performed to further
investigate the crystallite size of the synthesized nanoparticles.
The TEM images of the LNO-P/SG-600 and LNO-P/ED-600
particle samples are presented in Figure 2a”,b”, respectively.
These images demonstrate nanocrystals with mean particle
sizes of 35 and 92 nm for LNO-P/ED-600 and LNO-P/SG-
600 samples, respectively, validating the crystallite size
estimation determined through XRD analysis.

3.2. Influence of the ED Duration on LNO Thin Films.
The physical and electrochemical features of the developed
LNO thin films were tracked using SEM, AFM, UV-—vis
spectroscopy, and CV techniques to investigate the impacts of
the time on the ED process. The surface morphology of the
electrodeposited LNO-TF/ED-T1, LNO-TEF/ED-T2, and
LNO-TF/ED-T4 samples, prepared by applying —1.18 V at
1, 2, and 4 min, are compared in Figure 3a—c,a’—c/,
respectively. As shown in Figure 3a,a’, SEM images revealed
that performing ED for 1 min in the LNO-TF/ED-T1 sample
resulted in the inappropriate development of LNO nanostruc-
tures that covered a tiny proportion of the FTO electrode
surface area. The SEM images in Figure 3b,b’,c,c’ reveal that
the LNO-TE/ED-T2 sample resulted in uniformly shaped
LNO nanocubes, while the LNO-TF/ED-T4 sample displayed
an irregular morphology, which is likely attributed to the
prolonged deposition time. Additionally, compared with LNO-
TF/ED-T2, in the case of LNO-TF/ED-T4, increasing the
deposition time to 4 min resulted in a compact thicker layer.
As shown in Figure S4a, the LNO-TF/ED-T4 thin film
exhibited a wide range of diameters in LNO nanostructures
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Figure S. (a, a") Longitudinal SEM images at two magnifications, (b) corresponding cross-sectional SEM image, and (c) AFM 3D height images of

the LNO-TF/ED-V1 sample.

with an average diameter of approximately 183 + 133.23 nm. It
can be inferred that the prolonged ED duration in this sample
has significantly influenced the enlargement of the produced
nuclei, resulting in bigger nanoparticles with a broader size
distribution, owing to additional nucleation and growth event
occurrence.”> On the other hand, the LNO nanoparticles in
the LNO-TF/ED-T2 sample displayed a narrower diameter
distribution with an average diameter of 82 + 32.78 nm (see
Figure S4b). The cross-sectional SEM image of the LNO-TF/
ED-T1 sample shown in Figure 3a” revealed that some regions
on the electrode surface were partially covered at around 170
nm, while other areas depicted in the image by a box with a red
color outline appeared to be FTO without any deposited LNO
nanostructures. Based on the illustrated image in Figure 3b”,
the thickness of LNO in LNO-TF/ED-T2 was estimated to be
approximately 325 nm. However, a higher thickness of 750 nm
was observed for LNO-TF/ED-T4, which exceeds the
acceptable thickness for CTLs in PSCs (see Figure 3c”).'*"”

AFM was carried out to study the effect of the ED duration
on the surface topography and surface roughness of LNO-TF/
ED samples. It has been demonstrated that the surface
roughness of the constituting layers significantly affects the
photovoltaic characteristics of the PSCs and that CTLs
possessing smoother surface morphology improve the PCE
of PSCs.” Generally, this has been attributed to decreased
interfacial trap density, improved interfacial contact between
the CTL and the active layer, and reduced leakage current.”*
Figure 3a”—c” exhibits the three-dimensional (3D) height
AFM images of the LNO-TF/ED-T1, LNO-TF/ED-T2, and

LNO-TF/ED-T4 samples, respectively. In terms of surface
roughness, the LNO-TF/ED-T2 sample prepared in 2 min had
a value of approximately 37.6 nm. This value was 30.11% lower
than the surface roughness observed for the LNO-TF/ED-T4
sample (53.8 nm) and 68.6% lower than the LNO-TF/ED-T1
sample (119.9 nm). The results indicated that extending the
ED duration led to an increase in both the thickness and
surface roughness of the LNO thin film. Specifically, the LNO-
TF/ED-T4 sample exhibited a higher surface roughness than
the LNO-TF/ED-T2 sample. LNO-TF/ED-T1 exhibited the
highest surface roughness due to the non-uniform aggregation
or clustering of LNO nanoparticles on the partially covered
FTO surface as well as differences in surface chemistry and
properties. These differences lead to varying adhesion forces
between the AFM tip and the surface, ultimately resulting in a
higher surface roughness.”

Electrodeposited LNO samples were compared to bare FTO
regarding their electrochemical surface area utilizing the
Randles—Sevcik equation (eq S3) by monitoring the redox
reaction of [Fe(CN)¢]*/*on the surface of LNO-TE/ED-T1,
LNO-TF/ED-T2, and LNO-TEF/ED-T4 samples independ-
ently. Figure 4a demonstrates that the LNO-coated electrodes
typically delivered a greater current compared to the bare FTO
electrode. The maximum current density was provided by
LNO-TF/ED-T2 prepared in the deposition time of 2 min.
The LNO-TE/ED-T4 sample showed a slight decrease in the
current density compared to LNO-TEF/ED-T2 due to its
nonuniform and compact surface coverage, which was caused
by an increase in the deposition time to 4 min. The lowest
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Figure 6. (a, a") Longitudinal SEM images at two magnifications, (b) corresponding cross-sectional SEM image, and (c) AFM 3D height images of

the LNO-TF/SG sample.

current density was recorded for the LNO-TF/ED-T1 sample,
which was higher than the bare FTO but less than the LNO-
TF/ED-T2 and LNO-TF/ED-T4 samples, indicating that the
electrode was not sufficiently covered by LNO nanostructures
in 1 min. The highest current of the LNO-TF/ED-T2 sample
was attributed to the higher accessibility of active sites,
resulting in its more reversible pattern. The current intensity of
the indicated thin films was used to estimate their electroactive
surface area. The findings revealed that the LNO-TF/ED-T2
sample had the largest value of 1.241 cm?, exhibiting a 2.41 and
38.1% increase over the electroactive surface areas of the LNO-
TF/ED-T4 (1211 cm?) and LNO-TE/ED-T1 (0.768 cm?)
samples, respectively.

Figure 4b demonstrates the UV—vis absorption spectra for
the LNO-TF/ED-T1, LNO-TF/ED-T2, and LNO-TF/ED-T4
samples. The LNO-TF/ED-T4 sample exhibited the highest
absorption intensity. On the other hand, reducing the ED time
to 2 and 1 min resulted in a lower absorption intensity in the
order of LNO-TF/ED-T2 > LNO-TF/ED-T1. These obser-
vations were consistent with the results obtained from
longitudinal and cross-sectional SEM images. Specifically, the
thicker and denser coverage of LNO nanostructures on the
electrode surface of LNO-TF/ED-T4 resulted in greater
absorption than LNO-TF/ED-T2, whereas the LNO-TE/
ED-T1 sample, which was not completely covered by the LNO
nanostructures, exhibited the lowest absorption intensity. The
energy gap between the upper edge of the valence band
(created by the O 2p band) and the lower edge of the
conduction band (created by the Ni 3d band) is known as the
optical band gap.*® The optical band gap of the prepared thin

films was estimated via Tauc’s plots, as depicted in Figure 3c.
Based on the obtained results, the optical band gap value
increased in the order of LNO-TF/ED-T1 > LNO-TF/ED-T2
> LNO-TF/ED-T4 samples as the absorption intensity
decreased. The LNO-TF/ED-T1 sample displayed the highest
optical band gap value of 3.56 eV, which was 4.1% greater than
that of LNO-TF/ED-T2 (3.42 eV), and 5.0% greater than the
optical band gap of LNO-TF/ED-T4 (3.39 eV). The reduced
optical band gap observed in the LNO-TF/ED-T4 sample can
be ascribed to the presence of larger nanoparticles and its
higher thickness when compared to the LNO-TF/ED-T2
sample.””**

The transparency of hole-transporting materials is a crucial
factor in the development of efficient standard PSCs.
Therefore, the optical transmittance of the prepared samples
as potential candidates of HTLs was evaluated based on their
UV—vis spectra. Since the surface of the LNO-TF/ED-T1 was
inappropriately covered with the LNO nanostructures, it was
not considered for further analyses. Based on the obtained
UV—vis spectra shown in Figure 4b, the LNO-TF/ED-T2
sample could be a promising candidate for use as a charge-
transporting material due to its lower absorption (<0.1 au) and
high optical transmittance values, which is comparable to the
transparency of FTO electrode (~85%). On the other hand,
based on the surface morphology and thickness analyses of the
prepared LNO thin films, the LNO-TF/ED-T4 sample was
found to have an unsuitable thickness and compact and
heterogeneous surface structure, resulting in a lower trans-
parency (78%), current intensity, and electroactive surface area
than the LNO-TF/ED-T2 sample. Therefore, the superior
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Figure 7. (a) CV response of LNO-TF/ED-V1 and LNO-TF/SG samples in 0.1 M KCI containing 5.0 mM [Fe(CN)4 >+, (b) UV—vis
absorption spectra of the indicated samples and (c) corresponding Tauc’s plots.

surface characteristics and improved current intensity of the
LNO-TF/ED-T2 sample suggest that it has the potential to
function as a better HTL in the structure of the PSC.

3.3. Influence of the Electrolyte Stirring in ED on LNO
Thin Films. SEM images of LNO-TF/ED-V1 were displayed
in Figure Sa,a’ and compared to LNO-TF/ED-T2 presented in
Figure 3b,b’ to investigate the impact of electrolyte stirring on
the morphology and thickness of the LNO thin film produced
on the FTO electrode by ED. The size, surface morphology,
and homogeneity of the electrodeposited LNO layer
significantly changed by the mild stirring of the electrolyte
solution during the ED process. As illustrated in Figure S3a,
the LNO-TF/ED-V1 sample displayed a narrower size
distribution of LNO nanoparticles with a smaller average
diameter of 32 + 5.11 nm than the LNO-TF/ED-T2 sample
(82 + 32.78 nm) (refer to Figure S4b). Figure Sa,a’ shows that
a more uniform and smoother LNO thin film comprising
smaller nanoparticles was formed under stirring in the LNO-
TF/ED-V1 sample. Based on the proposed ED mechanism,
La*" and Ni** ions are precipitated as La(OH), and Ni(OH),
on the surface of the electrode. The ions must be transferred to
the electrode surface at a rate that does not exceed or is not
lower than the deposition rate of La(OH); and Ni(OH), on
the electrode surface; otherwise, the resulting LNO thin film
will be nonuniform and weakly adhesive.”* For the LNO-TF/
ED-T2 sample (Figure 3bb’), prepared under non-stirring
conditions, the mass transport mechanism in the vicinity of the
electrode surface is limited to the diffusion mechanism.” This
results in a lower supply of La** and Ni** ions at the electrode
surface, consequently decreasing the nucleation rate and
nonuniform coverage of the FTO surface with bigger
nanoparticles. In contrast, for the LNO-TF/ED-V1 sample,

prepared at a stirring rate of 100 rpm using the same potential
of —1.18 V, the convection mechanism seems to act as the
main mass transport process and supports a higher ion
concentration and nucleation rate at the electrode, leading to
the formation of a more homogeneous LNO thin film with
smaller particles in this sample (Figure Sa,a’).

The comparison of the cross-sectional SEM images
presented in Figures 3b” and Sb reveals that the thickness of
the LNO thin films experienced a slight increase when the
electrolyte solution was subjected to mild stirring. In the LNO-
TF/ED-V1 sample, the thickness of the deposited thin film
reached 350 nm, which was approximately 7.14% higher than
the thickness observed for the LNO-TF/ED-T2 sample
prepared under unstirred conditions (325 nm). The AFM
images presented in Figures 3b” and Sc demonstrated a
notable decrease in the surface roughness of the LNO thin film
due to the electrolyte stirring. The surface roughness of LNO-
TF/ED-T2 was reduced by 65.9% from 37.6 to 12.8 nm in
LNO-TF/ED-V1. The mentioned morphological and topo-
graphical changes also resulted in a higher CV response of
LNO-TF/ED-V], as illustrated in Figure 7a. The given sample
exhibited an increased electroactive surface area of 1.341 cm?,
representing a 7.45% improvement compared to the electro-
active surface area attained for LNO-TF/ED-T2 (1.241 cm?)
(see Figure 4a). The more appropriate surface coverage of the
FTO electrode by smaller LNO nanostructures (32 + 5.11
nm) in the LNO-TF/ED-V1 sample led to a lower absorption
intensity in the UV—vis spectrum and a rise in the optical band
gap of this sample (see Figure 7b,c). According to Tauc’s plots
shown in Figure 7c, the optical band gap for the LNO-TF/ED-
V1 was assessed to be approximately 3.46 eV, which was
approximately 1.2% higher than that obtained for LNO-TE/
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ED-T2 (Eg = 342 eV) (Figure 4c). Furthermore, the
determined optical transmittance of both samples was
approximately identical to the FTO optical transmittance
(~85%) since the absorption of both samples was less than 0.1
au.
3.4. Effects of the Potential Magnitude in ED on LNO
Thin Films. The deposition potential has substantial effects on
the nucleation and growth rates. Consequently, this can
indirectly lead to the formation of various morphologies and
homogeneity of the LNO nanostructures on the FTO
surface.”” In order to evaluate the effect of potential
magnitude, two other potentials of —1.13 and —1.09 V were
also employed to carry out the ED process under stirring
conditions in 2 min. These samples were named LNO-TF/ED-
V2 and LNO-TF/ED-V3, and their properties were compared
with those of the LNO-TF/ED-V1 sample. The impact of the
deposition potential magnitude on the development of LNO
film was investigated in terms of the physical and electro-
chemical features of the three indicated samples. Additional
details and explanations can be found in Text SS.

3.5. Comparing the LNO Thin Films Prepared by the
Sol-Gel and ED Methods. Morphological, optical, and
electrochemical properties of LNO-TF/ED-V1 and LNO-TE/
ED-T2 prepared by ED are compared with those of the sol—
gel approach-based LNO thin layer (LNO-TF/SG) based on
the different parts of Figures 3—7. As mentioned earlier, LNO-
TF/SG was produced by spin-coating of the viscose solution of
LNO acquired from the sol—gel process on the FTO electrode
to a thickness of 350 nm since the thickness of the ED samples
appeared to be in the range of 310—350 nm (see Figure 6b).
Figure 6a,a’ exhibits the surface morphology of the LNO thin
film produced by the sol—gel process. As shown, the deposited
film showed the presence of scattered, nonuniform, and
incomplete coverage of the LNO nanoparticles on the surface
of the FTO electrode. Furthermore, according to Figure S5d,
the LNO-TF/SG thin film had the highest diameter
distribution and average diameter of LNO nanoparticles,
which was estimated to be 153 + 105.02 nm. In comparison,
the average diameters of LNO nanoparticles in the LNO-TF/
ED-T2 and LNO-TF/ED-V1 samples were 82 + 32.78 nm and
32 + S5.11 nm, respectively (see Figures S4b and SSa). Based
on the AFM image of LNO-TF/SG shown in Figure 6¢, the
surface roughness of this sample (82.1 nm) was approximately
84.4% higher than that observed for LNO-TF/ED-V1 (12.8
nm) and 54.2% higher than the roughness of the LNO-TF/
ED-T2 sample (37.6 nm). The findings suggest that the spin-
coating method was unable to produce a uniformly coated
LNO-TF/SG sample. In contrast, the ED method was
observed to be more effective than the spin-coating method,
yielding LNO thin films that were better suited for use as the
CTL in PSCs. The morphology and surface roughness of the
active layer (P3HT:PCBM)-coated LNO thin films were also
investigated, and the obtained AFM images are illustrated in
Figure S8. The findings reveal that the surface roughness values
for LNO-TF/ED-V1, LNO-TF/ED-T2, and LNO-TEF/SG
samples are 6.2, 18.2, and 32.7 nm, respectively. This indicates
a significant reduction in the surface roughness for various
FTO/LNO layers after the active layer was spin-coated on it.
However, the surface roughness is higher than that obtained
for FTO/PEDOT:PSS systems reported as an HTL in the
literature. The slightly rougher surface morphology can
enhance the interfacial properties and increase the contact
area with the active layer, promoting improved charge

transport and collection efficiency.”” Moreover, the nucleation
and self-organization of the photoactive layer can be influenced
by the higher roughness of the LNO.*"** The increased self-
organization is anticipated to enhance the phase separation of
P3HT within the blend with P3HT chains forming an ordered
structure to boost hole mobility significantly. Simultaneously,
the aggregation of fullerene molecules establishes distinct
pathways for efficient electron transport. This nanoscale phase
separation is expected to contribute to the enhancement of the
short-circuit current (J,.) in PSCs.** This modification is also
advantageous in establishing solid contact with the top active
layer and preventing its diffusion into HTL for maintaining
device efficiency and stability."

As Figure 7b shows, the LNO-TF/ED-V1 demonstrated the
lowest absorption intensity, which was related to the above-
explained reasons mentioned in Section 3.4. The highest
absorption was found for the LNO-TF/SG sample, while the
absorption of LNO-TF/ED-T2 was between LNO-TF/ED-V1
and LNO-TF/SG samples. Furthermore, as the absorption of
all samples was less than 0.1 au, the estimated optical
transmittance for LNO-TF/ED-T2, LNO-TF/ED-V1, and
LNO-TE/SG samples was considered to be around that of
the FTO electrode (~85%). As demonstrated in Figures 4c
and 7c, the optical band gap of the LNO-TF/ED-T2, LNO-
TF/ED-V1, and LNO-TF/SG samples was estimated based on
Tauc’s plots, and the results are listed in Table SS.

The chemical composition, crystal structure, and grain
diameter of a material can significantly influence its band gap.””
The mentioned influencing factors, except for the grain size,
remained constant for all the studied samples. Generally, the
band gap value can be increased as a result of a grain size
decrease. Quantum confinement causes a change in the band
gap with increasing the 7grain size, which may be explained by
the following equation’

h2 H2
E ;ano Eé)ulk >

where E,""° denotes the nanoparticles' band gap and Egbulk
shows the bulk-material band gap.

M represents the effective mass of the system, and r indicates
the nanoparticle radius. As previously explained and confirmed
by the SEM images, the smallest grain size of 32 + 5.11 nm
was obtained for the LNO-TF/ED-V1 sample. Therefore, the
highest optical band gap was obtained for the LNO-TF/ED-V1
(3.46 eV) sample, while the smallest band gap (3.40 eV) was
obtained for the LNO-TF/SG sample with the largest particle
size of 153 + 105.02 nm. The LNO-TF/ED-T2 sample
prepared without stirring and with an average nanoparticle
diameter of 82 + 32.78 nm exhibited an optical band gap of
342 eV.

According to Figure 7a, LNO-TFE/SG exhibited a signifi-
cantly lower current intensity and electroactive surface area
(0.781 cm*) compared to the LNO-TF/ED-V1 and LNO-TF/
ED-T2 (Figure 4a) samples prepared by ED due to the
improper and nonuniform deposition of LNO nanostructures
using the spin-coating method. As a result of its more uniform
surface coverage, LNO-TF/ED-V1 displayed the highest
current density and electroactive surface area (1.341 cm?),
which was approximately 7.45% higher than that of LNO-TF/
ED-T2 prepared in unstirred conditions and 41.75% higher
than the current density obtained for the LNO-TF/SG sample
(0.781 cm?).
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Figure 8. (a) PL spectra and (b) Nyquist plots obtained in LiClO, solution (0.1 M acetonitrile) including 5.0 mM [Fe(CN)4]>~/* as the
electrolyte of the FTO/P3HT:PCBM and FTO/LNO/P3HT:PCBM samples along with corresponding fitted lines represented in dashed lines.
(The inset depicted in b illustrates the equivalent circuit used for fitting the EIS data.) (c) Section of Nyquist plots in the frequency ranging from 0

to 100 kHz.

3.6. Influence of LNO Thin-Film Synthesis Parameters
on Charge Carrier Recombination. The charge carrier
density, mobility, and recombination rate significantly impact
the photovoltaic performance of PSCs.** Utilizing PL spec-
troscopy, the photoluminescence characteristics of the
prepared samples covered with a thin layer of P3HT:PCBM
(active layer) were evaluated to track the effects of investigated
synthesis variables on the charge carriers’ recombination rate in
the active layer. Figure 8a represents the PL spectra of the
prepared sol—gel and ED-based LNO samples and the FTO/
P3HT:PCBM sample containing no LNO thin layer. The
increased rate of charge carrier recombination increases the
intensity of the PL emission. As can be seen, the FTO/
P3HT:PCBM sample demonstrated the maximum PL intensity
due to the higher charge recombination. The PL spectra
exhibited a prominent emission peak at 620 nm, which is a
distinctive emission peak associated with the conjugated 7-
system. The observed peak could be ascribed to the
phenomenon of excited 7-electrons undergoing relaxation to
their respective ground state.'”'” The samples consisting of
LNO (FTO/LNO/P3HT:PCBM) showed the same peak but
with significantly lower intensities. The observed improvement
in charge carrier recombination was ascribed to the positive
effect of the LNO layer, which facilitated the transfer of
charges between the P3HT:PCBM and LNO layers, leading to
a decrease in recombination.*” The excitation wavelength used
in the photoluminescence (PL) measurements, which includes

430 nm (2.90 eV), was insufficient in terms of photon energy
to generate excitons inside the LNO layer. Consequently, the
thin film composed of P3HT:PCBM is merely subjected to
optical excitation. This outcome can be ascribed to the fact
that the optical band gap of the synthesized LNO layer is
higher than the provided photon energy.'® The LNO-TE/ED-
V1/P3HT:PCBM sample displayed the lowest PL emission, as
shown in Figure 8a, indicating an improvement in charge
transfer between the LNO and P3HT:PCBM layers and a
reduction in recombination of charge carriers. This is probably
the outcome of the smoother surface morphology, enhanced
interface contact area, better energy level alignment with the
active layer, and more ordered structure of this sample. Other
samples demonstrated higher PL emissions in the order of
FTO/P3HT:PCBM > LNO-TF/SG/P3HT:PCBM > LNO-
TF/ED-T2/P3HT:PCBM > LNO-TF/ED-V3/P3HT:PCBM
> LNO-TF/ED-V2/P3HT:PCBM > LNO-TE/ED-V1/
P3HT:PCBM. These findings indicated that employing LNO
as the HTL can considerably decrease the rate of charge
recombination. Based on these observations, the LNO-TF/
ED-V1/P3HT:PCBM sample seemed to be a preferable
candidate for the HTL because it can effectively suppress
charge recombination and consequently facilitates a more
effective charge transfer through the PSC.

EIS measurements were carried out to evaluate the effects of
the investigated variables during the preparation of LNO as the
HTL on the charge mobility and charge transfer resistance at
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Figure 9. (a) Schematic illustration along with a digital photo and a top view FESEM image of a manufactured PSC utilizing LNO as the HTL; (b)
backscatter FESEM cross-sectional image of the PSC-LNO-TF/ED-V1 device; (c) J—V curves under 100 MW cm™ AM 1.5 illuminations. (d)
EQE plots of the constructed PSCs and (e) air stability without encapsulation in an ambient environment.

the FTO/LNO/P3HT:PCBM interfaces. Figure 8b displays a
comparison of the Nyquist plots of the produced samples. The
equivalent circuit model of [R (CR) (CR) W] is depicted as an
inset in Figure 8b, which provided the best match to the
extracted impedance data (chi-square of 107*). As shown, the
Nyquist plots of the samples displayed two semicircles,
indicating the presence of two interfacial processes. The
high-frequency semicircle observed in the Nyquist plots was
associated with the charge transfer occurring between the
active layer and the LNO nanostructures, whereas the low-
frequency semicircle was related to the interface of P3HT and
PCBM compounds in the active layer."*” The corresponding
information acquired from the Nyquist plots is displayed in
Table S4. The resistance values between P3HT and PCBM
(R,), LNO and P3HT:PCBM (R;), and the contacts within
the solution (R;) are all represented. Therefore, the decrease in
R, values and increase in R, values indicate a better charge
transfer mechanism at the junctions of LNO nanostructures
and the active layer as well as a decreased rate of charge
recombination at the P3HT and PCBM interfaces. The LNO-
TF/SG/P3HT/PCBM sample demonstrated the highest value
for R, representing electrolyte and metal contact resistance,
while the LNO-TF/ED-V3 sample displayed the lowest value

(see Table S4). The LNO-TF/ED-V1/P3HT:PCBM exhibited
minimal charge transfer resistance due to the smallest R, value
obtained (see Figure 8c). Furthermore, the maximum charge
recombination resistance (R,) was recorded for the LNO-TF/
ED-V1/P3HT:PCBM sample. The presented data in Table S4
shows that the LNO-TF/SG/P3HT/PCBM demonstrated the
minimum value for the R, and the maximum value for the
charge transfer resistance (R;). The Warburg parameter (W)
characterizes the one-dimensional diffusion of ions in the semi-
infinite state. Assuming an infinite thickness of the diffusion
layer, this suggests that ion penetration is limited to just one
dimension and is constrained by the substantial flat electrode
on one side.*® The low W values indicate that the diffusion at
the interfaces is anomalous. This is more likely to happen
whenever the surface roughness of the sample is higher, and
ions are trapped in the holes for an extended time."” The AFM
images in Figure Sa and Figure S8a indicated that the LNO-
TE/ED-V1 sample possessed the lowest surface roughness.
The EIS data in Table S4 revealed that this sample showed the
greatest W of 211.40 ohm s™"/% The W value of LNO-TF/ED-
V2, LNO-TF/ED-V3, LNO-TF/ED-T2, and LNO-TF/SG
samples decreased by 24.5, 39.3, 39.2, and 71.4%, respectively.
These results support the observation from AFM images of the
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corresponding samples that their surface roughness increased
in the order of LNO-TF/ED-V2 < LNO-TEF/ED-V3 < LNO-
TF/ED-T2 < LNO-TF/SG. Considering the results, it can be
inferred that the LNO-TF/ED-V1 sample demonstrated
enhanced diffusion mechanisms at the interfaces between
P3HT:PCBM and the electrolyte, which can be attributed to
the comparatively smoother surface of LNO nanoparticles,
better energy level alignment, and interface contact area in this
sample.”’

The estimation of charge mobility (i) at the interfaces of
LNO/P3HT:PCBM was carried out using eq S7. The
mathematical calculation of charge mobility was conducted
using R, and C; values obtained from the high-frequency
semicircle.'® The maximum charge mobility value of 2.30 x
107% cm? V7! S~ was demonstrated by the LNO-TE/ED-V1/
P3HT:PCBM sample, surpassing the values obtained for the
other samples. Among the investigated samples, the LNO-TF/
SG sample displayed the lowest charge mobility value of 1.50 X
1077 ecm® V™' S7'. The acquired findings demonstrated that
LNO nanoparticles improve charge mobility, increase charge
recombination resistance, and decrease charge transfer
resistance at surfaces. Generally, the charge mobilities of
organic semiconductors are relatively lower than those of their
inorganic counterparts.”’ Therefore, it is expected that LNO
nanoparticles, particularly those used in the LNO-TF/ED-V]1,
could serve as a superior HTL in manufacturing normal BHJ
PSCs compared to PEDOT:PSS.

3.7. Characterization of the Fabricated LNO-Based
PSCs. The effect of the investigated parameters in the
synthesis of LNO samples on the photovoltaic efficiency of
PSCs was investigated by utilizing five different samples,
namely, LNO-TF/ED-V1, LNO-TF/ED-V2, LNO-TF/ED-
V3, LNO-TE/ED-T2, and LNO-TF/SG, as the HTL in a
conventional structure of BH] PSC constructed based on a
P3HT:PCBM active layer. A schematic representation of the
constituent parts of the BHJ PSCs utilizing LNO as the HTL
along with a top-view FESEM image of the fabricated device is
displayed in Figure 9a. The cross-sectional backscatter FESEM
image of the device (Figure 9b) demonstrates the appropriate
orientation of the layers in the following sequence of FTO/
LNO/active layer/Al from bottom to top. The average
thicknesses of LNO and photoactive layers are ~350 and
~400 nm, respectively. The current—voltage (J—V) curves of
the manufactured PSCs are demonstrated in Figure 9c. As
anticipated, the photovoltaic efficiency of the PSCs con-
structed using LNO-TF/ED-V1 as the HTL (PSC-LNO-TF/
ED-V1) was significantly better than that of other constructed
devices. The relevant photovoltaic parameters for investigated
PSCs are presented in Table 1. The highest short-circuit
current (J,,) of 13.24 mA cm™?, open-circuit voltage (V,.) of
0.64 V, and a fill factor (FF) of 70% were obtained for PSC-

Table 1. Photovoltaic Parameters Extracted from the J-V
Curves of the Prepared PSCs

name Joo (mA cm™) V.. (V) FE (%) PCE (%)
PSC-LNO-TF/ED-V1 13.24 0.64 70 5.90
PSC-LNO-TE/ED-V2 13.10 0.63 69 5.65
PSC-LNO-TF/ED-V3 12.32 0.62 70 5.35
PSC-LNO-TF/ED-T2 12.10 0.62 65 4.88
PSC-LNO-TE/SG 9.36 0.61 71 4.06
PSC—PEDOT:PSS 8.10 0.62 68 3.40

LNO-TF/ED-V1. This led to a PCE of 5.90, which was
approximately 4.4%, 10.3%, 20.1%, 45.3%, and 73.5% higher
than those values achieved for the fabricated PSC-LNO-TF/
ED-V2, PSC-LNO-TF/ED-V3, PSC-LNO-TF/ED-T2, PSC-
LNO-TF/SG, and PSC—PEDOT:PSS devices, respectively.

Jic in a solar cell is mainly affected by the number of charge
carriers generated inside the active layer. The eflicient
utilization of incident light by the applied active layer can
lead to high exciton generation. Thus, the high amount of light
absorption, better energy level alignment, and an improved
interface contact area of the active layer in PSC-LNO-TF/ED-
V1 can result in a much better photovoltaic performance in
this device. On the other hand, the open-circuit voltage, V,,, is
notably impacted by the process of charge recombination
occurring at the interfaces.”” The LNO-TE/ED-V1 sample
exhibits a smoother and more uniform surface morphology,
which is particularly evident after the application of the active
layer (Figure S8). This characteristic is anticipated to improve
the interface contact area with the active layer and facilitate
enhanced charge transfer, leading to reduced charge recombi-
nation and higher values of ], and V,. Additionally, the higher
conductivity of this sample also contributed to the enhanced
efficiency of the PSC-LNO-TF/ED-V1.

External quantum efficiency (EQE) analyses were carried
out on PSCs with LNO thin films developed under diverse
circumstances as the HTL to investigate the impact of different
synthesis parameters on the photovoltaic performance of
P3HT:PCBM-based devices. EQE plots illustrate the devices’
photon-current response as a wavelength function. It is
typically determined by the number of photogenerated charge
carriers that have been collected to the number of incident
photons illuminated from a light source.”® The EQE spectra of
the BHJ PSCs constructed by employing PEDOT:PSS and
prepared LNO samples as HTL and the integrated current
diagrams are depicted in Figure 9d. The integrated J,. values
with the EQE curves correspond well and follow a similar
trend to those in the J—V measurements of PSCs. Moreover, a
considerable consistency between cell characteristics and EQE
measurements was observed for all fabricated solar cells. The
photovoltaic performance of PSCs using LNO samples
exhibited significantly greater EQE compared to the device
using PEDOT:PSS as the HTL. Over the entire wavelength
range, the EQE of the devices increased significantly in the
order of PSC-LNO-TF/ED-V1 > PSC-LNO-TF/ED-V2 >
PSC-LNO-TF/ED-V3 > PSC-LNO-TF/ED-T2 > PSC-LNO-
TF/SG. The results were consistent with the trend observed in
the decreasing performance of the constructed PSCs. The EQE
of the PSC-LNO-TF/ED-V1 device was assessed to be around
75.3%, which was significantly more than that estimated for
PSC-LNO-TF/ED-V2 (70.1%), PSC-LNO-TF/ED-V3
(64.4%), PSC-LNO-TF/ED-T2 (55.1%), and PSC-LNO-TE/
SG (48.1%). The PSC—PEDOT:PSS device demonstrated the
minimum value of EQE (37.1%). The improvements in EQE
were attributed to the enhancements in mobility, charge
accumulation, and light absorption achieved through the
modifications made in the study.”” Hence, the enhanced light
absorption, charge carrier separation, transport, and collection
in the LNO-TF/ED-V1 layer as well as its enhanced interface
contact area, superior surface uniformity, and energy level
properties contributed to the increased J,. observed in the PSC
with this constituent layer. The study results suggest that
LNO-TE/ED-V1 could meet the requirements of a promising
candidate for use as the HTL in PSCs.
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Figure 10. (a) cv responses in acetonitrile-based 0.1 M KCIO, solution for LNO-TF/ED-V1, LNO-TF/ED-V2, LNO-TF/ED-V3, LNO-TEF/ED-
T2, and LNO-TF/SG samples. Energy level diagram of PSCs (b) FTO/LNO-TF/ED-V1/P3HT:PCBM/Al, (c¢) FTO/LNO-TF/ED-V2/
P3HT:PCBM/Al, (d) FTO/LNO-TF/ED-V3/P3HT:PCBM/Al, (e) FTO/LNO-TF/ED-T2/P3HT:PCBM/Al, and (f) FTO/LNO-TF/SG/

P3HT:PCBM/AL

While PSCs have not yet achieved their expected maximum
efficiency, long-term stability has become a prominent issue in
extending their technology from academic research to
commercial applications.”* To further understand the influence
of manufactured LNO thin films as HTLs on device stability
compared to reference PEDOT:PSS, the long-term stability of
unencapsulated P3HT:PCBM-based devices under ambient
conditions was explored. It should be mentioned that the
stability of PSCs can be significantly influenced by changes in
the charge-transporting layers. Figure 9e demonstrates the
assessment outcomes of environmental stability for the
corresponding PSC devices based on LNO HTLs in an
ambient condition (at 20 °C and 20—30% relative humidity).

The aging measurements were performed at regular intervals
for 450 h. The value of PCEs were normalized to their t = 0
values. The results revealed that incorporating LNO into the
structure of the cells improves the stability of the device. As
can be seen in Figure e, after 450 h of aging at ambient
conditions, the devices fabricated based on the electro-
deposited LNO thin films consisting of PSC-LNO-TF/ED-
V1, PSC-LNO-TF/ED-V2, PSC-LNO-TE/ED-V3, and PSC-
LNO-TF/ED-T2 retained 84, 80, 78, and 73% of their initial
performance, respectively. As expected, the performance of the
unencapsulated PSC-LNO-TE/SG device decreased more
rapidly, and the PCE of the device decreased to 64% of the
original value. The findings clearly demonstrate that the
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Table 2. Performance Comparison of Devices Based on Different HTL Materials with the Best PSC Prepared in This Work

structure of the device HTL-prepared method/layer morphology  J. (mA cm™) V,. (V) FF (%) PCE (%) ref
ITO/NiO/P3HT:PCBM/Ca/Al spin-coating/thin film 8.60 0.58 71.00 3.60 7
ITO/NiO/P3HT:PCBM/BCP/LiF/Al thermal evaporation/thin film 1231 0.65 44.50 3.54 8
ITO/NiO/P3HT:PCBM/Al electrodeposition/thin film 10.95 0.64 60.14 421 7
ITO/CuOy/P3HT:PCBM/Ca/Al spin coating/thin film 10.10 0.63 64.70 4.14 0
FTO/Cu,O/P3HT:PCBM/Ca/Al thermal evaporation/thin film 9.52 0.57 53.11 2.88 0
ITO/MoQ,/P3HT:PCBM/Al spin coating/thin film 10.70 0.59 63.70 4.02 ol
ITO/MoO;/P3HT:PCBM/Al spray deposition/nanostructure 10.00 057 47.40 2.80 62
FTO/V,0,/P3HT:PCBM/Al/Ag spin coating/thin film 9.60 0.53 589 3.00 o
ITO/V,04/P3HT:PCBM/Al electrodeposition/thin film 9.43 0.56 65.00 3.40 10
ITO/CuGaO,/P3HT:PCBM/Ca/Al spin coating/thin film 9.18 0.54 65.00 3.20 o
ITO/CuCrO,/PCDTBT:PCBM/Ca/Al drop casting/nanocrystal 9.31 0.87 60.00 4.86 o3
FTO/LaNiO;/PTB7Th:PC71BM/LiF/Al spin coating/thin film 1826 0.78 56.60 9.45 20
FTO/LaNiO;/P3HT:PCBM/Al electrodeposition/thin film 13.24 0.64 70.00 5.90 this work

stability of P3HT:PCBM-based devices was greatly enhanced
by incorporating LNO thin films prepared by the ED
approach. At the same time, the PCE of the reference cell
(PSC—PEDOT:PSS) decreased remarkably after 450 h and
reached about 46% of its initial PCE. The low efliciency in
PSCs is frequently associated with the degradation of organic
compounds resulting from exposure to oxygen or water.”"
Furthermore, as previously mentioned, the acidic and hydro-
philic characteristics of PEDOT:PSS reduces the stability of
these devices. As a nonacidic inorganic ternary perovskite
oxide, LNO is commonly considered to be a more appropriate
compound than organic PEDOT:PSS to enhance the stability
of PSCs. Our findings also demonstrated that PSCs based on
LNO perovskite oxide were more promising for practical
applications than PEDOT:PSS-based devices. The results
obtained from the light stability assessment of the manufac-
tured solar cells correspond with the anticipated outcomes and
are in alignment with other tests conducted on the fabricated
solar cells. According to the CV measurements of the samples
in an acetonitrile-based solution (Figure 10a), eqs S4—S6 were
used to determine the energy levels and electrochemical band
gap of the LNO thin films. The test results, including the
calculated values of E,, E, E,, and the determined E,, and E,4
values for the LNO samples, are illustrated in Table SS. As can
be seen, the calculated electrochemical band gap E, increased
from LNO-TF/SG (2.10 eV) to LNO-TE/ED-V1 (2.31 €V).
The estimated values of E, for LNO-TF/ED-V2, LNO-TE/
ED-V3, and LNO-TF/ED-T2 samples are 2.26, 2.18, and 2.16
eV, respectively. According to the listed results in Table S5, the
increasing trend of the electrochemical band gap for the
investigated thin films in the order of LNO-TF/ED-V1 >
LNO-TF/ED-V2 > LNO-TF/ED-V3 > LNO-TF/ED-T2 >
LNO-TF/SG/P3HT:PCBM was well matched with the rising
trend of the optical band gap. Since the optical and
electrochemical band gaps were calculated using different
equations and approaches, the optical band gap values for the
LNO samples were greater. Moving from the LNO-TF/SG to
the LNO-TF/ED-V1 sample, E,, rose slightly from 0.68 to
0.73 V, increasing the E, of the samples. The E, 4 values found
for LNO-TF/SG (—1.34 V) and LNO-TE/ED-V2 (—1.65 V)
were the highest and lowest among all samples, respectively.
Figure 10b—f illustrate band alignment schematics of the
manufactured PSCs, which were generated using data obtained
from the CV response of the samples. The ease of hole transfer
at the interface of layers is influenced by the proximity of the
E, level of the LNO and the HOMO energy level of the active

layer. A smaller energy difference between these levels
indicates a higher probability of hole transfer. The energy
level proximity between the LNO and P3HT:PCBM layers
increases the density of active sites for charge transfer and
accelerates the rate at which holes can pass from the LNO to
the P3HT:PCBM.'® Based on the energy level calculations
provided in Table SS, it was determined that the E, level of
LNO-TEF/ED-V1 was approximately —5.13 eV. This was
higher than the value acquired for the LNO-TF/ED-V2 sample
(5.05 eV), LNO-TF/ED-V3 sample (5.03 eV), LNO-TF/SG
sample (5.08 eV), and LNO-TF/ED-T2 sample (5.11 eV).
According to Figure 10b, the E, level of the LNO-TF/ED-V1
sample was —5.13 eV, which closely matches the HOMO
energy level of P3HT (—5.30 V). This observation implies
that the LNO employed in this sample may be capable of
facilitating hole transfer in a more efficient manner. Moreover,
the increased E_ level of all the samples, particularly the LNO-
TE/ED-V1 sample, compared to the P3HT LUMO energy
level, contributed to the enhancement of their electron barrier
capabilities.”” Consequently, the PSCs fabricated with the
LNO-TE/ED-V1 sample as the HTL exhibited superior
photovoltaic performance to the PSCs prepared with other
samples in this study.

This study involved the preparation of various thin films of
LNO using both the ED and sol—gel methods, which were
then employed as the hole transport layer (HTL) in PSCs. In
Table 2, the photovoltaic characteristics of the developed PSCs
are compared to those of some other binary and ternary metal
oxides employed as the HTL in P3HT:PCBM-based BHJ
PSCs reported elsewhere. As can be seen, the performance of
the PSCs has been greatly influenced by the employment of
the same metal oxide but prepared by different procedures. As
indicated, the performance of PSCs can be altered by utilizing
various techniques such as spin coating, thermal evaporation,
and ED to prepare a thin film of NiO and V,QOj as the HTL of
P3HT:PCBM-based PSCs. Among different investigated
methods, the ED method was found to produce the highest
efficiency for indicated metal oxides. Similarly, the deposition
technique for Cu,O and MoOj as the HTL in PSCs has also
influenced their performance. Several studies have indicated
that, compared to other techniques, spin-coating is the most
effective method for enhancing the performance of PSCs
utilizing Cu,O and MoOj;. The fabricated BHJ PSCs in this
study by employing electrodeposited LNO as the HTL
exhibited superior photovoltaic performance compared to
binary and ternary metal oxides previously utilized as HTL in

https://doi.org/10.1021/acsaem.3c03274
ACS Appl. Energy Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c03274/suppl_file/ae3c03274_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c03274/suppl_file/ae3c03274_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c03274/suppl_file/ae3c03274_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c03274/suppl_file/ae3c03274_si_001.pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.3c03274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

—
<

()

S =) x
I 1 1

Absorption coeficient ( x10%cm)
[ ]

=

6 8 10 12
Energy (eV)

=)
N~
-

0.6 - (b)

Reflectivity
[—] =] =} [}
5 w 'S i

e
o
|

et
)

4 6 8 10 12
Energy (eV)

]
[ 5]

Figure 11. Calculated absorption coefficient (a) and reflectivity (b) spectrum for the rhombohedral LNO.

P3HT:PCBM-based PSCs. The aforementioned difference was
pronounced in the case of the PSC-LNO-TF/ED-V1, which
exhibited the highest photovoltaic performance among all the
studied PSCs in this research. The PSCs based on the
P3HT:PCBM active layer typically provide lower PCE than
devices constructed by employing PM6 (PBDB-T-2F), PM7
(PBDB-T-2Cl), and D18 (PCE18) as donors and Y6 (BTP-
4F) and Y7 (BTP-4Cl) polymers as nonfullerene acceptors
(NFAs).>>*® According to the results, it is anticipated that
applying the highly efficient polymers mentioned above in the
active layers of the PSCs produced in this study would
considerably improve their photovoltaic performance.

3.8. Computational Results. 3.8.1. Optical Properties.
The optical features of the CTLs have a significant impact on
the photovoltaic performance of PSCs. The optical character-
istics of a material are directly impacted by its fundamental
features. Thus, it is essential to comprehend how electro-
magnetic radiation interacts with materials, including absorp-
tion, transmission, reflection, and emission. Investigating the
optical features of materials is a significant approach to
interpreting their interaction with absorbed photon energy,
which provides a predicted strategy for using the material in
photovoltaic devices.*®

The absorption coefficient a(®) and reflectivity R(w) of the
rhombohedral LNO crystal structure as two of the most
significant and relevant optical features of CTLs in photo-
voltaic applications could be determined using the dielectric
functions via eqs S10—S13 (Text S6). The plots of the overall
spectra of both characteristics are presented in the energy
range of 0—13 eV in Figure 11. The obtained results were
greatly consistent with another study conducted about the
optical properties of a rhombohedral LNO.** The inverse
relation between the photon energy (in eV) and wavelength
1240 66
A(nm) *

Light absorption is considered a limiting factor to applying a
material as the HTL in conventional PSCs. It should be
mentioned that the optical properties of a material in the
visible region are more important than in the UV region for
application as HTL in PSCs.”” As exhibited in Figure 11a, the
absorption coeficient a(®) values for LNO began in the low-
energy range and reached the highest value of 9.1 X 10° cm™
at 5.8 eV in the ultraviolet region (>S5 eV). Moreover,
absorption was negligible in the visible region (2—4 eV),
indicating that this perovskite oxide is transparent enough and
most of the light will pass through it, making LNO a good
candidate for CTL in PSCs.

(in nm) could be expressed as E(eV) =

The reflectivity (R(®)) is defined as the ratio of the energy
of a reflected wave to the energy of the incident wave.”® The
reflectance behavior of photons at the surface of the studied
material is depicted in Figure 11b. As can be seen, the static
value of reflectivity at zero energy R(0) decreased for higher
energies. The reflection of light was negligible, and most of the
incident photons were transmitted in the visible region,
confirming our earlier results for the absorption coefficient.
The low R(w) and consequently the higher transmission of
LNO emphasized its function as HTL in PSCs. The reflectivity
of the studied perovskite oxide increased in the UV region,
which revealed the reflection of a higher portion of the incident
light in this area. The results obtained from the above-
described optical calculations verified the potential function of
the LNO as HTL for PSCs.

3.8.2. Elastic properties. The majority of research efforts in
recent years have switched from focusing on increasing the
efficiency to tackling the crucial problem of device stability.”*
The stability of solar cells is influenced by two main factors: (i)
the active layer’s relative humidity and thermal stability and
(ii) the structural stability of the solar cell components,
especially the electrodes, ETL, and HTL. Consequently, for
high mechanical and thermal stability in PSCs, the CTLs
should be stable under external variables such as high pressures
and elevated temperatures.”” The mechanical properties of a
material are closely related to its elastic constant, making them
a significant parameter of solids. Moreover, solid-state
phenomena like brittleness, ductility, stiffness, and mechanical
stability are closely connected to elastic constants.”’ Thus,
mechanical and other important polycrystal features could be
evaluated by determining single-crystal elastic constants. Based
on the elastic calculations, which are explained in Text S7,
LNO is a suitable material to be applied as the HTL of PSC to
improve its mechanical flexibility and thermal stability.

4. CONCLUSIONS

Based on the most recent findings about the use of perovskite
oxide thin films in third-generation solar cells, we came to the
conclusion that the performance of bulk heterojunction
polymer solar cells (BHJ PSC) could be improved using an
electrodeposited LaNiO; (LNO). Hence, the chronoamper-
ometry electrodeposition (ED) process was successfully
employed in synthesizing LNO nanostructures, where the
deposition time (1, 2, and 4 min), potential magnitude (—1.09,
—1.13, and —1.18 V), and electrolyte conditions (stirred/
unstirred) significantly influence the structural and electro-
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chemical characteristics of the electrodeposited LNO. First, the
potentiostatic ED procedure was performed at three alternate
deposition times of 1, 2, and 4 min by applying —1.18 V. Then,
at the optimal time of 2 min, the ED process was carried out
under the same conditions, while the solution was gently
stirred and compared with those samples obtained by applying
—1.13 and —1.09 V in the stirred electrolyte. Subsequently, the
physicochemical and electrochemical properties of prepared
thin films were successfully characterized and compared with
the sample prepared by the sol—gel process. Results indicated
that applying the cathodic potential of —1.18 V along with mild
electrolyte stirring in 2 min led to the formation of more
uniform and smaller LNO nanostructures possessing less
surface roughness. Compared to all samples prepared in this
work, employing the superior electrodeposited LNO sample as
a hole-transporting layer (HTL) in the structure of BHJ PSC
led to a short-circuit current density (J,.) of 13.24 (mA cm™2),
open-circuit voltage (V,.) of 0.64 V, a high fill factor (FF) of
70%, an external quantum efficiency (EQE) of 75.3%, and the
highest solar to energy conversion efficiency of 5.9%. This
efficiency was approximately 73.5% greater than that obtained
for the reference cell, which used the PEDOT:PSS as an HTL.
Moreover, the PSC incorporating the best electrodeposited
LNO sample exhibited remarkable ambient stability compared
to other fabricated PSCs, maintaining 84% of its initial PCE
after 450 h of aging. The enhanced device performance was
ascribed to the uniform surface coverage, high electroactive
surface area (1.341 cm?), high charge mobility (2.30 X 107
cm? V7! s7!), enhanced surface contact area with the active
layer, larger band gap resulting in the greater light absorption
of the active layer, better energy level alignment, and lower
charge recombination probabilities. The notable consistency
observed between the DFT calculations and experimental
results provided valuable information in understanding the
structural, optical, and mechanical properties of this perovskite
oxide, which could lead to the enhanced overall performance
of PSC when employed as HTL in its structure.
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