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e Investigated the effect of p-type LayO3
blocking layer on TiO, multilayer
photoanodes.

o Efficiency significantly enhances with
added LayO3 (327.32 nm) layer on 5th
TiO,, layer.

e The developed quasi-solid-state DSSC
achieved a remarkable efficiency of

8.50 %.
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ARTICLE INFO ABSTRACT

Keywords: This study presents a novel strategy to enhance the efficiency of dye-sensitized solar cells (DSSCs) by integrating
Dye'S?HSitized solar cells a p-type LayO3 layer between the TiO, photoanode and the electrolyte. The p-La;O3 layer suppresses charge
Bl"d“nf 1‘3’ er recombination by inhibiting electron transfer from TiO, to the electrolyte, improving charge separation and
p-type LaxO3

photovoltaic performance. Structural and compositional analyses (XRD, XRF, and SEM) confirm the presence of a
uniform polycrystalline LapOs layer on the 5-layered nanostructured TiO, electrodes. Mott-Schottky analysis
confirms that TiOz is n-type and LapOs is p-type, highlighting their complementary roles in efficient charge
transfer. For the first time, DFT + U calculations were employed to investigate the band structure of LazOs. The
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electron diffusion length was found to be enhanced upon the integration of p-La;Os, as revealed by electro-
chemical impedance analysis. The optimized device exhibits a power conversion efficiency of 8.50 %, with a
short-circuit current density of 17.70 mA cm ™2 and an open-circuit voltage of 0.73 V, representing a 34.07 %
enhancement compared to the reference six-layer photoanode DSSC (6.34 %). The results demonstrate the
effectiveness of a p-type LayOs layer in boosting device performance by reducing charge recombination. To our
knowledge, this is the first report demonstrating the effectiveness of La;Os3 as a blocking layer in quasi-solid-state
DSSCs, presenting one of the highest efficiencies.

1. Introduction

Photovoltaic systems are gaining popularity because solar energy is
cleaner, inexhaustible, and more sustainable than traditional energy
sources [1,2]. Over the last decade, dye-sensitized solar cells (DSSCs)
have emerged as a promising alternative to conventional photovoltaic
technologies due to their low fabrication cost, simple manufacturing
procedures, efficiencies comparable to those of non-crystalline silicon
solar cells, good performance under poor or diffuse lighting, and
adaptability to various sensitizers [3-5]. A typical DSSC consists of a
dye-sensitized mesoporous semiconductor photoanode (commonly
TiO) deposited on a transparent conducting oxide substrate, a lig-
uid/gel electrolyte containing a redox couple (often iodine/iodide), and
a counter electrode, frequently coated with platinum [6-8]. Addition-
ally, different n-type and p-type metal oxide semiconductors (e.g., TiOo,
Zn0, SnO3, WO3, NiO, CuCrOs) are also employed in the fabrication of
DSSCs [9-14]. Anatase-phase TiO, stands out due to its favorable
bandgap (~3.2 eV), excellent chemical stability [15,16], and ideally
positioned conduction band edge just below the lowest unoccupied
molecular orbital (LUMO) of commonly used dyes such as N719 [17].
This alignment is crucial for effective electron injection and transport,
thereby enhancing the overall performance of DSSCs.

It is the larger surface area of nanoporous TiO5 that’s responsible for
providing effective dye adsorption; this characteristic, in turn, enhances
light harvesting and boosts photocurrent generation [18]. Despite these
advantages, a significant challenge remains: the recombination of pho-
togenerated electrons with either oxidized dye molecules or redox spe-
cies in the electrolyte, especially at the TiOy/electrolyte interface which
needs to be minimized. Such charge recombination processes substan-
tially limit the attainable solar-to-electricity conversion efficiency and
the stability of DSSCs. Surface modifications of the TiO2 photoanode
with blocking layers or charge-separating layers have gained consider-
able attention. These layers act as barriers to electron recombination by
inhibiting back-electron transfer to the electrolyte while improving
electron injection efficiency from the dye. Materials such as BaCOs,
Aly03, MgO as well as wide bandgap semiconductors with higher con-
duction band edges (ZrO3, Ino03, NbyOs, ZnO) [19] have demonstrated
varying degrees of success in enhancing device performance by sup-
pressing interfacial recombination and improving charge transport ki-
netics [20].

In addition to optimizing the photoanode material, recent advance-
ments in DSSCs have moved beyond classical dyes to explore sustainable
and high-performing alternatives. Natural dyes (Ligustrum vulgare,
Juniperus sabina, Papaver rhoeas, Hyoscyamus reticulatus, Mahonia aqui-
folium, and Hedera helix fruits [21-23]) offer eco-friendly, low-cost op-
tions, although the efficiencies remain limited. Synthetic approaches,
such as AZO-based dyes (0.47 % PCE) [24] and D-n-A-n-A metal-free
structures (QX-TPA: 6.80 % PCE) [25], have demonstrated improve-
ments in charge transfer through molecular design. In view of the above,
dye optimization and surface modification of the photoanode can
significantly improve the efficiency of DSSCs.

Although this work focuses on investigating La;O3 as a novel p-type
blocking layer, it is worthwhile to examine the previous investigations of
the effects of other p-type blocking layers on DSSC the performance. The
most recent research on DSSCs with various p-type blocking layers is
presented in Table 1. Compared to previous studies, the present work

exhibits significantly higher performance. While CuCrO, nanoparticles
have shown relatively higher values in earlier work, the efficiencies
reported in this study exceed those by more than an order of magnitude,
thus highlighting the importance of the present study.

In this study, we present a novel approach to enhance the perfor-
mance of DSSCs. This method involves introducing an ultra-thin p-type
LapO3 charge-separating film at the interface between TiO2 and the
electrolyte for the first time. The primary objective is to mitigate charge
recombination rates by suppressing electron transfer from TiO; to the
electrolyte. In this context, LayOs is used as a promising candidate for
interface engineering in DSSCs due to its unique physicochemical
properties: a high dielectric constant, excellent thermodynamic stabil-
ity, and notably, an elevated conduction band edge relative to TiOx.
These attributes suggest that ultra-thin La;Og3 layers deposited on TiO,
photoanodes can create an effective energy barrier that minimizes
electron back-transfer to the electrolyte without hindering electron in-
jection from the dye. LapO3 possesses a high dielectric constant and a
conduction band edge positioned higher than that of TiOy [32]. The
energy barrier created by this band alignment inhibits electron leakage
while still permitting efficient electron injection from the dye into TiOa.
This optimal band offset improves charge separation and transport. The
thermodynamic stability of LaO3 under operating conditions ensures
the durability and long-term functionality of the blocking layer, thereby
enhancing device stability.

Furthermore, the ultra-thin LayO3 interlayer modifies interfacial
electron transfer kinetics by acting as a charge-separating layer, which
improves electron diffusion length and reduces recombination resis-
tance, as evidenced by electrochemical impedance spectroscopy [33].
By strategically introducing ultra-thin LapOj3 films, charge recombina-
tion is effectively minimized, resulting in an enhanced overall efficiency
of DSSCs. This study highlights the critical role of LayO3 in altering
electron transfer dynamics within the DSSC architecture, providing
valuable insights into its potential as a blocking layer to optimize elec-
tron transport and enhance photovoltaic performance.

By regulating charge transport and recombination processes, surface
modifications with blocking layers play a crucial role in enhancing the
performance of various electronic devices. When strategically intro-
duced at interfaces, these layers mitigate electron recombination,
thereby enhancing efficiency and functionality in electronic applications
[34]. In one study, a nanoporous TiOy electrode was modified with
BaCOs for quasi-solid-state DSSCs. The BaCO3 modification enhances
dye adsorption by leveraging its higher surface basicity compared to
TiOy. The resulting increase in conversion efficiency from 5.53 % to
6.96 %, a 25.9 % improvement under 30 mW em ™2, indicated that
BaCOs induces a negative shift in the TiO, conduction band, leading to

Table 1

Performance comparison of different p-type blocking layer-based DSSCs.
Photoanode Jso/mAcem 2 Voo/V  ff PCE/%  Reference
CuCrO; + Zn 0.54 0.28 0.42 0.075 [14]
NiO-Ac 1.45 0.08 0.36 0.042 [13]
NiO 3.05 0.17 0.33 0.164 [26]
CuGaO, nano plates 2.05 0.20 0.45 0.182 [27]
CuCrO, nanoparticles 1.23 0.73 0.48 0.530 [28]
CuCrO; + Mg 1.51 0.20 0.45 0.132 [29]
LaOCuS nanoparticles 0.04 0.15 0.26 0.002 [30]

Cu0 1.30 0.71 0.46 0.420 [31]
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enhanced DSSC performance [35]. In the study [20], a semiconductor
TiOy photoanode was fabricated with an insulating layer of AlyO3 to
augment the performance of DSSCs. The DSSC featuring the developed
photoanode achieved a maximum efficiency of 4.04 %, marking a
noteworthy enhancement of 15.5 % [36]. Similarly, the PCE of DSSC
was further improved by adding an MgO blocking layer to the TiOy
photoanode. The optimized thickness of the MgO layer resulted in the
highest conversion efficiency of 5.12 %, along with a notable Jg¢ of
18.15 mA cm % and a Voc of 0.571 V [5].

Surface modifications involving higher conduction band edge semi-
conductor layers represent a crucial strategy in improving the perfor-
mance of electronic devices. By introducing semiconductors with
elevated conduction band edges, these modifications aim to enhance
charge transport and reduce recombination, contributing to the overall
efficiency and functionality of electronic applications [37]. In related
studies, the DSSC’s TiO, photoanode was developed using ZrO,, which
resulted in an efficiency gain due to ZrOs’s larger conduction band edge.
The optimized configuration achieved a maximum efficiency of 6.97 %
[38]. In a separate study, the photoanode was constructed using In,O3
with varying numbers of layers, and single coatings of In,O3 on the TiOy
working electrode demonstrated an efficiency increase from 3.6 % to
4.9 %. Notably, thinner coatings exhibited the highest efficiency of solar
cells [39]. In another study, DSSC devices were assembled with a pho-
toanode configuration comprising NbyOs/TiO, bilayer and TiO, multi-
layers, utilizing N719 dye, iodide-based electrolytes, and a platinum
counter electrode. The highest efficiency of 5.4 % was attained in the
bilayer photoanode system, with an optimal thickness of Nb,Os [40].

The use of solvents made from volatile organic compounds as a
medium of transport for redox species in DSSCs presents sealing, safety,
and leakage challenges and limits the flexibility of device construction
and development as viable outdoor and indoor applications [41,42].
Polymer gel electrolytes are an alternative to problematic liquid elec-
trolytes in DSSCs; however, the efficiency of high-quality solid-state
devices suffers due to the lower conductivity of gel electrolytes
compared to liquid electrolytes. Importantly, in the present study, vol-
atile solvent-based electrolytes were not used. Instead, a gel polymer
electrolyte was utilized to achieve high stability [43,44]. The cell sta-
bility and efficiency exhibited are a result of selected gel polymer elec-
trolytes. In particular, the efficiency is improved using the ionic liquid
1-hexyl-3-methylimidazolium iodide (HMII), 4-tert-butylpyridine
(4TBP), and combinations of mixed salts and solvents [45,46].

This study represents a significant advancement in the field of DSSCs
by introducing an ultra-thin p-type LapO3 charge-separating/blocking
layer between the n-type TiO, photoanode and the electrolyte in a
quasi-solid-state DSSC configuration, which has not been previously
reported. The strategic integration of LayO3 addresses a critical limita-
tion in DSSC performance: interfacial charge recombination. This
recombination negatively impacts charge separation efficiency and
lowers the overall photovoltaic output. By suppressing undesirable
electron back-transfer to the electrolyte, the LapO3 layer enhances
charge carrier lifetime and transport. As a result, devices incorporating
this layer show higher power conversion efficiency compared to con-
ventional cells. This work provides valuable insights into interface en-
gineering strategies and material incorporation for quasi-solid-state
DSSCs, paving the way toward more efficient, stable, and practical
photovoltaic devices. The demonstrated approach has the potential to be
broadly applied or adapted in other photoelectrochemical systems to
mitigate charge recombination losses, thereby advancing renewable
energy technologies.

2. Experimental
2.1. Materials

The study employed conducting substrates composed of fluorine-
doped tin oxide (FTO), which had a sheet resistance of 10 Q/sq.
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Moreover, titanium dioxide (TiO2) nano powders, namely P25 (with an
average particle size of 21 nm) and P90 (with an average particle size of
13 nm), were obtained from Evonik Germany for the study. The high-
purity (99 %) lanthanum oxide (LayO3) powder utilized in this study
was directly procured from BDH Chemical Ltd., England. Solaronix SA
supplied the ruthenizer 535-bisTBA (N719) dye that was used to sensi-
tize these electrodes. Aldrich provided polyethylene oxide (PEQ) (MW -
4,000,000), polyethylene glycol (PEG) (MW - 4000), iodine (Iy),
ethylene carbonate (EC), propylene carbonate (PC), Lil, tetrahex-
ylammonium iodide (Hex4NI), 1-hexyl-3-methylimidazolium iodide
(HMII), and 4-tert-butylpyridine (4TBP), all of which had purities
exceeding 98 %. Before use, PEO, Hex4NI, and Lil were vacuum-dried at
50 °C for ~2 h.

2.2. Preparation of the TiO2/Laz03 photoanodes

In this study, an improved photoelectrode for DSSCs was created by
employing five layers of TiO, nanoparticles that had been initially
optimized in a pilot study [47,48]. Fig. 1(a) displays the configuration of
the improved electrode.

To prepare the first layer, 0.5 g of TiO5 nanoparticles with an average
size of ~13 nm (P90 powder, as specified by the manufacturer) was
ground with 2 ml of 0.1 M HNOs in an agate mortar for approximately
30 min to obtain a well-dispersed TiO; slurry. The dispersion of TiOq
nanoparticles was spin-coated over a pre-cleaned FTO substrate
measuring 1 cm X 2 cm at a rate of 2300 rpm for around 2 min. Before
spin coating, Scotch tape was used to cover half of the FTO plate to
prevent the TiO, coating from accessing the electrical connections. After
air-drying for around 12 h, the first layer was sintered in air at 450 °C for
30 min.

A similar process was used to prepare succeeding layers, but with
different spin coating rates and particular slurry compositions. The
second layer was generated with a spin coating rate of 1000 rpm. In the
third layer, a slurry was created by grinding 0.5 g of nanoparticles with
an average size of ~21 nm (P25 TiO, powder) and 2 ml of 0.1 M HNOj3 in
an agate mortar. Add 0.1 g of 4000 molecular weight PEG and a few
drops of Triton X 100 (surfactant) to the slurry and thoroughly mix it.
The slurry that formed was spin-coated at 1000 rpm for 2 min before
being sintered at 450 °C. The fourth and fifth layers have been produced
by repeating the procedure used for the third layer.

The sixth layer required the creation of a slurry by grinding 0.5 g of
LagO3 powder and 2 ml of 0.1 M HNOs in an agate mortar to obtain a
well-dispersed TiO3 slurry. Add 0.1 g of 4000 molecular weight PEG and
a few drops of Triton X 100 (surfactant) to this slurry and stir thor-
oughly. The resulting slurry was deposited onto the substrate via spin
coating at 1000 rpm for 2 min and then dried in ambient air for 12 h
before being sintered at 450 °C [49,51]. All spin-coating procedures
were carried out at room temperature (25 + 2 °C) at controlled relative
humidity (65 + 5 %). A fixed spin-coating acceleration rate of 500 rpm/s
was applied to all samples for uniform film deposition. The technique
produced photoelectrodes with six layers of TiOy/LapO3 nanoparticles,
as shown in Fig. 1(a).

The resulting photoelectrodes are heated to roughly 100 °C and
immersed in a warmed solution (about 60 °C) containing 0.3 mM N719
dye dissolved in 100 % ethanol. The electrode soaked in the dye solution
was left to cool down to room temperature. Following about 24 h of
immersion, the electrodes were carefully removed from the dye solution
and rinsed with ethanol to remove any partially bound surplus dye.

2.3. Preparation of the GPE

The gel polymer electrolyte (GPE) has been generated using the
stoichiometric composition of PEO(10)EC40)yPC40)HexsNI(g.g)Lil1.2)I2
(0.2), following prior studies [50,51]. Table 2 shows the amounts utilized
for the GPE. To prepare the GPE series, a mixture of EC and PC
co-solvents was first dissolved in a sealed glass container. Later, 4TBP
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Fig. 1. (a) Schematic representation (not to scale) of the photoanode design with five layers of TiO, nanoparticles and one layer of La,O3, (b) The configuration

of DSSCs.

Table 2

Mass fractions and molar ratios of PEO-based gel polymer electrolyte.

Component Weight/mg Molar ratio
EC 400.00 40.00
PC 463.50 40.00
HMII 7.55 0.25
4TBP 13.05 0.85
Lil 18.25 1.20
Hex4NI 43.75 0.80
I, 5.75 0.20
PEO 50.00 10.00

and HMII were added to the mixture. Upon that, needed amounts of
Hex4NI and Lil were added, and the mixture was agitated. PEO was then
mixed into the salt solution and vigorously agitated to ensure homoge-
neity. The mixture was subsequently heated to approximately 100 °C
while being constantly mixed until it formed a clear slurry. Once the
mixture had dropped to 40 °C, 12 mg of I was added to the slurry and
stirred constantly.

2.4. Fabrication of DSSCs

The GPE was placed separately between a platinum (Pt) counter
electrode and a TiOy/LayO3 photoelectrode sensitized with N719 dye.
This layout was utilized to produce a series of DSSCs. Fig. 1(b) depicts
the structural configuration of the DSSC set, identified as glass/FTO/
TiO2/N719/electrolyte/Pt/glass.

2.5. Characterization of the photoanode

The characterization of the prepared photoanode in this study
involved multiple analytical techniques. X-ray diffraction (XRD) anal-
ysis was performed using a RIGAKU Ultima IV X-ray diffractometer,
which utilizes Cu Ka radiation with A = 1.54184 A to investigate the
crystalline structure. X-ray fluorescence (XRF) analysis was performed
using the HELMUT FISCHER GMBH + CO KG X-ray HAN to verify the
availability and composition of the LayOs film. Morphological details
were examined through scanning electron microscopy (SEM) using the
Zeiss Evo LS15 SEM instrument. Additionally, the Mott-Schottky char-
acterization was performed on the photoanode at a frequency of 2000
Hz to identify the semiconductor type and the flat-band potential values
of the photoanode layer. The measurements were taken utilizing a
Metrohm Autolab impedance analyzer (PGSTAT 128N, Netherlands).

Furthermore, UV-vis spectrophotometry, using the SHIMADZU UV-
1900i UV-Vis Spectrophotometer, complemented the comprehensive
material characterizations.

First-principles calculations based on Density Functional Theory
(DFT) were conducted to study the bulk structures of TiO and LaOs,
Their heterostructure was modeled using a slab with a vacuum layer (20
A)to prevent interactions between periodic images. The computations
were carried out using the Quantum ESPRESSO package with Projector
Augmented-Wave pseudopotentials. The Generalized Gradient Approx-
imation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional was
employed. To correct for the typical DFT underestimation of band gaps,
the DFT + U method was applied. This approach incorporated on-site
Coulomb interactions to improve accuracy.

2.6. Characterization of DSSCs

The PEC-LO1 solar simulator was used to assess the current-voltage
(I-V) properties of the manufactured solar cells under 1000 W m—2
(AM1.5) irradiation. The cell’s active area was 0.19 cm~2, with a
theoretical scan rate of 0.01 V s~!. IV measurements were obtained for
~3 h (at 10-min intervals) under continuous irradiation.

Under specific experimental conditions, the electrochemical imped-
ance spectra (EIS) of the solar cells were measured with a bias equivalent
to the open-circuit voltage (Voc). These observations were made over a
frequency range of 1 Hz-10° Hz, with the alternating current (AC)
amplitude set at 10 mV. The evaluations were done with the solar cell
within a Faraday cage, which ensured that it was isolated from any other
electromagnetic frequencies. The findings were subsequently recorded
through the Metrohm Autolab impedance analyzer (PGSTAT 128N,
Netherlands).

3. Results and discussion
3.1. Surface morphology of the photoanode

SEM imaging is a tool for the comprehensive characterization of the
photoanode’s morphology, enabling detailed examination of surface
features and particle distributions. Fig. 2-(A) provides electron micro-
scope (SEM) images that depict the morphological characteristics of the
engineered photoanode. SEM images of the first and second layers
showed similar morphology, which can be a result of identical film
preparation methods and ingredients used; thus, an SEM image of the
first layer is shown in Fig. 2-(A) (a). SEM images of 3-5 layers of TiOo,
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Fig. 2. (A) - SEM images of (a) the first TiO, layer (P90, 13 nm), (b) the third TiO, layer (P25, 21 nm) with the magnification of x 50.00K, and (c-f) the LayO3 top
layer at varying magnifications ( x 15.00K to x 150.00K)/(Scale bars: (a-b) 200 nm, (c) 2 pm, (d-f) 200 nm). (B)-(a) SEM image of the La;O3 layer ( x 15.00K); (b)
3D grayscale thickness map derived from SEM image analysis to measure the average thickness (average thickness: 1.43 + 0.13 pm).
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which were prepared using a particle size of 21 nm, exhibited a similar
morphology, and thus an image of a 3-layer electrode is shown in Fig. 2-
(A) (b). Notably, the SEM images showcased a discernible top layer
composed of Lay0O3, which was strategically implemented as a blocking
layer within the photoanode architecture. Through meticulous obser-
vation and analysis of the images presented in Fig. 2-(A) (c)-(f), it be-
comes evident that the LayO3 nanoparticles are evenly spread across the
surface of the TiO, layer, and they are interconnected. The SEM
confirmed that LapO3 was successfully formed within the photoanode
structure, validating the effectiveness of the surface modification pro-
cess. The highly porous structure of La;Os is also evident from the SEM
images. Furthermore, the SEM images enabled quantitative analysis of

(2)
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the LayO3 particle size distribution, which is a key parameter affecting
the photoanode’s performance characteristics. The average particle size
of the LayO3 nanoparticles is 327.32 nm, as measured by image analysis
using ImageJ software.

Furthermore, a detailed investigation into the structure involved
processing the grayscale 3D image maps programmatically. The average
thickness of the deposited Lay;O3 layer was calculated using SEM images
from Fig. 2-(A) (c), as shown in Fig. 2-(B) (b). The calculations per-
formed on the 3D mapping image yielded a precise thickness measure-
ment of 1.43 & 0.13 pm. In this method, the image was analyzed using
the Python platform. The analysis process involved: (1) spatial calibra-
tion to the SEM scale bar (nm/pixel resolution), (2) grayscale intensity

Intensity / a.u.

= —— FTO+TiO,(6 layers)
< —— FTO+TiO(5 layers)+La,O5(1 layer)
IE€ & = s & = 2
e o == = =& =
b 2 z A Y < < <
S EJ \wfﬂ/\\\,,/-\_i«// | R /\A\,;-J/\_/\V,\u\/ NN NG e S

20 25 30 35 40

(b)

45 50 55 60 65 70

20/ deg.

70 4 x . Ti = 59.11%
. B°La = 38.15%
60 B 'Sn = 2.74%
& 504
Q .
} 40 - Sn
Z’ 30_. La
3
= ]
— 204
10 1
0 ] \l A\ l
"10 ' I ¥ I ® I = I S T .4 T
0 3 10 1S 20 25 30
Energy / keV

Fig. 3. (a) - XRD patterns of the control (bare TiO, photoanode) and the developed photoanode; TiO, (A), anatase; TiO (R), rutile; LapO3 (L), cubic phase/(b) - XRF
analysis of the photoanode developed by depositing La;O3 on a 5-layer TiO, electrode.
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thresholding (Otsu’s Approach-Python OpenCV) to extract LayO3 from
the TiOy substrate, and (3) 3D surface reconstruction from intensity
gradients. The reproducibility of the measurement was confirmed by
repeated analyses using samples with different orientations (<10 %
deviation). This non-destructive approach provides detailed information
on the surface and dimensional characteristics of the developed photo-
anode, with the use of SEM enhancing the understanding of its structural
properties.

3.2. Structural and compositional properties of the photoanode

The crystalline structure and cryptography of the control (bare TiO,
photoanode) and the modified photoanodes were systematically inves-
tigated through X-ray diffraction (XRD) analysis, as depicted in Fig. 3-
(A). The XRD spectra revealed characteristic anatase (A) peaks at 20
values of 24.99°, 37.45°, and 47.72°, which were consistently observed
in both the control and developed photoanodes. Distinctive changes
were evident in the XRD spectra of the modified photoanodes by adding
Laz0s3, remarkably exhibited in the presence of additional diffraction
peaks. Notably, three discernible peaks at approximately 26 values of
25.00°, 29.85°, and 37.45° were identified, corresponding to the cubic
(C) LayO3 phase, as confirmed by the Joint Committee on Powder
Diffraction Standards (JCPDS) reference code 22-369 [52]. This obser-
vation signifies the successful incorporation of LapOs into the
multi-layer photoanode structure.

The identification of these specific crystalline phases is crucial, as it
provides insights into the structural modifications. The d-spacing,
crystallite size, lattice strain, and dislocation density related to the sig-
nificant peaks in Fig. 3-(A) were determined using the Debye-Scherrer
relations, as given in the equations.

0.942
b= W COS ¢ M
Ezwcosa @
4
1
5:5 3

where, D is the crystallite size, 1 is the X-ray wavelength, 0 is Bragg’s
angle, and w is the full width at half maximum (FWHM) of the peak in
radians. The lattice strain, ¢ and the dislocation density, 5, were
calculated using equations (2) and (3). The calculated parameters are
given in Table 3. These analytical results of crystallite size (10-170 nm)
and lattice strain (2.1-3.6 x 1073) values were compared with the
literature values for polycrystalline oxides of Al-Cu co-doped ZnO thin
films and AZO nanostructures [53,54], particularly in their strain
behavior at material interfaces.

The presence of both anatase and cubic La;O3 phases in the modified
photoanodes suggests a synergistic crystalline structure. Notably, the

Table 3
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average particle size from SEM measurement (327.32 nm, Fig. 2) is
greater than the crystallite sizes obtained from XRD estimation (10-170
nm, Table 3). This is because SEM only captures the physical agglom-
eration of particles, whereas XRD estimates the size of isolated crystal-
line domains based on interpreting the broadening of diffraction peaks.
The greater particle size estimated using SEM indicates that the grains
observed consist of multiple small crystallites, typical of a poly-
crystalline microstructure.

X-ray fluorescence (XRF) analysis was systematically conducted on
the developed photoanode, and the results are depicted in Fig. 3-(B).
This analytical approach enabled a comprehensive examination of the
elemental composition and their respective concentrations within the
photoanode. The instrument’s penetration depth, ~10 pm, ensured
thorough data acquisition, capturing information from the entire
thickness of the photoanode, which measures ~5.7 pm. The elemental
composition of the photoanode, elucidated by XRF, revealed a pre-
dominant presence of titanium (Ti) at 59.11 %. This prevalence is
attributed to the deposition of 5 layers of TiO, in the photoanode
structure.

Additionally, lanthanum (La) was identified as the second most
abundant element, constituting 38.15 % of the photoanode composition
(elemental weight percentages of the photoanode). The oxygen content
cannot be determined from XRF analysis; however, based on XRD
analysis, the presence of TiO5 and LayO3 was confirmed. Tin (Sn) was
detected in the sample, originating from the fluorine-doped tin oxide
(FTO) substrate. It makes a discernible contribution to the overall
elemental composition. Additionally, based on XRF and XRD analysis,
the molar percentages of TiO9, LapO3, and SnO; were calculated to be
88.50 %, 9.85 %, and 1.65 %, respectively, for the photoanode.

Overall, the XRF analysis provides definitive evidence of the pres-
ence of LapO3 on the photoanode. The elemental composition assess-
ment through XRF confirms the successful incorporation of LayO3 into
the photoanode structure. This verification serves as a crucial validation
of the intentional modification, attesting to the accurate and specific
characterization of the developed photoanode.

3.3. Optical properties of the photoanode

The UV-Vis absorption spectrum was obtained for photoanodes with
a single layer deposition on FTO substrates using TiOz P90, TiOg P25,
and Lay0s. The analysis focused on verifying the absorption wavelength
regions of each photoanode and determining the band gap energies of
the respective materials using Tauc plot analysis, as represented in Fig. 4
(a). The Tauc plot for indirect transitions is a graphical representation of
(ahw)? [2] vs. photon energy (hv), where a is the absorption coefficient,
h is Planck’s constant, and v is the frequency of light. This plot is
employed to extrapolate the bandgap energy of a material by identifying
the intersection point where the linear component of the plot intersects
the energy axis. The equation related to the Tauc plot calculations is

XRD peak data analysis results of the photoanode. Calculated values of the 26, crystal plane, d spacing, average crystallite size (D), strain (¢), and dislocation density ()

for two photoanodes.

Photoanode 20 Crystal d spacing FWHM Average CrystalliteSize, D Average Strain, ¢ ( x Average Dislocation density, § ( x 1073
(deg.) plane (deg.) (nm) 1079 nm~?)

TiO, 24.99 A(101) 3.5597 0.60 14.16 2.56 4.98
37.45 A(004) 2.3996 0.56 15.64 2.31 4.09
47.72 A(200) 1.9043 0.62 14.63 2.47 4.67
53.69 A(105) 1.7057 0.70 13.86 2.61 5.21
54.70 A(211) 1.6767 0.85 10.94 3.31 8.35
62.40 A(204) 1.4871 0.60 15.57 2.33 413
27.11 R(110) 3.2872 0.56 15.24 2.38 4.30
35.77 R(101) 2.5090 0.77 11.32 3.20 7.80

Lay03 24.93 L(100) 3.5680 0.05 169.95 0.21 0.03
29.85 L(101) 2.9910 0.71 12.09 2.99 6.84
44.07 L(110) 2.0530 0.89 10.06 3.60 9.89
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Fig. 4. (a) Tauc plot, (b) UV-Vis spectra for the TiO, P90, TiO, P25, and La,O3 single layers.

given by equation [55,56]:
(ah)" =A(hv — Ey) @

Where, E, is the band gap energy, A is a constant, and n depends on the
type of electronic transition (typically n = 2 for indirect transitions).

The band gap energies of TiOy P90, TiOy P25, and LayO3; were
determined to be 3.30 eV, 3.00 eV, and 5.13 eV, respectively, as deter-
mined by Tauc plot analysis. These values signify the minimum energy
required for the materials to undergo electronic transitions from the
valence band to the conduction band. TiO; P90 and TiO5 P25 exhibit
band gap energies within the typical range for wide-bandgap semi-
conductors, making them suitable for applications in photocatalysis and
solar cells. Lap03, with a higher band gap energy, may find applications
in various electronic devices that require materials with wider band
gaps.

In Fig. 4(b), the absorbance vs. wavelength plot provides precise
information on the photo-absorption characteristics of the investigated
photoanodes. Each material exhibits distinctive absorption patterns,
contributing to a comprehensive understanding of its optical properties.
For TiOg P90, the absorption spectrum reveals prominent peaks within
the wavelength range of 285 nm-370 nm. This absorption region spans
both the UV and visible spectra. The absorption of photons in this range
indicates the capability of TiO2 P90 to harness energy from both UV and
visible light, making it useful for applications where a broad spectrum of
light needs to be absorbed, such as in photocatalysis and solar energy
conversion. Similarly, TiO, P25 displays an absorption region extending
from 280 nm to 400 nm, encompassing both the UV and visible regions.
The similarity in the absorption profiles of TiOy P90 and TiO; P25
suggests that both materials share comparable optical properties, with
effective light absorption across a broad spectrum. This characteristic is
advantageous for their utility in various photoelectrochemical and
photovoltaic applications.

In contrast, LapO3 exhibits a narrower absorption wavelength region
centered on 240 nm, primarily in the UV region. Furthermore, the
observed lower absorption intensity in comparison to TiO; indicates that
Lap0s is less efficient in absorbing light. The narrower absorption range
and reduced absorbance in the UV region suggest that La;O3 may be
better suited for applications where sensitivity to specific UV wave-
lengths is desired.

The differences in absorption characteristics among TiO2 P90, TiO,
P25, and LayO3 provide valuable insights into their suitability for
different applications based on their spectral response. These findings
contribute to the optimization of materials for specific functions in op-
toelectronic devices. They highlight the importance of tailoring mate-
rials to achieve the desired absorption properties for targeted

applications.

Fig. 5 illustrates the Mott-Schottky plots for TiO, and LayO3 photo-
anodes measured at the frequency of 2000 Hz, referenced against Pt.
These plots are crucial for analyzing the semiconductor properties of the
materials. As Fig. 5(a), TiO, exhibits typical n-type behavior, with a
linear region intercept providing us with a flat-band potential of —0.93 V
(vs. Pt) at 2000 Hz. The negative flat band potential confirms that donor
levels are situated near the conduction band edge, allowing electrons to
accumulate under illumination, a principal requirement for efficient
electron injection from the N719 dye. These results are consistent with
those previously reported flat-band potential values for TiOy (—0.52 to
—0.86 V) [57], which verify the optoelectronic characteristics of our
material. Conversely, Fig. 5(b) exhibits a p-type nature for La,O3 with a
positive flat band potential of +1.06 V. This indicates acceptor levels
near the valence band edge to facilitate hole accumulation and to create
an energy barrier to avoid electron back-transfer. The flat band potential
measured is like literature values for La;O3 (+1.0 to +1.2 V) [58] and
corroborates its role as a charge-separating layer. Both materials exhibit
no significant frequency dependence (<0.1 V shift from 500 to 2000 Hz),
indicating low surface state densities. The cleanliness of the interface
directly enables enhanced charge transport in our devices, as indicated
by the high Js¢ (17.70 mA em™2), Voc (0.731 V), and low Ry (11.35 Q
cm’z).

The frequency-dependent shift in the flat-band potentials for both
TiO4 and LapO3 suggests a dynamic response of the photoanodes to the
applied AC signal, affecting the charge distribution and potential bar-
riers at the electrode/electrolyte interface. These findings are critical for
understanding the charge transfer processes and optimizing the perfor-
mance of these materials in photoelectrochemical applications.

Fig. 6 illustrates the band diagrams of a DSSC utilizing TiO5 (n-type)
and LayOs3 (p-type) particles as photoanodes, along with N719 dye. In
this setup, the dye molecules are adsorbed onto both TiO, and LayO3
particles, enabling electron excitation and transfer from both types of
particles. p-LayO3 serves as a blocking layer at its higher conduction
band edge, effectively reducing electron-hole recombination. Addi-
tionally, the integrated p-LayOs layer facilitates efficient charge sepa-
ration, illustrated in Fig. 6.

Fig. 6(b) illustrates the contributions of n-TiO3, p-La03, and the dye
in the electron transfer process within the DSSC, as the dye is attached to
both TiO, and LayO3 particles. Consequently, three distinct electron
transfer pathways need to be considered: dye-TiO;, dye-LayOs, and
TiO9-Lap0O3. These pathways are clearly depicted in Fig. 6(b).
Conversely, hole transfer occurs in the opposite direction to electron
transfer, as also shown in Fig. 6.

The LayOs conduction band edge at 5.13 eV serves as a kinetic
recombination barrier, yet it is suitable for efficient electron injection
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from the dye. The DSSC, as illustrated in Fig. 6, utilizes both TiO5 (n-
type) and LayOs (p-type) particles in the photoanode with N719 dye
molecules adsorbed on both compounds. Though the LUMO (~3.5 eV)
of the dye injects electrons directly into the lower conduction band edge
of TiOy (~3.2 eV), the Lay03 layer’s high conduction band edge presents
an energy barrier to prevent back-transfer of TiOy electrons into the
electrolyte (Fig. 6(a)). There exist three distinct channels for charge
transfer in this system as discussed above (Fig. 6(b)).
The system’s efficiency arises because:

(i) The dye-TiO; injection channel remains dominant by virtue of

favorable band alignment,

(ii) Its position at the top of the TiO5 multilayers (following deposi-
tion) allows direct dye molecule access to TiOg,

(iii) The thin LayO3 layer (1.43 pm) facilitates efficient charge trans-
port while suppressing recombination, and

(iv) p-La203 also facilitates hole transfer in the back direction,
inducing charge separation.

This process is facilitated by the improved Jsc (17.70 mA cm ™2,
Table 4) and reduced Ry (11.35 Q cm’z, Table 5), indicating a simul-
taneous improvement in charge collection and a reduction in
recombination.

Combining these transfer processes, Fig. 6(a) presents the overall
electron and hole transfer mechanisms within the DSSC. This compre-
hensive depiction accounts for the interaction between the dye, TiO,,
and LayOg3 particles, illustrating the complete transfer process in the
operational DSSC.

3.4. DFT characterization of the photoanode

For TiO», applying a U value of 8.3 eV to the Ti 3d orbitals yielded a
band gap of 3.10 eV, closely matching the experimental value of ~3.2
eV, indicating appropriate treatment of electron correlation. For LasOs3,
the plain GGA band gap of 3.57 eV increased to 5.36 eV when a U value
of 7.0 eV was applied to the O 2p orbitals, aligning well with the ex-
pected ~5.7 eV. Bulk structures were optimized, and a slab model of
TiOy (45 A) and LayO3 (15 A layers were constructed with vacuum
spacing to avoid periodic interactions. Bulk calculations provide a
strong theoretical basis supporting experimental band alignment and
charge separation.

A band alignment diagram using DFT + U results, referenced to the
vacuum level, shows a type-II staggered alignment: the conduction band
minimum of TiOs lies just below that of LayOs. In contrast, its valence
band maximum is significantly higher. This confines photoexcited
electrons to TiOo, preventing transfer to LayOs, and allows holes to relax
into LayO3’s deeper valence band, promoting charge separation and
reducing recombination. The Fermi level of TiOs sits higher than that of
Lay0s, consistent with their n-type and p-type nature. Fig. 6(c) presents
the electronic band structure of LagOs calculated using the DFT + U
method. The results reveal a wide band gap accompanied by a deep
valence band, indicative of strong p-type semiconducting behavior.
Fig. 6(d) shows the DFT + U calculated electronic band structure of
TiOg, characterized by an indirect band gap. The positions of the con-
duction band minimum and valence band maximum further confirm the
n-type nature of TiOy. Fig. 6(e) presents the DFT + U-calculated band
alignment of the TiO,/Lay03 heterostructure referenced to the vacuum
level. The system exhibits a type-II (staggered) band alignment, where

Table 4
Characteristic parameters for control and developed DSSCs by depositing p-
Lay03 charge separation layer.

Photoanode type Jsc/mA cm 2 Voc/V ff PCE/%
TiO, (6 layers) 13.4 0.71 0.66 6.34
TiO, (5 layers) + LazO3 (1 layer) 17.7 0.73 0.66 8.50
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Table 5
EIS characteristic parameters of the control DSSC and one improved by inte-
grating a p-type La;O3 layer into the photoanode.

Photoanode type R,/Q Ryec/Q Trec/MS Tyr/MS Dy/pm
cm ™2 em ™2

TiO; (6 layers) 4.74 19.05 254.62  0.03 10.42

TiO, (5 layers) + La;03 (1 2.35 11.35 59.33  0.04 12.57

layer)

electrons are confined within the TiO5 conduction band while holes
preferentially transfer to the LapO3 valence band. The predicted inter-
face band gap is approximately 3.10 eV, determined by the lowest
conduction band minimum and highest valence band maximum across
the interface. This value corresponds to the bulk band gap of TiOs,
indicating that there is no significant band gap narrowing at the inter-
face. Nonetheless, the staggered alignment enables efficient charge
separation, as illustrated in Fig. 6(e).

The current bulk-level results suggest that the p-type LayO3 layer acts
as an electron-blocking and hole-transporting barrier, enhancing charge
separation at the interface. Although the interface band gap estimate
does not consider interfacial states or band bending, it aligns with the
experimentally observed enhanced photovoltaic performance. These
findings underscore the importance of band alignment engineering in
optimizing charge separation and minimizing recombination in TiOy/
LayO3 systems.

3.5. Photovoltaic performances of DSSCs

This study meticulously examined the consequential impact of a p-
LayO3 charge separation layer on the performance of DSSCs. The
comparative analysis involved scrutinizing the current density versus
cell potential (J-V) behavior and power density versus cell potential (P-
V) behavior of two distinct configurations: the control DSSC, featuring a
photoanode with n-type TiO, in 6 layers, and the developed DSSC,
incorporating n-type TiO, in 5 layers with an additional layer of p-
LagOs. Graphical representations in Fig. 7 (a) and (b) illustrate the
possible mechanism for the superior performance of the developed DSSC
compared to the control cell. This indicates the beneficial influence of
the p-LapO3 charge-separating layer on the overall efficiency of the
DSSC. It is essential to emphasize that, despite the absence of sealing
throughout the experimentation, all investigated gel polymer
electrolyte-based cells demonstrated efficiencies exceeding 6 %. This
notable outcome in the quasi-solid-state configuration may be due to a
confluence of factors, including the intrinsic characteristics of the multi-
layer photoanode, the suitability of the gel polymer electrolyte system,
and the Pt counter electrode used in the study.

Remarkably, the solid-state DSSC featuring a p-LapO3 layer within
the photoanode demonstrated higher efficiency, primarily attributed to
its advantageous properties in mitigating electron recombination within
the cell, thereby enhancing carrier separation. Consistent with earlier
expectations and detailed explanations, the DSSC with the p-LayOs
charge-separating layer exhibited notably elevated values for key pa-
rameters such as Jsc, Voc, ff, and PCE. This substantiates the intrinsic
superiority of charge-separating layer-based DSSCs, providing compel-
ling evidence for their merit in advancing the broader landscape of
photovoltaic cell technologies. For a more detailed insight, the primary
parameters, including Voc, Jsc, ff, and PCE, as assessed through J-V
measurements, are presented in Table 4, further elucidating the sub-
stantial enhancements conferred by the p-LayO3 charge-separating layer
on the DSSC performance.

The investigation encompassed two distinct formulations to under-
stand the discernible enhancement in efficiency observed in the DSSC
incorporating the p-LayOs layer, resulting in a noteworthy PCE of 8.50
%, accompanied by a corresponding Jsc of 17.70 mA cm 2. These PCE
and Jg¢ values exhibited are remarkably high values for a quasi-solid-
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separating layer.

state DSSC [59,60]. Compared to the control DSSC, which employed six
layers of TiO, for the photoanode without a blocking layer, the control
DSSC exhibited a lower PCE value of 6.34 %. This discrepancy highlights
the beneficial impact of the p-LapOs charge-separating layer on the
overall efficiency of the DSSC. Specifically, the DSSC incorporating the
p-LayO3 blocking layer demonstrated a remarkable 34.07 % enhance-
ment in PCE compared to the control DSSC, which utilized bare n-TiOy
without any blocking layer. This pronounced improvement underscores
the efficacy of the p-LayO3 charge-separating layer in augmenting the
photovoltaic performance of the DSSC.

These data provide compelling evidence that the blocking layer plays
a crucial role in mitigating factors that hinder efficiency, ultimately
leading to a substantial increase in the photovoltaic conversion capa-
bilities of the DSSC. The nuanced understanding of the interplay be-
tween the blocking layer and the photoanode composition contributes
valuable insights to the ongoing advancement of DSSC technology.

Fig. 7 (c) provides a preliminary glimpse into the short-term stability
of solar cells by monitoring their efficiencies over 3 h. The investigation
reveals a noteworthy trend where the efficiencies of the control cell
exhibited a gradual decrease throughout the measurement period. In
stark contrast, the developed cell, incorporating the p-LayO3 charge-
separating layer, demonstrated remarkable stability throughout the
entire experiment. While this preliminary test demonstrates the positive
impact of the p-LayOgs layer in retarding short-term degradation, long-
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term stability tests must be carried out to confirm the complete stabil-
ity of the resulting DSSCs. The observed decline in efficiency for the
control cell underscores inherent challenges related to short-term sta-
bility. However, the developed cell, featuring the blocking layer,
exhibited a significantly higher level of stability and efficiency
compared to its control counterpart. This disparity in stability profiles
highlights the beneficial effect of the p-LayO3 charge-separating layer in
mitigating degradation or performance deterioration over time.

3.6. Electrochemical impedance spectra analysis of DSSCs

The Nyquist plots, depicted in Fig. 8(a), exhibit a distinctive feature
characterized by the presence of only two primary semicircles. This
characteristic behavior can be linked to the relatively high conductivity
exhibited by the Gel Polymer Electrolytes (GPEs) utilized in this study.
The appearance of a singular semicircle is indicative of Nernstian
diffusion phenomena about the I; ions within these GPEs [61,62]. This
manifestation suggests a facilitated and efficient ion diffusion process
within the GPEs, emphasizing their favorable conductivity properties.
To delve into the intricate electrochemical dynamics, a simpler equiv-
alent circuit model, as shown in the inset of Fig. 8(a), was utilized. The
utilization of an equivalent circuit enables the extraction of valuable
information regarding the impedance components inherent in the DSSCs
and aids in interpreting the underlying electrochemical processes.
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Fig. 8. (a) Nyquist, (b) Bode phase plots of the control and developed DSSCs by integrating a p-type La,O3 layer in the photoanode. The chi-square () values are

0.097 for the control cell and 0.053 for the developed cell.
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The corresponding parameters derived from the model are presented
in Table 5. Notably, one of the key parameters, Ry, reflects the imped-
ance encompassing the charge transfer phenomena occurring at the
platinum (Pt) electrode-electrolyte interface [63]. This parameter pro-
vides insights into the kinetics of charge transfer at the critical interface,
shedding light on the efficiency of electrochemical reactions occurring
at the Pt electrode. Conversely, another vital parameter, Ry, associated
with the semicircular feature observed in the mid-frequency region of
the Nyquist plots, signifies the resistance to the collection and trans-
portation of injected electrons inside the TiOs film. Additionally, Ry
encapsulates the charge transfer processes transpiring along the in-
terfaces involving TiOz/dye/electrolyte [64,65]. This parameter is
instrumental in characterizing the efficiency of electron transport and
charge transfer within the intricate DSSC architecture. In summary, the
Nyquist plots, combined with the use of an equivalent circuit model and
the derived parameters in Table 5, provide a detailed understanding of
the complex electrochemical processes occurring within DSSCs.

To place the electrochemical performance of our Pt-based counter
electrode into context, we compare our EIS data with those from the
literature. Ry of our device, 2.35 Q cm ™2 (Table 5), is much lower than
that quoted by the reported values of Ry, of 222.7 Q cm ™2 for home-made
carbon counter electrode [66], and the recent study [67], utilized an
opaque Pt counter electrode which was deposited using a chemical bath
to achieve a very much lower value of Ry of 0.89 Q cm 2. These com-
parisons demonstrate the effectiveness of our Pt counter electrode,
which ensures optimal catalytic activity and low interfacial resistance,
pivotal to practical redox cycling in DSSCs.

As previously discussed, the R, value denotes the resistance asso-
ciated with the development and transition of injected electrons within
the porous TiO; film, as well as the charge transfer occurring at the
interfaces of TiOy/dye/electrolyte [64,65]. Data in Table 5 show that
the developed cell under scrutiny demonstrated a remarkable reduction
in its Ry, value, registering 11.35 Q cm 2. This notable diminution was
in stark contrast to the control cell, which featured bare TiO5, where the
Ryec value was 19.05 Q cm 2. This discrepancy implies a substantially
enhanced efficiency in terms of electron generation and transportation
within the developed cell. Furthermore, the observed decrease in Ry
signifies a lower rate of hole-electron recombination, highlighting su-
perior charge carrier dynamics in the developed cell when compared to
its bare TiOy counterpart. Measured R, values correspond well with
values reported in recent studies of high-performance photoanodes. For
instance, the Ni-doped TiO5/TiO, photoanode exhibited a higher Ry,
consistent with its improved charge separation efficiency compared to
our device [68]. Conversely, our photoanode possesses a higher Ry,
compared to plasmonic nanoparticle (Ag/Au)-modified counterparts
reported in Ref. [69], suggesting improved charge-carrier dynamics and
reduced recombination losses in our device.

To calculate the electron persistence in recombination (z,.) within
the solar cell, observe the position of the low-frequency peak in the Bode
phase plots, which may be represented as 7, = 1/2xf, where '’ denotes
the frequency of the applied AC voltage, as already specified [70]. When
the solar cell operates in open-circuit mode with light, two distinct
frequency peaks emerge in the EIS spectra. The low-frequency peak,
which ranges from 10~ to 100 Hz, corresponds to the transit of injected
electrons into porous TiOy sheets, as well as the following charge
transfer processes that occur at the TiOy/dye/electrolyte interface. The
high-frequency peak (in the kHz range) can be ascribed to charge
transfer processes occurring at the interfaces of the redox pair and the
platinum (Pt) electrode [71].

The investigation focused on the effect of the photoanode with a
blocking layer on diffusion length as part of the study on diffusion length
effects (Dy) related to electrolyte composition. The diffusion length is the
distance an electron may travel across a substance before recombining
with a hole. The work used impedance data analysis to determine
electron diffusion lengths [72-74]. Particularly, the electron diffusion
lengths were calculated using the equation:
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)

Where, R, and R denote the recombination and charge transfer re-
sistances. L represents the thickness of the sample. In the preliminary
investigation [48], the thickness of the samples was estimated by eval-
uating transverse scanning electron microscopy (SEM) images, and a 3D
mapping image in Fig. 2 (B) was constructed to provide a method for
determining the parameter. The computed values for electron diffusion
length are shown in Table 5.

In this study, a higher diffusion length of 12.57 ym was observed for
the cell with the p-type LapOs blocking layer photoanode, which also
exhibited the highest efficiency among the examined cells. This obser-
vation is consistent with recent findings in Ni-doped TiO5/TiO; systems,
where the highest-efficiency solar cell also demonstrated an increased
diffusion length [68]. This finding means that electrons in the developed
cell with an La;O3 layer can travel farther before being recombined. This
resulted in improved overall efficiency for this particular cell.

3.7. Comparative analysis against state-of-the-art DSSCs

The performance of our quasi-solid-state DSSC based on a p-LasO3
charge-separating layer exhibits advancements in multiple aspects of
DSSC technology. With 8.50 % PCE, our device not only outperforms
phosphor-assisted DSSCs (7.16 % PCE) that leverage SrAl,04:Eu?* for
light management [75] but also outcompetes fiber-shaped DSSCs with
TiN nanorod counter electrodes (5.69 %) and N719/Ru(Il)-bipyridine
co-sensitized systems (6.3 %) [76]. While fibrous DSSCs with NisTey
counter electrodes achieve higher PCE values (11.81 %) owing to
enhanced catalytic activity [77], our approach uniquely addresses the
intrinsic problem of charge recombination at the photo-
anode/electrolyte interface, a critical limitation in conventional designs.
This 17.70 mA cm 2 Jsc far exceeds those achieved for both
phosphor-modified systems (15.68 mA cm~2) and fiber-shaped DSSCs
with TiN nanorods, underscoring the excellent charge transport
behavior achieved with our ultra-thin p-La;O3 blocking layer (1.43 pm).
This design yields an outstanding 34.07 % PCE improvement over un-
modified TiOg, outperforming 14-14.6 % improvements achieved for Pt
or CoSe-modified counter electrodes [78]. Importantly, our
quasi-solid-state architecture maintains excellent stability (>80 %
retention after 3 h without sealing) while avoiding the mechanical
degradation problems besetting fiber-shaped DSSCs (15.3 % PCE loss
after 5500 bending cycles) [73]. Compared to approaches relying on
structural flexibility, panchromatic sensitization, or phosphor-based
light management, our p-Lap;O3 incorporation provides a scalable and
straightforward solution to interfacial charge recombination without
sacrificing compatibility with traditional device designs. When
compared to multilayer TiO2-based DSSCs (as detailed in Table 6), our

Table 6
Performance comparison of different multi-layer TiO5-based DSSCs.
Photoanode Jsc/mA Voc/ ff PCE/ Reference
cm 2 \% %
n-TiOy/p-Lay03 17.70 0.73 0.66 8.50 This work
TT/TS/TiO5-P25/post- 7.11 0.63 0.56 8.43 [79]
TS
TiO2/AZO/TiO4 12.39 0.72 0.65 5.77 [80]1
TiO - 6 layers 12.10 0.71 0.62 5.30 [48]
TiO, - 6 layers (GPE) 17.70 0.73 0.68 8.76 [51]
TiO, (TDR) 15.17 0.73 0.68 7.52 [81]
Fluorine doped TiO, 17.62 0.60 0.70 7.46 [82]
Co-doped TiO; - 3 layers ~ 11.04 0.87 0.59 5.66 [83]
BTP/BTR/BTN 16.54 0.70 0.70 8.16 [84]
(Brookite)
TiO5/rGO 15.82 0.72 0.58 6.60 [85]
Hollow TiO, - 3 layers 16.26 0.68 0.72 8.08 [86]
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p-Lap03 blocking layer further proves its superiority in enhancing device
performance. This combined performance of high efficiency, stability,
and simplicity positions our p-La;O3 approach as a versatile and revo-
lutionary technique for elevating DSSC technology to new levels beyond
current limitations.

4. Conclusions

The surface modification of TiO, photoanodes with p-LayOs was
shown to establish a energy barrier at the photoanode-electrolyte
interface. The barrier mitigates recombination of photogenerated elec-
trons and dye cations. The successful surface modification was
confirmed by comprehensive analyses. These included SEM imaging,
XRF and XRD examinations, as well as an investigation of optical
properties using UV-Vis spectroscopy. SEM images provided visual ev-
idence of the altered surface morphology. XRF and XRD analyses pro-
vided elemental and structural insights, respectively, confirming the
successful integration of p-LapOs into the n-TiOy surface. The optical
properties of the modified photoanodes were systematically examined
using UV-Vis spectroscopy. Specifically, the DSSCs incorporating an
ultra-thin layer of p-LapO3 exhibited a remarkable increase in PCE from
6.34 % to 8.50 %, signifying a notable 34.07 % improvement over the
cells, without surface modification. The observed enhancement high-
lights the effectiveness of p-Lap;O3 as a charge-separating layer, signifi-
cantly contributing to improved DSSC performance. Higher short-term
cell stability is a remedy for selected gel polymer electrolytes. The higher
short-term cell stability is attributed to the use of a selected gel polymer
electrolyte. While these results are promising, the major limitation of
this study is that the particle size of LayO3 was relatively large (327.32
nm), which may restrict light absorption compared to smaller nano-
particles with a larger surface area. While short-term stability testing
over 3 h was promising, additional prolonged testing under operating
conditions would be beneficial to assess durability fully. In summary,
the application of p-LayOs as a surface modification layer for n-TiOy
photoanodes resulted in a higher carrier diffusion length of 12.57 pm,
indicating enhanced forward electron transport and reduced recombi-
nation losses. These findings highlight the potential of p-type Lay,O3 as
an effective layer for enhancing efficiency in DSSC technology. LasO3
also exhibits excellent commercial potential for DSSCs, with material
costs comparable to those of conventional TiO2 and compatibility with
existing spin-coating deposition processes. Demonstrated stability and
straightforward integration into existing production processes will
facilitate simple scale-up. Further optimization through particle size
reduction may maximize both deposition yield and device performance
while remaining cost-effective.
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