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Abstract

We investigated a novel natural dye-sensitized solar cell (DSSC) utilizing gadolinium
ruthenate pyrochlore oxide Gd;Ru,O; (GRO) as a photoanode and compared its per-
formance to the TiOp-GdyRu,O7 (TGRO) combined-layer configuration. The films were
fabricated using the spin-coating technique, resulting in spherical grains with an esti-
mated mean diameter of 0.2 um, as observed via scanning electron microscopy (SEM).
This innovative photoactive gadolinium ruthenate pyrochlore oxide demonstrated strong
absorption in the visible range and excellent dye adhesion after just one hour of exposure
to natural dye. X-ray diffraction confirmed the presence of the pyrochlore phase, where
Raman spectroscopy identified various vibration modes characteristic of the pyrochlore
structure. Incorporating Gd,Ru,Oy7 as the photoanode significantly enhanced the overall ef-
ficiency of the DSSCs. The device configuration FTO/compact-layer/Gd,RuyO7 /Hibiscus-
sabdariffa/electrolyte(I” /I3 ™) /Pt achieved a high efficiency of 9.65%, an open-circuit
voltage (Voc) of approximately 3.82 V, and a current density of 4.35 mA/cm? for an ac-
tive surface area of 0.38 cm?. A mesoporous TiO,-based DSSC was fabricated under the
same conditions for comparison. Using impedance spectroscopy and cyclic voltammetry
measurements, we provided evidence of the mechanism of conductivity and the charge
carrier’s contribution or defect contributions in the DSSC cells to explain the obtained
Voc value. Through cyclic voltammetry measurements, we highlight the redox activities
of hibiscus dye and electrolyte (I~ /I3~), which confirmed electrochemical processes in
addition to a photovoltaic response. The high and unusual obtained Voc value was also
attributed to the presence in the photoanode of active dipoles, the layer thickness, dye
concentration, and the nature of the electrolyte.

Keywords: gadolinium ruthenate; pyrochlore oxide; natural dye-sensitized solar cells
(DSSC-N); optoelectric; Raman; photoanode

1. Introduction

Emerging third-generation solar cell technology has been growing rapidly due to its
low cost, resulting from the abundance of materials and the simplicity of the manufacturing

Condens. Matter 2025, 10, 38

https:/ /doi.org/10.3390/condmat10030038


https://doi.org/10.3390/condmat10030038
https://doi.org/10.3390/condmat10030038
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/condensedmatter
https://www.mdpi.com
https://orcid.org/0009-0001-0421-4933
https://orcid.org/0000-0003-4029-1095
https://orcid.org/0000-0003-4680-4912
https://orcid.org/0000-0002-9162-2715
https://orcid.org/0000-0001-6196-8849
https://doi.org/10.3390/condmat10030038
https://www.mdpi.com/article/10.3390/condmat10030038?type=check_update&version=1

Condens. Matter 2025, 10, 38

2 of 24

process. Highly photoactive materials are crucial for dye-sensitized solar cells (DSSCs), par-
ticularly those integrating lanthanide ions in photoanode structures for photovoltaic (PV)
technology [1]. The wide absorption range and homogeneous distribution of lanthanide
dopants enhance the properties of these new materials. These upconversion materials
can be combined with quantum dots or plasmonic particles to improve upconversion effi-
ciency [2]. High-performance DSSCs based on rare-earth-doped perovskite metals, such as
BiFeO3; (BFO) doped with Nd, Gd, and Pr, have been successfully synthesized with natural
sensitizers by Khan et al. [3]. The efficiency of these fabricated DSSCs is significantly higher
compared to undoped BFO-based DSSCs, showing an increase from 0.84% to 2.15%. Factors
contributing to the improvement in DSSC efficiency include the fabrication technique, pho-
toanode structure, and materials used [4]. Nien et al. [5] developed new photoanodes based
on Fe;O3 nanoparticles on TiO; nanofibers using the spin-coating technique, achieving
an efficiency of 5.13% with the metal N719 dye. Additionally, an alkaline hydrothermal
method in NaOH solution produced different TiO; structures, resulting in a hierarchical
flower-like structure of TiO, on Ti wires, which yielded 1.98% efficiency in DSSC devices [6].
Integrating BaSnOj thin films as photoanodes, with N719 dye, yielded an efficiency of
3.9% [7]. Aguilar et al. reported that replacing TiO, anatase with a mixture of rutile TiO,
and pyrochlore Tm;Ti; Oy increased efficiency from 2.32% to 3.16% in the presence of the
metallic dyes N3 and Ru535 [8]. These studies highlight the significant role of inorganic
perovskite and pyrochlore oxide structures in achieving stable and efficient DSSCs.

In contrast to these previous studies, which relied on metallic dyes, our study employs
natural dyes. This choice is driven by ecological considerations and the desire to develop
low-cost, environmentally friendly DSSCs accessible to a wider range of users. We also
chose GdyRuyO7 as a photoanode material because of its light absorption over a broad
visible spectrum and its promising optoelectronic properties, which should help to im-
prove photovoltaic performance when coupled with natural dyes. Gadolinium ruthenate
pyrochlore oxides (GdyRuy07) have intriguing optoelectronic properties as electrode mate-
rials, being stable mixed electronic and ionic semiconductors [9-11]. These new pyrochlore
oxide semiconductors are likely to enhance DSSC performance [12,13].

In this study, we developed dye-sensitized solar cells based on a new GdyRu,O7
(GRO) photoanode material and a TiOp-GdyRuy;O7 (TGRO) combined material. These
planar n-i-p devices, composed of FTO/(compact layer)/(GRO or TGRO)/(Hibiscus sab-
dariffa)/electrolyte (I~ /I3~)/Pt, demonstrated exceptional results. The optical properties
of different photoanodes showed strong absorption in the visible range, highlighting their
potential as superior photoanodes. Scanning electron microscopy (SEM) analysis revealed
cylindrical and spherical grain shapes across the entire surface of mesoporous TiO; nanopar-
ticles [14]. The particle sizes of TiO, and GRO were approximately 150 nm and 200 nm,
respectively, based on SEM and atomic force microscopy (AFM) measurements. Raman
spectroscopy confirmed various vibrational modes, indicating an anatase phase structure
for TiO, and the gadolinium ruthenate pyrochlore oxide structure for GRO.

2. Experimental Conditions
2.1. Chemical Coumpounds and Apparatus

Acetic acid (purchased from Thermo scientific, Illkirch, France, 99.7%, ACS reagent),
hydrochloric acid (HCl) (Alfa Aesar 36% w/w aq), methanol (Thermo scientific 99%,
extra pure), Ethylene glycol (Alfa Aesar, 99%, A11591 LOT: 61800798), acetonitrile
(from HPLC, Fisher Chemical™, Pittsburgh, PA, USA), potassium iodide (Merck, KI-
ACS reagent, >99.0%) and diiodine (Merck, I, anhydrous) crystal, titanium isopropox-
ide solution (Aldrich-Merk (99.99% purity), Darmstadt, Germany and anhydrous N,N-
dimethylformamide (DMF: 99.8%, Sigma-Aldrich, St. Louis, MO 63103, USA) reagents
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were used for the sample preparation. Sonicator (UP50H, Hielscher Ultrasound Technology,
D-14513 Teltow, Germany) apparatus was used for the solution homogenization, with glass
substrate coated with fluorine-doped tin oxide (FTO) (TEC 13, Merck-Aldrich) used as
the substrate. The coatings were applied using a spin coater (Model WS-650MZ-23NPPB,
Laurell Technologies corporation, Lansdale, PA 19446-3840, USA). The symmetry phases
of the semiconductor were confirmed using an X-ray diffraction (XRD, Bruker D4, Et-
tlingen, Germany) under CuKa wavelength radiation (A = 1.5406 A). Raman vibration
modes were identified using a RENISHAW inVia Raman spectroscope (Renishaw UK Sales
Ltd., Gloucestershire, UK) with a laser wavelength A = 532 nm. The morphology of the
grains was assessed using Scanning Electron Microscopy (SEM, FEI Quanta 200 FEG, FEI,
Hillsboro, OR, USA) equipped with an energy dispersive X-ray (EDX, X-Max 80, Oxford
Instruments Co., Abingdon, UK) system, allowing for the simultaneous determination of
the chemical composition of the material. The ellipsometric response of the samples (Y
and D) was measured using an EP3-SE imaging ellipsometer (Park System, Accurion, Ger-
many). Atomic Force Microscopy (AFM, MultiMode 8-HR, Bruker, Karlsruhe, Germany)
was used to complete the size observations. Optical measurements were performed using
a JASCO V-670 spectrophotometer. The PV devices were illuminated by a solar simulator
(Ossila solar simulator Model No: G2009A1). The current-voltage (I-V) characteristics
were obtained using a KEITHLEY SourceMeter 2602 B (Tektronix/Keithley, Cleveland,
OH, USA), controlled by a program written under MATLAB software version R2014b
(win64), (MathWorks, Natick, MA 01760-2098, USA). GdyRu,;0O7 powder was obtained
from gadolinium (III) oxide (Gd, O3, purity 99.99%, Sigma-Aldrich) and ruthenium (IV)
oxide (RuO,, purity 99.99%, Sigma-Aldrich) by the solid-state reaction technique [11].

2.2. Sample Growth and Analysis

(a) Compact TiO, based Layer

A solution containing 200 pL titanium isopropoxide and 10 mL ethanol was stirred
magnetically at 1000 rpm for 2 h. Then, 5 uL of acetic acid was added dropwise to the
solution, which was magnetically stirred for 6 h. This method of preparation was found
from the literature [15,16], but substantial modifications were made to obtain the expected
result. Finally, a clear precursor was obtained after this preparation process. The substrates
were ultrasonically cleaned in distilled water, ethanol, and then in acetone for 15 min for
each solvent. Before each deposition, the substrate was passed under nitrogen flow, in
order to obtain good-quality deposited films. Dynamic deposition on glass-FTO substrates
was carried out with a rotation speed of 1000 rpm and a deposition time of 10 s, followed
by a further 2500 rpm, with a deposition time of 30 s. Final densification was achieved
after annealing at 430 °C for 30 min in a muffle furnace at an increasing heating rate of
3 °C/min.

(b) Mesoporous TiO, based layer

The powders were prepared using the sol-gel technique. Firstly, 50 uL of HCL was
dissolved in 5 mL of 2-propanol; then, 700 uL of titanium isopropoxide was added dropwise
while solution was magnetically stirring [15]. Next, a 2:1 ratio of 2-propanol and distilled
water was added to the solution to reach 80 mL. Finally, the solution was magnetically
stirred for 12 h. The solvents in the gelled solution were completely evaporated in an oven
at 90 °C for 12 h. The powder obtained was ground in an agate mortar for several hours.
Progressive heat treatment (500 °C for 2 h) yielded an anatase TiO, powder, which was
confirmed by X-ray diffraction (XRD). Figure 1 shows the XRD pattern of TiO, powder,
with 87% anatase phase and 13% rutile phase. The anatase phase structure exhibited the
main peaks at 25.34, 37.79, 48.00, 53.86, 55.05, and 62.6°, corresponding to the (1 0 1), (0 0 4),
(200),(105),(211) and (2 0 4) planes, respectively. In addition, the rutile phase structure
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peaks observable at 27.49, 36.01, 41.20 and 56.67° correspond to the (110), (101), (111) and
(220) planes, respectively [17,18].
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Figure 1. Powder XRD pattern showing anatase phase of TiO, and some peaks of its rutile phase
indicated by triangular symbols.

This powder was then dispersed in methanol using an 80% amplitude and sonicator
cycle 1. Various layers were deposited by centrifugation with the following deposition
parameters. Step 01/02: spinning fixed at 1000 rpm for 10 s with an acceleration speed of
600; and step 02/02: spinning fixed at 2500 rpm for 30 s at an acceleration speed of 1200,
followed by subsequent annealing at 430 °C for 30 min.

(c) Synthesis of Gdy;RuyO7 and TiOp-GdRu, Oy layers

Thin films were fabricated using a spin-coating technique. Gd,Ru,O7 (GRO) powder
was dispersed in DMF (10 mM) for 30 min, supported by a Sonicator shaker. Deposition
parameters were set as above. The films were heat treated for 30 min at 250 °C with a
ramp rate of 5° /min to densify the surface. The TiO,-Gd;RupO7 (TGRO) film was prepared
by first depositing 4 layers of TiO,, followed by heat treatment at 430 °C for 30 min.
Subsequently, 4 layers of GRO were deposited on the substrate, which had previously been
coated with a compact layer of TiO, and a mesoporous layer of TiO,.

(d) Extraction of natural dye

Figure 2a shows the dye extraction process from hibiscus (H) sabdariffa flowers. Dried
hibiscus sabdariffa flowers were carefully washed with distilled water and dried in the
shade {(1)}. They were ground to fine powder and then macerated in methanol for 24 h
{(1)-(2)}. The dye obtained underwent no purification before use. Absorbance measurement
had been performed on the dye deposited directly on virgin glass. A glass slide was
immersed in the dye solution for 2 h and then removed, rinsed in ethanol and dried
before the UV-visible analysis. A large absorption range was observed in the visible region
around (710 nm) {(3)—(4)}. The red dye obtained has essential characteristic for our study,
namely the presence of anthocyanin rings known for their resistance to temperature [19-21].
Furthermore, it has a high absorbance in the visible range, enabling it to capture more
photons in our device. Figure 2b shows the Fourier Transform Infrared (FTIR) spectrum
of the spectral range in the wave band 4000-500 cm ! of dyes extracted from hibiscus
sabdariffa. The strong and broad bands observed between 2500 and 3700 cm ! are due to
the -O-H groups. The peaks at 1634 cm~! and 1734 cm ™! are assigned to C=0. The peak at
3441 cm ™! corresponds to the -O-H stretching vibration. The peak at 1406 cm ™! corresponds
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to the C-C stretching vibration in the aromatic group [22]. Overall, these functional groups
correspond to those contained in the anthocyanin basic framework [23,24]. Hydroxyl
groups from the dye enhance absorption in the photoanode, improving energy and electron
transfer [25,26]. In Tauc’s diagram, a linear fit has been applied to the fundamental peak
(fit extrapolation). In addition, a second linear fit has been applied to the left side at the
bottom of the curve, corresponding to fundamental absorption. The intersection of the two
fit lines gives the estimated bandgap energy at 2.08 eV [27].
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Figure 2. (a) Dye extraction process and (b) FTIR transmittance spectrum of hibiscus sabdariffa
flowers.

(e) Electrolyte

Ethylene glycol, acetonitrile, potassium iodide (KI), and diiodine (I2) crystal were
used to prepare the electrolyte solution. In a mixed solvent (1 mL ethylene glycol and 4 mL
acetonitrile), 249 mg potassium iodide and 50.8 mg diiodine were dissolved. The solution
was then magnetically stirred (1000 rpm for 3 h) without exposure to light. The electrolyte
concentration was determined according to the literature [28], but other concentrations
were tested in this case.

3. Results and Discussion
3.1. Structural Properties

SEM analysis was conducted to assess the grain size and surface morphology.
In Figure 3, we present SEM images of the processed samples. Spherical GRO mi-
croparticles are visible, exhibiting non-uniform distribution across all TGRO and GRO
(Figures 3b and 3d, respectively) on the surface of TiO, compact layer (Figure 3a). Ad-
ditionally, cylindrical nanoparticles are observed for the mesoporous TiO; morphology
(Figure 3c). The SEM image of the mesoporous TiO, reveals a combination of spherical
grains with a diameter of 100 nm and cylindrical grains with an estimated height of 200 nm
and width of 60 nm, facilitating maximum dye absorption.
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Figure 3. SEM image of developed layers: (a) compact layer, (c) TiO, nanoparticle, (b) GdyRu,0O7
and (d) TiOZ-GdzRu207.

3.2. AFM Characterization

Surface morphology was studied locally by Tapping Mode Atomic Force Microscopy
at room temperature. The surface morphology of the TiO, compact layer is granular and
very homogeneous, as shown in Figure 4. The roughness measured on 5 x 5 (um)? is
8.0 nm. These observations confirmed the SEM analysis on the TiO, compact layer.

35 nm

Figure 4. AFM image showing the surface topography and surface roughness of the TiO,
compact layer.

Figure 5a—e shows the surface topography of GRO (a-d) and GROH (e-h), respectively,
separated by the black line. It should be noted that GROH is the GRO thin film after dye
impregnation. A rough and porous surface is observed in GRO, as can be seen in the
optical image in Figure 5d. However, this roughness is softened in the presence of dye,
as shown in Figure 5h. The 5 x 5 (um)? area was scanned in both cases, confirming the
thickness of the GRO layer obtained by profilometer measurements. The green profile
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curve in Figure 5b corresponds to the film surface at the compact layer level. The dark area
represents the surface of the compact layer, as seen in Figure 5c,g. The green profile exhibits
an estimated thickness of 447 nm (Figure 5b). The red profile determines the height of the
aggregates relative to the surface (Figure 5b), demonstrating that the surface is covered
with agglomerated nanostructures in some places. These grain agglomerations only show
up in specific areas, not over the full swept area. Furthermore, when GRO was coated with
dye (GROH), it was observed that the dye completely covers the grains, making it difficult
to distinguish the aggregates, as shown in Figure 5e. The GROH optical morphology image
(right side) shows a mesoporous wrapped surface (Figure 5h), which is likely to favor good
diffusion of the redox electrolyte into the interstices. In the two cases, the value of the
measured thicknesses is indicated directly in the figures. Electrolyte—dye interfaces can
be observed in areas without aggregates. These observations confirm the formation of
functionality of the new DSSC using natural dye (hibiscus sabdariffa). In both cases, we
have presented the 3D profiles (Figure 5c,g) of the surfaces and the optical images, which
highlight alveolus occupied by the hibiscus dye (Figure 5h). Figure 5b,f depict different
the average profile heights, evaluating the grain sizes and thicknesses. The presence of
these nanoparticles on the surface favors easy adhesion of the dye, which can improve
absorption by increasing the efficiency of the solar cell devices.

Roughness:
Rms = 237 nm? (determined over 5 x 5 pm?)

3D AFM morphology

AFM Analysis GRO

A pm

AFM Analysis GROH
(f)

e

Average profile height:
- Blue = 260 nm -
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et
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Figure 5. AFM measurements showing topography results obtained on GRO (a—-d) and GROH
(e-h) without and after impregnation with the hibiscus dye: respectively. (a) shows images of surface
aggregates and grains for GRO and (e) GROH. The red profile indicates the size of the surface
aggregates and the blue profile demonstrates the size of the grains, as depicted in the (b,f) for GRO
and GROH respectively. This profile enabled us to estimate the width of the grains at around 18 nm,
with several aggregates estimated at 27 nm and a thickness of 447 nm. (d,h) show surface topography
before and after dye impregnation of GRO, respectively. The presence of these nanoparticles on the
surface favors easy adhesion of the dye, which can improve absorption by increasing the efficiency of
the solar cell devices.

3.3. X-Ray Diffraction

Figure 6 depicts the X-ray diffraction (XRD) patterns of various films produced by
spin-coating on glass/FTO substrate, obtained using a Cu-K« source (A = 1.54056 A). GRO
and TGRO layers were deposited on the initial TiO, compact layer (CL). The patterns
exhibit high crystallinity of the films. The peak observed at 25° in the TGRO diagram can
be attributed to the reticular plans with (101) orientation in the TiO, structure, indicating
crystallization in the anatase phase [29]. Furthermore, the peak at around 27° corresponds
to the (110) orientated plans of FTO [30]. The most intense diffraction peak observed in the
TGRO and GRO structures around 30° represents the pyrochlore phase of Gd,Ru,O7 [31,32].
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The other peaks with weak intensity are consistent with the pyrochlore GRO symmetry. The
XRD patterns were analyzed using material project Fd-3m SG (mp-505216) and Inorganic
Crystal Structure Database Crmcm SG (92067-ICSD) sources.
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Figure 6. XRD patterns of GdyRu,O7, TiO,-GdyRuyOy. and TiO; thin films grown on FTO glass
substrate. Black indexes indicate Bragg reflection lines of TiO,-type structure symmetry, as in PCPDF
N° 01-070-4411. The * indicates TiO;-type structure index observable in PCPDF N° 01-075-1537.

The crystalline quality of the three structures was evaluated by calculating the
full width at half maximum (FWHM) of the diffracted lines. This was achieved using
the diffraction line situated at 51.88°, one of the representative diffraction angles that
could be observed in the three structures. We obtained A26; = 0.30°, A20, = 0.32°, and
A203 = 0.29° for the TiO,, TGRO, and GRO layers, respectively. These values show that the
three compounds had almost the same crystalline quality.

3.4. Raman Spectroscopy

Figure 7 displays three Raman spectra recorded on the glass-FTO/compact-layer/TiO,-
GdyRuy07 compound stacked films, the glass-FTO/compact-layer /Gd;Ruy Oy compound
stacked films, and the TiO, mesoporous layer deposited on the glass-FTO/compact layer.
The peak observed at 142.03 cm ™! in the TGRO spectrum is attributed to the Eg mode, orig-
inating from the TiO, layer [11,33], possibly combined with the Fy; mode of the GRO
structure. Peaks at 87 cm™! and 130 cm™! correspond to the Ay and Fpy modes of
the GdyO3 structure [34], involving O-Gd-O vibrations. Peaks observed at 302 cm L,
402 cm™1, 492 em™1, and 645 cm ™! are attributed to the Eg, Alg, and Bzg modes present
in the RuO, matrix [35,36]. The peak at 690 cm~! in the Raman spectrum of GdyRu;,07
corresponds to the Fp; mode, representing an O-Gd-O-Ru-O vibration, thus confirming the
GRO structure in both spectra [11]. The stretch mode around 1093.23 cm ! observed in
the TGRO spectrum is an active vibration specific to the TiO, semiconductor substrate [37],
attributed to the Ajg mode. These different modes confirm the XRD results.
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Figure 7. Raman Spectrum of Gd;Ru;O7, TiO,-GdyRuy Oy and TiO; anatase phase.

3.5. Optical Properties

The various films used to assemble the dye-sensitized solar cells (DSSC) were pro-
cessed on FTO glass, which had previously been coated with a TiO, based compact layer.
The GRO photoanode is a semi-transparent material, which means that part of the light
which passes through the material is both reflected and transmitted [38,39]. Absorbance is
determined from the A + T + R = 1 relationship. From the absorbance value, we can quan-
tify the percentage of absorption of these nanomaterials. Figure 8 shows the absorbance
spectra of CL-GRO, CL-TGRO, CL-GROH, CL-TGROH, CL, and CL-TiO,-mesoporous
grown on glass-FTO substrates. It should be noted that CL indicates “compact layer” and
H is used for the soaked sample by the dye. The GRO films sensitized to hibiscus sabdar-
ifa dye (GROH) and the TiO,-Gd;Ru,07 sensitized to hibiscus sabdarifa dye (TGROH)
exhibit high absorbance (about 90%) between 300 nm and 600 nm, which are stabilized
around 50% from 600 nm up to 900 nm, confirming their ability to absorb visible light in a
large specter. It can be observed that TiO, nanoparticle-based films coated hibiscus dye
(TGROH) show the highest absorbance, between 360 nm and 500 nm. However, the high
absorbance observed in the TGRO and GRO spectra is attributed to grain sizes and oxygen
defects in the GRO matrix. This could explain the faster dye adhesion in the pores of the
surface of grains compared to TiO,-based films. The percentage of absorbance in the two
dye-sensitized semiconductors is approximately 90%, between 360 nm and 600 nm. The
plasmonic resonance present in the GRO matrix is further amplified in the presence of the
dye, helping to improve the efficiency of the solar cell processed.
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Figure 8. Absorbance spectrum of films produced on FTO glass.

3.6. Ellipsometry Measurement

The ellipsometric measurements were performed in the range of 360 nm to 1000 nm.
The ellipsometer was operated under a fixed angle of 70° to enable us to determine the
thickness of the compact films and the optical complex structure corresponding to the
FTO substrates. The experimental data were processed using the EP4 program (Accurion,
Germany), assuming flat interfaces between the layers and taking the interfacial roughness
into account via the effective medium approximation. The initial model is based on the
work of Ball and coworkers [40].

The resulting physical model is a function of the ellipsometric factors ¢ and A, based
on the fundamental ellipsometer relationship [41,42]. The physical model used consisted of
a glass substrate coated with FTO (Figure 9a) and a thin film of TiO, (Figure 9b) deposited
on glass-FTO substrate. The surface roughness and ambient medium (air) were also
considered [43]. The physical approximation is based on Lorentzian dispersion laws [44,45].

| Tio, .~ nm
N egior N\ ~30.5 nm
FTO ~299.2 + 6 nm FTO ~299.2 * 6 nm
SnO, ~30 nm SnO, ~30 nm
SiO, ~25 nm Sio, ~25 nm
Glass substrate ~2.2 mm Glass substrate ~2.2 mm

Figure 9. Physical model schematic for (a) glass/FTO and (b) glass/FTO-TiO5.

Figure 10a,b show the ¢ and A spectral response of the FTO and FTO-TiO; substrate
as a function of the wavelength, respectively. The proposed physical models are fitted to
experimental data by considering Lorentzian oscillators. We observed a fit of curves in
close agreement with the experimental data (RMSE = 0.98), allowing us to estimate the
thicknesses accurately. Figure 10b shows the 1 and A spectra of the TiO,-based compact
layer grown on a glass/FTO substrate. The fitting results also coincide with the experimen-
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tal data (RMSE = 1.04), enabling us to estimate the thickness of the compact layers to be
between 56 and 60 nm for the two samples.
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Figure 10. Experimental and fitted data of ¥ (red) and A (black) for (a) glass-FTO substrate and
(b) compact TiO, layer.

Furthermore, the thicknesses of the GRO and TGRO layers were determined using a
contact profilometer (Dektak XT Bruker nano surfaces division). The sample was moved
vertically to obtain the z-axis displacement curve relative to the surface profile for each
image pixel [46]. To determine the thickness, reference (R) and measurement (M) cursors
were placed on the curve on two equal-height plates. By moving M to different positions
on the z-axis of the focal points, the surface profiles were obtained. The thicknesses are

estimated at 416 nm for GRO and 402 nm for TGRO. All these experimental techniques

give the same orders of magnitude of the measured thicknesses of the studied samples.

4. Assembled Natural Dye-Sensitized Solar Cells
4.1. The Stacked Films in the DSSC-N Structure

Figure 11 shows the developed DSSC-N devices (with natural dye) in the two
configurations:

Solar simulator

S

-
»__EE-GIass

Redox Electrolyte (31-/13)
Pt

Keithley 2602B !
Multimeter

Figure 11. Scheme of dye-sensitized solar cells (DSSC-N) with natural dye device.

FTO/compact-layer/Gd,;RuyO7 /Hibiscus-sabdariffa/electrolyte(I” /I3 ) /Pt or FTO/
compact-layer/TiOp-GdyRuyO7 /Hibiscus-sabdariffa/ electrolyte(I™ /13 ~) /Pt of stacked layers.
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The GdyRuyO7 (GRO) and TiOp-GdRupO7 (TGRO) photoanodes were all developed
on glass-FTO substrate. The outer FTO glass containing the photoanode was exposed to a
light source. Platinum-coated FTO glass (80 nm) served as the counter-electrode. A redox
electrolyte (I” /I3 ™) was introduced between the two plates, sealed by a clamp to facilitate
the electron-hole exchange. Electrical contacts were established on the upper and bottom
plates for I-V measurements. The cell was illuminated by a solar simulator of Ossila. The
light source of this simulator was calibrated to emit a total integrated power of 1000 W/m?
over the wavelength range of 350 nm to 1000 nm. J-V measurements were performed using
the following protocol: from —0.05 to 4V with a step of 0.01, after a dwell time of 5 min
under illumination. The dark current was measured after 30 min of absorption in a sealed
crucible. Each point of measurement was taken twice.

In Figure 11, we clearly present the composition of the DSSC-N matrix under solar
illumination. These solar cell measurements were performed via a Keithley Sourcemeter
by connecting the photoanode and counter-electrode both without and under illumination.

4.2. I-V Measurements

The device was fitted with a two-channel for I-V measurements. The power conversion
efficiency (PCE) was evaluated from the J-V curve of the cell [47,48] using the expression:

. ]SC * VOC * FF
q)in
where FF is the fill factor [3,49,50], evaluated by the formula:

PF — Pmax
Jsc * Voc

Here, V¢ is the open-circuit voltage, Jsc is the short-circuit current, and Py is the
maximum output power. ®;,, is the maximum current received.

4.2.1. Results Obtained from DSSC-N Based on GRO

Figure 12a shows the J-V curve of the GRO-based DSSC-N. The J-V measure-
ment of the planar-structure cell composed of FTO/compact-layer/GdyRuyO7/Hibiscus-
sabdariffa/Electrolyte (I /I3 ™) /Pt yielded an efficiency of 9.65%, which is among the best
performances obtained in recent years [51-53], with a fill factor of 57.96%.

‘10'3 45 T T T T T T T

45 T T T T T T ’ ( b) —+—1Sun DSSC-TGROH
p (a) " 4 —«—Dark DSSC-TGROH
435
5 —~—1Sun DSSC-TGROH % 35p
- +~Power T &E‘
E 3 § 3
2 25 <
£ - &
Z25 E 22.5 r
3 2 ¢ f
1=9.65% o3
FF= 57.96% o
| V=382V it
J.=4.35 mA/cm? 11
05 r 05f

v0 05 1 15 2 25 3 35 0 0.5 1 15 2
Voltage (V) Voltage (V)

Figure 12. J-V curve of DSSC-N based at Gd,Ru,Oy microparticle. (a) Current density and Power
variation versus applied voltage. (b) Dark and lighted current density as function of applied voltage.
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The open-circuit voltage Voc is around 3.82 V, which remains competitive among
the developed DSSC-Ns [54]. Figure 12b shows the J-V curve of the cell in both dark and
illuminated conditions. This high value of Voc can be attributed to residual polarization
evidenced in the material constituting the photoanode, which participates in the resistive
switching mechanism in the cell, as reported previously [11]. This can be also attributed
to the thickness of the (TiO, compact)/GRO photoanode and the nature of electrolyte. In
the dark, the cell maintains a non-negligible difference of potential, which vanishes at
short-circuit.

4.2.2. Results Obtained from DSSC-N Based on TGRO

Figure 13a shows the J-V curve of the DSSC-N based on the TiO,-GdyRu,O7 (TGRO)
combined material as the photoanode. The evaluated photovoltaic device was struc-
tured as follows: FTO/compact-layer/TiO,-GdyRupO7 /Hibiscus-sabdariffa /Electrolyte
(I” /137)/Pt. Figure 12a demonstrates, as in the case of GRO, a diode-like current density
with a threshold voltage of 2.5 V and an efficiency 1 of 8.78%, which may be comparable to
metal dye cells [55,56]. This highlights the effect of the new photoanode in the developed
DSSC-N device. We obtained an improved fill factor estimated at 63.02%. Figure 13b
presents measurements under both dark and solar illumination conditions. Under illumi-
nation, we obtained a V¢ of 3.22 V with a current density of 4.32 mA/ cm? for an active
area of 0.38 cm?. This behavior confirms photoactivity in the system and the high value
obtained for Voc is attributed to the same consideration as in the previous section for GRO.
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< *Power Y 125 e
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3 156 o 2 7
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Figure 13. J-V curve of DSSC-N based on TiO,-Gd;Ru;07 (TGRO) photoanode. (a) Current density
and Power variation versus applied voltage. (b) Dark and lighted current density as function of
applied voltage.

4.3. Discussion

The results obtained from the two studied devices—DSSC-N based on GRO and
TGRO—are summarized in Table 1 in comparison with some reported results using oxides
and the same dyes. It is worth remarking that the current density obtained in this study was
not negligible, and permits to reach a high fill factor of FF, compared to the values reported
in the literature. Moreover, the V¢ is particular high in GRO- and TGRO-type devices and
is attributed to the residual polarization in this photoanodes, as reported previously [11].
The presence of this polarization is in favor of high efficiency of these DSSC-Ns and offers
a guarantee of energy production even in the absence of illumination during a short period,
beneficial for practical applications.
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Table 1. Comparison of DSSC characteristics using new photoanodes.
Photoanode/Dye Jsc (mA/cm?) Voc (V) FF (%) 7 (%) Ref:
TiO, /Hibiscus Sabdariffa 4.10 0.41 46.04 0.77 [57]
TiO, /Hibiscus Sabdariffa 4.24 091 57.09 2.21 This work
GRO/Hibiscus Sabdariffa 4.35 3.82 57.93 9.65 This work
TGRO/Hibiscus Sabdariffa 432 3.22 63.02 8.78 This work

To better understand the results obtained on the DSSC-N analyzed in this study, we
produced a cell based only on TiO, with the same electrolyte (I~ /I3 7) and the same hibiscus
dye. This new solar cell is structured and assembled as follows:

FTO/compact-layer/TiO, mesoporous/Hibiscus-sabdariffa/Electrolyte (I~ /I37) /Pt
sequence that led to obtain a lower Voc value, confirming that the obtained values depend
on the materials used as the photoanode and the type of electrolyte. Figure 14 shows
the J-V curve performed on TiO,-based DSSC-N, that showed a Voc of 0.9 V, a current
density (Jsc) of 4.24 mA/cm?, and a cell efficiency of 2.21%, which is higher than some
reported values.

x107°
4.5 T L § T T T T T 1
—o—1Sun DSSC-TiO,
4F o —4—Power =10.9
Nﬁs.s - 1 0-8
5 o7
< 3r
E Jos =
225 3
@ 405
°o 2p %
L N=221% Jo4 o
S 15[ FF= 57.09% 1os
- v ’ .
3 "} V,=0913V
J.=4.24 mA/cm? 102
05F 0.1
0 1 1 1 1 1 | | 0
0 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9

voltage(v)
Figure 14. J-V curve of DSSC-N based only on TiO; photoanode.

Incident Photon to Current conversion Efficiency (IPCE) measurements were per-
formed using an OSSILA Solar Simulator, where wavelengths could be driven, and the
obtained results are plotted in Figure 15. These values prove that the charge-transfer rate is
not very satisfactory. However, we note that in the IR-Vis-UV range, the photoanodes are
still active and improvements at the interfaces must be considered.
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Figure 15. IPCE measurement obtained from GROH- and TGROH-based DSSC-N devices using
independent wavelengths of Ossila Solar Simulator.

5. Electrical Measurements and Analysis

To better understand the mechanism of energy conversion in the DSSCs devices, we
performed three complementary measurements:

5.1. Impedance Spectroscopy

Dye-sensitized solar cells (DSSC-Ns) based on natural dyes were characterized using
impedance spectroscopy to analyze the effect of frequency and the contribution of charge
carriers. Indeed, the photovoltaic activity of the DSSC-N revealed the influence of the
nature of the interfaces between its components, including the photoanode, electrolyte, and
grain morphology, as well as the composition of the materials constituting the photoanode
and the dye [18].

In Bode diagrams plotting, we highlight the impedance modulus and the angular
phase shift behavior versus frequency, as shown in Figure 16. This representation consists
of the calculation of 20 x log(1Z1) and arctan(Z" /Z'), plotted versus the logarithm of the
frequency. Figure 16a,b shows clearly higher impedance values under dark conditions for
each material (GROH or TGROH) comparatively to their impedances under illumination,
indicating larger conductivity under light conditions. This confirms the photoactivity of
the cells. However, the impedance of TGROH is higher than the impedance of GROH,
which means that TGROH exhibits a greater recombination or less efficient electron trans-
fer. Moreover, in Figure 16c,d we observed that GROH shows a slower response under
light, especially at low frequencies, indicating better charge confinement and a longer
lifetime. In contrast, TGROH is faster, but with a shallower minimum phase and more
recombination [58].
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Figure 16. Bode representation by |Z| for GROH and TGROH (a) under illumination and (b) in
dark and by angular phase shift of GROH- and TGROH-based DSSC-N (c) under illumination and
(d) in dark.

To provide more information in the response analysis of our cells, we used the Nyquist
representation. Figure 16a—d show the Nyquist plot impedance spectra for the two dye-
sensitized solar cells that were developed in this study. Figure 17a,b show the responses
of TGRO- and GRO-based DSSC under illumination, respectively, where Figure 17c,d
exhibit the responses of the same devices under dark conditions. It can be observed that
the DSSC exhibits higher resistance when the cell is not illuminated. On the other hand,
impedance decreases under illumination, which means that conductivity increases thanks
to the generation of the photocurrent. In other words, the excitation of the semiconduc-
tor leads to the creation of a greater number of mobile charge carriers, thus promoting
electron-hole exchange and resulting in increased conductivity in the solar cells [59-61].
However, it is worth noting that the obtained impedances are significantly higher in de-
vices containing dye extracted from hibiscus flowers. This suggests that the chemical
configuration of this dye does not facilitate electronic exchange.

The DSSC device based on TGRO and GRO sensitized with the pigment extracted
from African hibiscus was modeled using an equivalent electrical circuit (EEC), also known
as the Randles circuit (Figure 18).

This model consists of a charge-transfer resistance Ry, in series with three circuit
element blocks connected in parallel. Each block includes a combination of (R;, CPE;);
wherei=1, 2, 3. In this model:

- Rjrepresents pure resistance.
- CPE,; (ith Constant Phase Element) is an artificial impedance element known as War-
burg impedance, with the expression:

Z =
CPE A(]w)ﬂl
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where « characterizes the deviation of the semicircle in the Nyquist plot.

- For a =0, the element behaves as a pure resistor.

- For « =1, it behaves as an ideal capacitor.

- For intermediate values of «; when « is closer to 0, A is interpreted as an admittance,
when closer to 1, it represents a capacitance.

For intermediate values of «, this element is neither a resistor nor a capacitor but an
imperfect electrical component.
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Figure 17. Impedance spectra obtained from DSSC cells based on TiO,-Gd;Ru,O; (TGRO)
and Gdy;Ru;07 (GRO) sensitized with hibiscus dyes, under illumination (1 Sun) (a,b) and dark
(c,d) conditions, respectively.
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Figure 18. Experimental and fitted curves of the illuminated DSSC based on TGRO (red circle marker)
and GRO (blue square marker). Fitted curves are in black lines.
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The three blocks in the model serve distinct functions, which can be interpreted
as follow:

- Block 1 (Ry, CPEq): models the DSSC response at high frequencies, attributed to the
redox activity of the electrolyte couple (I” /I37) and charge transfer at the interface
with the platinum (Pt) counter-electrode.

- Block 2 (Ry, CPE,): represents the intermediate frequency response, associated with
the redox interaction of the dye and the charge transfer at the interface between the
photoanode (GRO) and the dye.

- Block 3 (R3, CPE3): model diffusion and conduction in the low-frequency re-
gion, attributed to ionic conduction of residual charge carriers or defects in the
DSSC structure.

- It should be noted that the series resistance Ry is often attributed to losses due to the
measurement system wiring and electrodes.

This model, with three parallel charge-transfer paths, is particularly relevant for
analyzing such devices [62-65]. The equivalent impedance Zpgsc [66] in the case of both
DSSC is expressed as follows:

Ry n R, n R3
14 R1A1(jw)" 14 RyAz(jw)™ 1+ RaAs(jw)™

Zpssc = + Ry

The equivalent circuit parameters are depicted in Table 2, confirming the relatively
high values of the resistances. The model included an Ry negative/positive resistor value
that corresponds in absolute value to the diameter of semicircle in the high-frequency
region, which can be considered as the semicircle curves returning to contact with the
abscissa axis in the negative part. Mathematically, the model is consistent and gives very
low tuning parameters (0.015 and 0.016), due to the lack of value at higher frequencies.

Table 2. Impedance fitting parameters obtained from TGRO-H and GRO-H.

Aj
A R A R R,
P 1 1 2 2 3 F
arameters () (PP 41 kQ) (uF) 2 kO dg_”l) o3 kO)
TGROH 25 55 0.85 3 9 0.72 42 3.3 059 =+ 18.70
GROH 5.83 220 0.96 3.4 5.8 0.88 300 145 042  +251

Therefore, a negative resistance is meaningless physically. True resistances would
correspond to half the absolute value of these negative quantities if the experiment device
permitted the attainment of higher frequency values. This shows the complex mechanism
process in these DSSC devices.

5.2. Electrical I-V Measurements and Analysis

The I-V responses of the DSSC cells fabricated in this study were fitted using the
two-diode model, by also introducing an advanced electrical representation that accounts
for various imperfections and mechanisms present within the device. The electrical model
of a two-diode DSSC photovoltaic cell includes the following elements:

- Aphotogenerated current source (I,;), which represents the current generated by light
absorption, which is proportional to the incident light irradiance.

- Two diodes connected in parallel: the first diode models the main junction and
recombination within the photoactive layer, and the second diode accounts for more
complex recombination phenomena, such as those occurring in the electrolyte or
material interfaces.
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- The overall circuit also includes two resistances: Rg (series resistance), representing
ohmic losses in electrodes, contacts, and connections and Rg, (shunt resistance),
simulating leakage current losses due to internal imperfections or short circuits.

The output current of the circuit is expressed as follows:

= (e (2L LRDY ) o (2R ) VI

nlkT nng Rsh

with:

Io1, Ipp: saturation currents of the diodes

n1, ny: ideality factors (ranging from 1 to 2 for 7 and from 2 to 3 for n,)
g: elementary charge (1.602 x 1071 C)

k: Boltzmann constant (1.381 x 10723 SI units)

T: temperature in Kelvin (T = 298 K)

V: voltage across the cell terminals

w1, ap: coefficients introduced to account for differences in the redox activity of the
cell’s redox couples, with values between 0 and 1

In the context of a Dye-Sensitized Solar Cell (DSSC), the proposed model accounts
for slow electron recombination processes, which are strongly influenced by the nature of
the dye layer and the electrolyte. It also incorporates electronic injection phenomena from
the dye into the semiconductor—specifically, the photoanode materials such as GRO and
TGRO. This approach allows for a more refined modeling of the internal physical processes
that directly affect cell performance. In each of its terms, the equation used reflects the
output current of the diode. Its solution relies on robust numerical methods, such as zero-
finding using the Newton—-Raphson method, or parameter fitting through optimization
using the least squares method. These techniques enable the precise identification of model
parameters based on experimental data using the Matlab software to solve the equation. It
specifically uses the “Isqcurvefit” function, which is well-suited for nonlinear model fitting.

Figure 19 illustrates the results obtained by fitting the current-voltage (I-V) charac-
teristic curve measured from the experimental TGROH photovoltaic cell. The extracted
parameters from this optimization process are detailed in Table 3, showing a strong correla-
tion between the proposed model and the experimental data. This consistency validates
both the relevance of the model and the reliability of the numerical method used. The
results presented in Table 3 indicate overall satisfactory performance of the TGROH pho-
tovoltaic cell, with an average efficiency of approximately 10.75%, in agreement with the
available experimental data. This cell contains hibiscus dye, and the efficiency level demon-
strates a good overall system operation. However, the open-circuit voltage (Voc) appears
to be significantly higher than values generally reported in the literature. This discrepancy
may be attributed to several defects in the system, such as the presence of voids, bubbles,
dust, or irregularities at material interfaces, as well as to slow recombination phenomena
between the dye, electrolyte, and semiconductor. These effects directly influence the quality
of the charge separation and transport related to the cell assembly. Figure 19 shows the ex-
periment and the fitted I-V curve for GROH-, TGROH-, and TiO;-based DSSC. Indeed, the
proposed model satisfactorily corroborated the three J-V curves, with deduced coefficients
summarized in Table 3.
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Figure 19. Experimental I-V response of TGROH-based DSSC and its adjustment using the double
diodes model.
Table 3. I-V curve fitting parameter of TGROH-, GROH-, and TiO,-based DSSC.
Fitted Parameters PV Characteristics
TGROH GROH TiO, TGROH GROH TiO,
Iph (mA) 1.667 1.682 1.596 Isc (mA) 1.667 1.692 1.603
Ip1(nA) 0.00012 352 708 Voc (V) 3.260 3.980 0.910
np 1.98 1.71 1.23 Vmax (V) 2.550 2.930 0.670
Ip (nA) 13.53 1.09 736 Imax (MA) 1.275 1.170 1.253
ny 2.98 2.59 1.75 Pmax (mW) 3.251 3.428 0.839
Y1 0.27 0.09 0.26 FF (%) 59.82 50.92 57.56
Y2 0.27 0.09 0.26 n (%) 8.55 9.03 2.21
Rs (QY) 0.00 0.04 2.39
Rgn (OY) 8975 7941 5472

5.3. Cyclic Voltammetry

We characterized the DSSC cells by cyclic voltammetry measurements. Figure 18
shows the electrochemical curves obtained from the DSSC devices sensitized to
hibiscus extracts.

Two peaks were observable in the both figures. They were observable at 0.45 V and
1.50 V in the TGROH device (Figure 20a), which were downshifted at —0.12 V and 0.75 V
in the GROH device (Figure 20b), respectively. The first peaks, which appear at 0.45 V and
—0.12 V in TGROH (Figure 20a) and GROH (Figure 20b), respectively, are affected to the
reduction of the I3~ /I~ mediator, which corresponds to the reduction of triiodide (I3 ™) into
iodide (I7). This reaction is essential for the proper functioning of the DSSC, as it allows
for the regeneration of the dye after electron injection into the TGRO (TiO,_GRO) or GRO
photoanodes. These first peaks indicate good electrochemical activity of the mediator. It
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0.4

should be noted that the intensity of the peaks does not decrease over time, ensuring the
stability of the redox couple.
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Figure 20. Cyclic voltammetry curves from (a) TGRO- and (b) GRO-based DSSC.

The second peaks, observable at 1.5 V (Figure 20a) and 0.4 V (Figure 20b), correspond
to the oxidation of the dye, which in this case is extracted from hibiscus. This process
signifies the return of the dye to its initial state after injecting an electron into the TGRO or
GRO. The position of the peak remains stable in each DSSC device, indicating that the dye
remains electrochemically active.

The asymmetry of the curves relative to zero is normal and can be explained by
the relatively slow redox reactions in a DSSC, and the different types of redox as they
involve coupled processes (electron transfer, diffusion of species in the electrolyte, and
interactions with the photoanode). Indeed, the dye and the mediator do not have identical
electrochemical kinetics. One may be faster than the other, creating differences between
oxidation and reduction. There are also charge transport limitations, for example, if the
electrode or electrolyte slows down the diffusion of redox species.

6. Conclusions

Our study highlights the pivotal role of the new photoanode material, gadolinium
ruthenate pyrochlore oxide, in enhancing the performances of the natural dye-sensitized
solar cells developed in this study. This material has demonstrated high absorption capacity
and reduced dye adhesion time, placing it among the promising photoanodes for DSSC—N
devices. The thickness of each deposited layer in the DSSC—N devices was determined
using different techniques (SEM, AFM, and ellipsometry and profilometer) which led to
almost the same values. This study enabled us to achieve a power conversion efficiency
of 9.65% and an open-circuit voltage of 3.82 V for DSSC-Ns based on GRO and Hibiscus
sabdariffa. Furthermore, the investigation of the device based on the TGRO photoanode
resulted in an efficiency of 8.78%, with a new open-circuit voltage record of 3.22 V for an
active area of 0.38 cm?. Using impedance spectroscopy measurement and current-voltage
fitting, we evidenced the mechanism of conductivity and the charge carrier’s contribution
or defect contributions in the DSSC cells.

Through cyclic voltammetry measurements, we evidenced the redox activities of
hibiscus dye and electrolyte (I~ /I3 ™), which exhibit electrochemical processes in addition
to photovoltaic response. These findings underscore the promise of these new materials in
the field of natural dye-sensitized solar cells and their potential for future applications in
photovoltaic technologies.
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