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Optimising bifacial dye-sensitized
solar cells with graphene-enhanced
TPT configuration photoanode for
operational stability

Hussein A. AlSultan®2*?, Suhaidi Shafiel?*, Mohd Nizar Hamidon?, Ismayadi Ismail?,
Shyam S. Pandey® & Fauzan Ahmad*

Bifacial Dye-sensitized solar cells (bifacial DSSCs) are a promising low-cost and with promising

light absorbance alternative to conventional DSSCs, known for their potential for transparency and
customizability to be integrated into building-integrated photovoltaic (BIPV). This study explores
enhancing efficiency and stability in bifacial DSSCs by integrating graphene into the bifacial configured
photoanode. Graphene was incorporated into titanium dioxide (TiO) photoanodes using a modified
Ti-Nanoxide (T/sp) commercial paste, and powder type (P25) configurate as (T/sp-P25-T/sp) in tri-

layer (identified optimal structure to maximizing bifacial light harvesting in our previous study) with
Concentrations of 0.05%, 0.1%, and 0.2% graphene were tested. The structural, optical, and electrical
properties of the materials were characterised using field emission scanning electron microscopy
(FESEM), energy-dispersive X-ray spectroscopy (EDS), Raman spectroscopy, ultraviolet-visible (UV-
Vis) spectroscopy, Tauc plots, current-voltage (J-V) measurements, and electrochemical impedance
spectroscopy (EIS). The incorporation of 0.1% graphene resulted in the highest initial power conversion
efficiency (PCE) of 11.09% under combined front and back illumination at the 4th day of testing,
indicating improved electron transport and stability. Over a period of ten days, the performance of
these cells remained significantly superior compared to those with pure TiO,. These results highlight
the potential of graphene-enhanced TPT-configured photoanodes for improving both the efficiency
and durability of bifacial DSSCs, particularly in applications such as building-integrated photovoltaics.
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Dye-sensitised solar cells have garnered significant attention due to their low production costs, straightforward
fabrication, and abundant, non-toxic materials"?. They are particularly noted for their efficiency under low-
light conditions, potential for transparency, and colour customisation, making them a viable alternative to
conventional silicon-based photovoltaics. DSSCs consist of a photosensitive dye, a semiconductor (typically
Titanium Dioxide or TiOz2), an electrolyte, and counter electrodes. The operational mechanism involves dye
molecules absorbing sunlight, exciting electrons from highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) energy state. These electrons are then transferred to the semiconductor’s
conduction band, circulate through the external circuit, and return at the counter electrode, with electrolyte ions
replenishing the dye’s electrons to maintain the cell’s operational cycle>*.

Ruthenium-based complexes are fundamental to DSSCs due to their stability and suitable spectral properties,
which, despite having lower molar extinction coefficients compared to typical donor-m-acceptor (D-m-A)
organic dyes, still contribute to relatively high PCE and excellent anchoring to TiO2 particles’. The design of
these complexes, particularly the donor-m-acceptor, is critical for achieving high efficiencies, reaching up to
14.2% PCE®. Platinum (Pt) also plays a crucial role in enhancing DSSC performance through various methods
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such as doping, Pt-based counter electrodes (CEs), and Pt-decorated reduced graphene oxide (rGO) composites.
These approaches have demonstrated improvements in efficiency due to reduced series resistance and enhanced
electron transfer rates”?®.

Despite these advancements, DSSCs’ performance is often limited by the electron transport efficiency of
TiO2, which suffers from suboptimal electron-hole separation efficiency’. Tailoring the nanostructure and
surface chemistry of TiO2 for example by anodic nanotube growth followed by TiCls post-treatment has been
shown to lower series resistance and raise PCE by ~27 %1°. Similar mobility gains have been reported for cation-
doped TiOx for instance, Zr-doped nanoparticles used as electron transport layers in perovskite cells cut charge-
transfer resistance in half and boost Voc by 70mV!!. Integrating graphene into TiO2 matrix has shown promise
in addressing these limitations by enhancing electron transport speed and reducing recombination rates, thereby
improving photocatalytic activity and light absorption efficiency'>!3.

Stability remains a critical challenge for DSSCs, as dye, electrolyte, and interfacial components degrade over
time; recent studies show that encapsulating TiO2 nanotubes with Cs nanoparticles, for example, can markedly
suppress trap states and improve thermal durability’®. Recent advancements have focused on developing
stable materials and electrolyte formulations. For instance, water-containing 1™ /I3 redox electrolytes have
maintained performance and stability even with high water content!®. Gel polymer electrolytes (GPEs) based on
hydroxypropyl cellulose (HPC) and MPII have shown high ionic conductivity and sustained efficiency over long
periods'®. Other studies have used Triton X-100 to improve dye adsorption on TiO2 photoanodes, enhancing
both current short circuit density (Jsc) and overall PCE!”. Comprehensive reviews have identified key factors
influencing stability and effective strategies for enhancing DSSC longevity'®.

Bifacial DSSCs, capable of generating electricity from both sides, are notable for their performance under
ambient light and aesthetic qualities like transparency and vibrant colours, making them suitable for building-
integrated photovoltaics (BIPVs). Innovations in transparent counter electrodes using materials such as
PEDOT and Ru-Se alloys have broadened their applicability!*-2!. Graphene, as a doping agent, has the potential
to significantly enhance the PCE and durability of DSSCs due to its superior optoelectronic and mechanical
properties?®?3, Its versatility allows it to be used as a cathode support and an anode enhancer, improving electron
transfer efficiency?»?. However, to our knowledge, integrating graphene in a trilayer structure photoanode in
bifacial DSSCs has not yet been investigated. In our previous study®’, a novel approach for bifacial DSSC of
trilayer structure has been investigated. The configuration of the Ti-Nanoxide (T/sp) transparent layer for the
first and third layers and the TiO2 variant of (P25) as the light-scattering middle layer has resulted in the highest
PCE for bifacial DSSCs due to higher light absorption from both sides. However, electron mobility has yet to be
improved in the reported configuration. Modifications of graphene through doping, compositing, and coating
with TiO2 have led to significant performance improvements in DSSCs, which are marked by higher short-
circuit current densities and enhanced PCEs. Integrating graphene in bifacial DSSCs could revolutionise back
illumination and ambient light harvesting, marking a significant advancement in photovoltaic technology.

Building upon our prior research, this study aims to further enhance the efficiency and stability of DSSCs
through strategic modifications to the Stack Formation Framework (SFF) trilayer structure and its configuration
of (T/sp-P25-T/sp) or TPT?. The primary objectives are to improve electron mobility and enhance overtime
working stability. We seek to optimise electron transport and reduce recombination losses by integrating
graphene into the TPT configuration. This approach addresses key challenges in light harvesting and electron-
hole separation, aiming to significantly improve the operational stability and efficiency of DSSCs under laboratory
conditions. Moreover, this work distinguishes itself from previous studies by have doped TiO2 with graphene to
enhance single-side DSSC performance. to our knowledge this is the first demonstration of graphene?enhanced
trilayer TPT configuration photoanodes in bifacial DSSCs, achieving over 11% combined PCE and dramatically
improved 10-day stability under both front and back illumination.

Materials and method of work

Materials

The materials used in this study were selected based on their established efficacy in DSSC applications. The
TiO2 paste, Transparent Semiconductor Paste Ti-Nanoxide (Product Code: T/sp), and the Pt counter electrodes
were sourced from Solaronix, known for their high quality in photovoltaic applications. TiO2 nanoparticles
were obtained as nanopowder (P25) from Degussa and processed into a paste in our lab due to their high
surface area and photocatalytic properties. Graphene nanopowder (AO-3: 12nm flakes) nanosheets from
graphene Supermarket were chosen for their superior electrical conductivity and large surface area. Transparent
conducting oxide (TCO) glass substrates, specifically fluorine-doped tin oxide (FTO) glass with a sheet
resistance of 15 €2/sq, provided a conductive base for the TiO> layers. Acetonitrile (solvent), iodine, lithium
iodide, 4-tert-butylpyridine, and ethyl-methyl-imidazolium iodide were used for the electrolyte fabrication. All
other chemicals, including solvents and reagents, were of analytical grade and used as received without further
purification.

Substrate preparation

The FTO glass substrates were prepared by cutting the glass into 2.5 cm x 2 cm dimensions and marking the
non-conductive side to ensure proper orientation during subsequent processes. The cleaning process involved
an initial rinse with tap water and detergent, followed by a 10-minute ultrasonication to remove any adhered
particles. The substrates were then thoroughly rinsed with tap water to remove detergent residues. Following
this, a systematic cleaning process using acetone, isopropyl alcohol (IPA), and ethanol was conducted, with each
substrate immersed for 15 minutes with the conductive area facing upwards. Post-cleaning, the substrates were
air-dried using a stream of hot air and subjected to UV-light treatment to remove any remaining organic residues
and enhance the cleanliness of the conductive surface.
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TiO2 paste preparation and graphene doping

In a modification from our last report on SFF?° in terms of adding graphene as a dopant material to enhance the
electrochemical activity of the cell, the fabrication of the photoanode paste began with preparing an ethanol-
ethyl cellulose mixture by dissolving 5 grams of ethyl cellulose in 10 mL of ethanol and stirring for two hours.
Simultaneously, 1 gram of TiO2 P25 was heated at 100 °C to remove residual moisture, adding 0.16 mL acetic
acid. The mixture was then incrementally combined with 0.8 mL of deionised water and 10 mL of ethanol.
Subsequently, another 10 mL of ethanol was pre-mixed with the desired percentage of graphene, and the mixture
was ultrasonicated for one hour. Finally, 3.5 mL of a-terpineol was added, and the combined solution was stirred
for 12 hours and evaporated until the volume was reduced to one-tenth to achieve the desired paste viscosity for
photoanode application.

Electrolyte and counter electrode preparation

The electrolyte for the DSSCs was synthesised using the following components and concentrations: 5 mL of
acetonitrile as the solvent, 0.05 M iodine (I2) corresponding to 64 mg, 0.1 M lithium iodide (LiI) corresponding
to 67 mg, 0.5 M 4-test-butyl pyridine (tBP) corresponding to 0.4 mL, and 0.6 M ethyl-methyl-imidazolium iodide
(EMII) corresponding to 798 mg. These components were mixed in a 10 mL beaker and stirred using a magnetic
stirrer for 15 minutes to ensure complete dissolution and homogeneity?’. The resulting electrolyte solution was
transferred into a well-sealed 10 mL bottle to prevent rapid evaporation. The counter electrodes were prepared
using a ready-to-use Pt solution sourced from Solaronix. The preparation involved the following steps: First,
the FTO glass substrates were cleaned using the procedure described in the substrate preparation section. The
ready-to-use Pt solution was then applied to the cleaned FTO substrates using a spin-coating technique. Fifty
microlitres of the Pt solution was spin-coated onto the FTO substrate at 1500 rpm for 10 seconds, followed by
annealing at 450 °C for 15 minutes to form a uniform platinum layer on the FTO glass?.

Modified TPT configuration and DSSC assembly

In the fabrication of the TiO2 photoanodes, each FTO glass substrate was cleaned, UV-treated, and subjected
to a TiCly pre-treatment at 80 °C, followed by annealing at 450 °C. A screen-printing technique was used to
apply the first TiOs layer, confining the active area to 0.25 cm?, followed by annealing at 450 °C. The resulting
mesoporous TiO2 layer thickness was around 15 um. This cycle was repeated for each subsequent layer. For the
P25 layer, graphene nanopowder was incorporated at concentrations of 0%, 0.05%, 0.1%, and 0.2%. After the
final layer, a TiCly post-treatment and final annealing at 450 °C were performed to ensure a homogeneous and
adherent multi-layered photoanode.

The CEs were prepared from FTO glass with pre-drilled holes. Following the cleaning protocol, the CEs
were coated with 50 uL of Pt nanoparticle solution via spin-coating at 1500 rpm for 10 seconds, with a second
application after 5 minutes. Post-coating, the electrodes were annealed at 450 °C. The photoanode samples were
immersed in a 0.0002 M N719 dye solution in ethanol for 24 hours. Excess dye was removed with ethanol. A 60 1
m polymer spacer was placed around the photoanode’s active area, and the heated CE was pressed onto the dye-
coated photoanode. The electrolyte solution was injected through the pre-drilled holes to complete the assembly.

Electrical characterization

Electrochemical Impedance Spectroscopy (EIS) investigated the charge dynamics within the DSSCs, assessing
the impact of structural modifications on charge transfer resistance and recombination rates. J-V (current
density-voltage) curve analysis measured the electrical performance of the DSSCs, deriving key performance
indicators such as Jsc, open-circuit voltage (Voc), fill factor (FF), and overall PCE.

Optical characterization

Ultraviolet-visible (UV-Vis) spectroscopy evaluated the optical properties, focusing on light absorption
efficiencies and bandgap shifts induced by graphene doping. This characterisation is essential for understanding
the enhancement in the photoanodes’ light-harvesting capabilities, directly impacting the DSSCs’ performance.

Structural and compositional analysis

Field Emission Scanning Electron Microscopy (FESEM) provided high-resolution visualisations of the
surface morphology and cross-sectional architecture, verifying the uniformity and nanostructural integrity
of the graphene-doped TiO- layers. Energy-dispersive X-ray spectroscopy (EDS) confirmed the elemental
composition, ensuring successful graphene integration within the TiO2 matrix. Raman spectroscopy offered
insights into crystalline structure alterations and graphene integration, identifying key peaks corresponding to
anatase TiO2 and graphene and assessing the degree of disorder through the ID/IG ratio, which indicates the
level of defects in the graphene structure. X-ray diffraction (XRD) identified the crystalline structures of TiO2
phases, confirming the presence of anatase TiO2, which is crucial for photocatalytic activity. This analysis helps
understand the structural integrity and phase composition of the graphene-doped TiO3 layers.

Results and discussion

Electrical characterization

J-V characteristics

To evaluate the performance of the DSSCs, we conducted current-voltage (J-V) measurements under both front
and back illumination conditions (AM 1.5 G) solar mass over 10 days. This analysis provides critical insights
into the cells’ PCE, Jsc, Voc, and FE Tracking these parameters over time allows us to assess the stability
and efficiency improvements imparted by different graphene concentrations in the TiO2 photoanodes. The J-V
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Configuration Jsc [mA/cm?] | Voc [V] | FE | PCE [%] | Jmaz [mA/cm?] | Vinas [V]
TPT (Front) 13.13 0.79 0.62 | 6.40 11.85 0.54
TPT (Back) 6.64 0.77 0.70 | 3.56 6.14 0.58
TPo.05T (Front) | 12.60 0.79 0.61 | 6.03 11.16 0.54
TPo.05T (Back) |7.16 0.76 0.70 | 3.81 6.56 0.58
TPo.1T (Front) | 12.88 0.78 0.66 | 6.68 11.72 0.57
TPo.1T (Back) | 7.33 0.76 0.65 | 3.63 6.60 0.55
TPo.oT (Front) | 12.84 0.78 0.63 | 6.29 11.44 0.55
TPo.oT (Back) | 6.25 0.77 0.73 | 3.52 5.87 0.60

Table 1. The front and back illumination of the standard and graphene-enhanced TPT configurations devices
by the 10th day.

Day TPT BFF ratio | TPo.o5T Ratio | TP ; T BFF Ratio | TPg.>T BFF Ratio
1-3 hours | 0.619488 0.606183 0.579870 0.424344
Day 1 0.682989 0.713426 0.663732 0.432314
Day 2 0.614823 0.645941 0.619750 0.437583
Day 3 0.682447 0.635098 0.630507 0.492020
Day 4 0.724470 0.606138 0.648635 0.558154
Day 5 0.693359 0.610323 0.629715 0.558347
Day 6 0.663585 0.614538 0.611347 0.558541
Day 7 0.635089 0.618781 0.593515 0.558735
Day 8 0.607817 0.623054 0.576203 0.558929
Day 9 0.581716 0.627356 0.559396 0.559123
Day 10 0.556736 0.631688 0.543079 0.559317

Table 2. Bifaciality factor ratios for different graphene concentrations.

characteristics will enable us to compare the initial performance with the subsequent changes, highlighting the
effect of graphene doping on the overall cell efficiency.

TPT Configuration: The performance of DSSCs with the TPT configuration was evaluated under both front
and back illumination. The data is presented in Supporting Information Table 1 and Supporting Information
Table 2, respectively. On day 0, the test was conducted 1-3 hours after electrolyte injection, with subsequent
measurements taken on the following days. The results include initial observed and calculated data using an
exponential equation to estimate values for intermediate days.

Under front illumination, Supporting Information Table 1, the highest PCE was observed on day 4, reaching
6.71%. This high efficiency is attributed to the relatively stable values of Js¢ and Vo, with J s¢ remaining above
14 mA/cm? and Vo around 0.74 V. The FF remained consistent at approximately 0.61. The maximum current
density (Jmaz) also showed stability, with values close to 13 mA/cm?. The high R? values for Voc (0.8911)
and Viaz (0.8345) indicate a strong fit of the exponential model, suggesting the robustness of these parameters
over the testing period. Figure 1a illustrates the J-V curves for the TPT configuration under front illumination.
However, a constant degradation was observed after day 5, with the Jsc slowly declining until 13.13 mA/cm?
with a continuous rise in Voc to nearly 0.8 V at day 10. The increase in Voc DSSCs over time can be attributed
to several factors, including structural optimisations”, interface modifications>?, and the use of specific materials
that reduce charge recombination®!. In some solar cell technologies, such as perovskite solar cells, aging of
precursor solutions can lead to a more uniform and smooth film formation, which reduces interfacial gaps and
trap state density. This results in an increase in Voc over time, although this specific mechanism is not directly
applicable to DSSCs, it highlights the importance of material processing in Vo enhancement®. Furthermore,
The decline of the data could be from a build-up of resistance in the active area, where the electrolyte influences
resistance and performance by affecting ionic mobility, recombination kinetics, and interfacial charge processes
within the TiO» layer®>34,

In contrast, under back illumination, as shown in Supporting Information Table 2, the PCE peaked earlier,
on day 4, at 4.86%. The Jsc values were lower than front illumination, peaking at 10.49 mA/cm?, consistent
with the expected lower efficiency under back illumination. The Voc values were slightly lower, peaking at 0.76
V. The R? values for Jsc (0.3836) and Jmaa (0.3803) indicate moderate fits, suggesting more variability and
potential areas for improvement in the back illumination setup. Figure 2a shows the J-V curves for the TPT
configuration under back illumination. Moreover, similar to the front illumination, the back illumination faced
a decline in Jsc, suggesting steady and constant degradation after day 5.

TPo.05T Configuration: For the TP¢.05T configuration, the results under front illumination are shown in
the Supporting Information Table 3. The peak PCE of 6.50% was observed on day 2, with a corresponding Jsc
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Fig. 1. J-V curves for DSSCs under front illumination conditions over 10 days. The subfigures show the
performance of different configurations: (a) TPT, (b) TPo.05T, (¢) TP0.1T, and (d) TPg.2T. These graphs
illustrate the impact of varying graphene concentrations on the stability and efficiency of the cells under
consistent front illumination.

0f 16.80 mA/cm? and Voo of 0.72 V. The FF was relatively high at 0.54, and the J.,q, was 14.44 mA/cm?. This
performance indicates stability enhancement after introducing graphene into the TiO» matrix®. The R? values
for Jsc (0.7662) and Voc (0.9401) suggest a good fit, indicating consistent performance over time. Figure 1b
displays the J-V curves for the TPg.05T configuration under front illumination. The Jsc and PCE experienced
degradation after day 5, similar to the TPT configuration, suggesting that the graphene percentage is not the
optimum quantity needed for further stabilisation.

Under back illumination, as presented in Supporting Information Table 4, the peak PCE was 4.20% on day 2,
with the Jsc reaching 8.71 mA/cm? and the Voc at 0.71 V. The R? values for Js¢ (0.775) and Jmaz (0.7302)
indicate a better fit compared to the TPT configuration, suggesting that the TPg.o5T configuration may offer
more stable performance under back illumination conditions. Figure 2b shows the J-V curves for the TPg.05T
configuration under back illumination. The cell remained relatively stable for a couple more days until it started
to degrade after day 5.

TPo.1 T Configuration: In the TP 1 T configuration, front illumination results are displayed in Supporting
Information Table 5. The highest PCE of 6.73% was observed on day 2, with Js¢ of 17.04 mA/cm? and Voe of
0.71 V. The FF was 0.56, and Jonae was 14.64 mA/cm?. The R? values for Jsc (0.9459) and Vo (0.9794) are
exceptionally high, indicating very reliable performance metrics for these parameters. Figure 1¢ shows the J-V
curves for the TPo.1 T configuration under front illumination. Although the Jsc began to decline after the 3rd
to 5th day, the PCE remained stable until day 10 with minimal degradation, suggesting that the 0.1wt% graphene
into the TiO3 greatly enhanced the stability of the cell.

For back illumination, as presented in Supporting Information Table 6, the peak PCE was 4.36% on day 4,
with Jsc at 9.84 mA/cm? and Vo at 0.71 V. The R? values for Js¢ (0.502) and Jomas (0.4527) indicate a
moderate fit, suggesting areas for optimisation in the back illumination performance. The J-V curves for the
TPo.1T configuration under back illumination are shown in Figure 2¢c. The PCE remained relatively above 4%
from the 2nd to the 6th day of testing, suggesting a better performance at 0.1wt% graphene than 0.05wt%.

TPg.2T Configuration: The TP 2T configuration under front illumination is summarised in Supporting
Information Table 7. A peak PCE of 6.29% was achieved on day 4, with Jsc of 14.24 mA/cm? and Vo of 0.72
V. The FF was 0.61, and Jyaz was 12.84 mA/cm?. The R? values for Js¢ (0.8682) and Vo (0.9263) indicate
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Fig. 2. J-V curves for DSSCs under back illumination conditions over 10 days. The subfigures illustrate the
performance variations of different configurations: (a) TPT, (b) TPo.05T, (c) TPo.1T, and (d) TP¢.2T. These
curves highlight the impact of graphene doping on cell efficiency from the rear side of the panels, which is
essential for understanding performance under less direct light conditions.

Sample Ry (©2) | Rop (R2) | e (u8) | CPE (nF) | Wmax (Hz) | Wo-R (2) | Wo-T (ns) | Wo-P

TPT 190.4 4531 31.8 179.35 49142 9.53m 2.28 432.88m
TPo.o5T | 196.2 46.98 50.3 120.62 5.0978 2.77m 0.700 442.19m
TPo.1T |190.8 57.44 63.4 19.20 24.1400 1.50m 0.359 450.19m
TPo.2T |1953 59.07 50.3 23.90 25.2220 1.08m 0.237 446.05m

Table 3. Electrochemical parameters from EIS for DSSCs with different graphene concentrations, showing
series resistance, charge transfer resistance, electron lifetime, and Warburg parameters.

Sample Bandgap energy (eV) | Notes

TPT 3.28 Base material
TPo.05T |3.27 0.05% graphene doping
TPo.aT |3.18 0.1% graphene doping
TPo.2T |[3.23 0.2% graphene doping

Table 4. Estimated bandgap energies for photoanodes with various graphene concentrations.
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Element | Weight % | Atomic %

CK 5.88 10.29
OK 55.45 72.77
TiK 38.67 16.95

Totals 100.00

Table 5. Elemental composition of graphene-doped TiO2 photoanodes as determined by EDS, showing
weight and atomic percentages of carbon (C), oxygen (O), and titanium (Ti).

Peak |k A (nm) B (rad) 0 (rad) D (nm)
(101) 0.90 0.15 0.03 0.49 6.00
(004) 0.90 0.15 0.05 0.11 2.96
(200) 0.90 0.15 0.03 0.09 4.98
(105) 0.90 0.15 0.05 0.06 2.95
(211) 0.90 0.15 0.03 0.03 4.41

Table 6. Crystallite sizes of TP yrapheneT photoanodes calculated via the Scherrer equation.

a firm fit, demonstrating stable performance over time. Figure 1d illustrates the J-V curves for the TPg.2T
configuration under front illumination. This configuration shows that a higher graphene concentration does
not necessarily lead to improved performance, as the Jsc and Jima. declined from the previous concentrations,
supporting the finding that 0.1wt% is the optimum concentration for the TPT configuration.

Under back illumination, as detailed in Supporting Information Table 8, the peak PCE was 3.52% on day 6,
with Jsc at 6.56 mA/cm? and Voc at 0.76 V. The R? values for Js¢ (0.9297) and Jnaz (0.9211) suggest a very
good fit, indicating that the TP 2T configuration performs consistently under back illumination conditions.
Figure 2d shows the J-V curves for the TPo 2T configuration under back illumination.

The data highlights the enhanced performance and stability of bifacial DSSCs with varying concentrations of
graphene under both front and back illumination. The TPg.1 T configuration showed the most promising results
with the highest R? values, suggesting its suitability for further development. The consistent performance under
back illumination also indicates the potential for practical applications in environments where both sides of the
cell can be exposed to light.

Figure 3 condenses the complete ten-day data set by displaying the arithmetic mean and standard deviation
of daily PCE values for each sample. Under front illumination [panel (a)], the TPo.1 T device attains the highest
time-averaged efficiency of 6.55% * 0.32%, slightly surpassing the undoped TPT control (6.46% * 0.24%) and
the TPo.05T (6.22% + 0.30%) and TPo.oT (6.15% + 0.23%) photoanodes. For back illumination [panel (b)], the
ranking is led by TPT at 4.15% + 0.38%, followed by TPo.1 T (3.96% + 0.28%), TPo.05T (3.92% + 0.20%), and
TPo.2T (3.20% + 0.45%). These time-averaged results confirm that a 0.1% graphene loading not only yields the
highest peak efficiency but also sustains superior front-side performance throughout the entire stability test
while maintaining competitive back-side operation.

By the 10th day of the experiment, as shown in Table 1, the results showed a high stability regarding TPo.oT
that can be attributed to the high concentration of graphene in the TiO2 matrix. Similarly, but with higher PCE
can be shown in TPo.1 T. TPT and TPg.05T shown much less stability with higher degradation effect. Summing
the front and back illumination efficiencies, the following total PCE values at the 10th day were observed:

o TPT:9.96% (6.40% + 3.56%)

o TPo.05T:9.84% (6.03% + 3.81%)
o TP0.1T:10.31% (6.68% + 3.63%)
o TPg.2T:9.81% (6.29% + 3.52%)

These findings reinforce the notion that strategic graphene doping can significantly influence the efficacy of
bifacial DSSCs, optimising their operational capabilities in varied lighting conditions.

Due to the inherent design of DSSCs, which favours front illumination, the PCE tends to be higher when
light is absorbed from the front. This is primarily because the dye molecules, crucial for light harvesting, are
more effectively positioned to capture and utilise light entering through the front of the cell*. To quantify the
performance difference between front and back illumination, we calculate the bifacial factor (BFF) using the
formula:

PCEback
BFF = ———. 1
PCEfrOnt ( )

where PCEy,ck and PCEgyon¢ represent the power conversion efficiencies under the back and front illumination,
respectively. This metric helps understand the cell’s efficiency from both sides and highlights its potential for
varied lighting conditions, particularly in applications where both sides may receive light?’.
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Fig. 3. Time-averaged power conversion efficiency (PCE) of TPT and graphene-doped photoanodes over the
full 10-day stability test period under (a) front and (b) back illumination. Bars represent the mean + SD (n = 2
pseudo-replicates: front/back measurements of the same device) taken across all measurement days.

The BFF ratios presented in Table 2 reveal significant insights into the performance of DSSCs under different
graphene doping conditions. TPT configurations exhibit the highest BFF ratio, peaking at approximately 0.72,
indicating a substantial drop in efficiency when transitioning from front-to-back illumination. This trend suggests
that while efficient under direct illumination, the standard configuration loses considerable performance when
exposed from the rear. The TPg.05T configuration shows a higher maximum BFF ratio of around 0.71, implying
a slightly better balance between front and back illumination efficiencies, potentially due to the light scattering
effects of the graphene. Notably, the TP.1 T configuration achieves a moderately high ratio but demonstrates
more consistency across different measurements, suggesting an optimal graphene concentration for maintaining
balance in bifacial applications. Conversely, the TPq.oT configuration consistently shows lower BFF ratios,
indicating diminishing returns at higher graphene concentrations, likely due to increased optical density that
impedes light penetration to the rear side of the cells. These findings underscore the importance of optimising
graphene concentration in the photoanode to achieve a desirable balance between high efficiency and stable
bifacial performance.

Analysis of PCE trends over time
The PCE trends were analysed over 10 days to understand the performance and stability of the DSSCs with
various graphene concentrations. By plotting the PCE values over time for both front and back illumination,
we can observe the peak performance days and the overall stability of the cells. This trend analysis is crucial for
identifying the optimal graphene concentration that offers the best balance between initial performance and
stability, providing valuable insights into the practical application of these cells in real-world conditions.

For the TPT configuration, the highest front illumination PCE was observed on day 4, reaching 6.71%, while
the back illumination PCE peaked on the same day at 4.86%. The TPg.05T configuration showed its highest
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front illumination PCE on day 2 at 6.50%, with the back illumination peaking at 4.20% on the same day. The
TP 1T configuration achieved its highest front illumination PCE of 6.73% on day 2, with the back illumination
peaking on day 4 at 4.36%. Lastly, the TPy 2T configuration reached its highest front illumination PCE of 6.29%
on day 4, while the back illumination peaked on day 6 at 3.52%.

Figure 4 effectively summarises the performance trends, showing each configuration’ relative stability and
efficiency over time. The consistent performance under back illumination indicates potential for practical
applications in environments where both sides of the cell can be exposed to light.

Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance spectroscopy (EIS) analysis revealed that incorporating graphene into TiO2
photoanodes significantly enhances the electrochemical performance of DSSCs*®. As illustrated in the Nyquist
plots (Figure 5a), the semicircle diameters, which correlate with the charge transfer resistance (Rct), increase
with higher graphene content, indicating that while graphene enhances electronic pathways within the TiO»
matrix, it also introduces interfacial complexities that can hinder charge transfer. The Bode plots (Figure 5b)
further support this by showing changes in the phase angle and impedance magnitude, highlighting improved
charge separation and electron lifetime, especially in the TPq.1 T sample.

Table 3 provides a comprehensive overview of the electrochemical parameters for the different DSSC
configurations. The Warburg impedance parameters (Wo-R, Wo-T, and Wo-P) provide insights into the ionic
diffusion characteristics within the cells. Lower Wo-R values in the TPo.1 T and TPo.2T samples suggest
improved ionic diffusion, crucial for efficient dye regeneration and overall device performance. Specifically, the
Wo-R value for TPg.1 T is 1.50 2 S92, significantly lower than the 9.53 2 S~9-% observed in the undoped TPT
sample. This improvement in ionic transport is corroborated by the enhanced fill factors observed in the J-V
characteristics of the graphene-doped DSSCs.

Building on the Warburg analysis, charge-carrier dynamics can be assessed by the electron lifetimes 7. and
corresponding recombination rates

1
krec =
Te
From Table 3, the undoped TPT sample exhibits 7. = 31.8us, whereas TPo.05T, TPo.1T, and TPq.oT show
extended lifetimes of 50.3us, 63.4us, and 50.3us, respectively. Converting these to recombination rates yields:

—l— TPT Front lllumination PCE
—@— TPO0.05T Front lllumination PCE
—f— TPO0.1T Front llumination PCE
W TPO.2T Front lllumination PCE
—ll— TPT Back lllumination PCE
—@— TPO0.05T Back lllumination PCE
—é— TPO0.1T Back lllumination PCE
—w— TPO0.2T Back lllumination PCE

— —
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Days

Fig. 4. Power conversion efficiency (PCE) trends over 10 days for DSSCs with varying graphene
concentrations under front and back illumination.
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Notably, the TP.1T sample exhibits the longest 7. and lowest kiec, corresponding to a ~50% reduction
in recombination rate compared to undoped TPT. This suppression of carrier recombination underpins
the enhanced charge-transfer efficiency. It aligns with the superior PCE and fill factor observed in the J-V
characteristics of the TP 1 T DSSC.

Integrating graphene into TiO2 photoanodes enhances electronic and ionic transport properties, improving
device performance. The optimal concentration of graphene appears to be around 0.1wt%, balancing the benefits
of enhanced electron mobility and reduced recombination rates with the complexities introduced at higher
doping levels. These findings underscore the potential of graphene-doped TiO2 photoanodes in advancing the
efficiency and stability of DSSCs, making them more viable for practical applications®.

Optical characterisation: UV-vis absorption spectra and tauc plots

UV-vis absorption spectroscopy was performed to evaluate the optical properties of the graphene-doped TiO2
samples, and the data were analysed using Tauc plots. UV-vis absorption spectra reveal how adding graphene
influences the light absorption capabilities of TiO2, particularly in the visible region. Derived Tauc plots allow
for the estimation of the samples’ bandgap energies, which is critical for understanding enhancements in
photocatalytic activity and overall cell performance. This optical characterisation helps assess how graphene
doping modifies the electronic structure of TiO2, contributing to improved efficiency in DSSCs*.

The UV-vis absorption spectra Figure 6 of the graphene-doped TiO2 samples, measured without dye
absorption, illustrates the impact of graphene on the photoanodes’ optical properties. For the TPT (undoped
TiO2) sample, the baseline absorption spectrum exhibits typical TiO2 characteristics with a prominent
absorption edge around 380 nm, indicative of its intrinsic bandgap. The TP.05T sample shows a slight increase
in absorption across the spectrum, suggesting enhanced light-harvesting capabilities due to the presence of
graphene. The TPo.1 T sample exhibits a significant increase in absorption in the visible region, indicating that
higher concentrations of graphene further improve light absorption properties*!*2. However, the TPy o T sample
shows a moderate increase in absorption compared to TPo.o5T, but slightly lower than TPy 1T, suggesting an
optimal graphene concentration for maximising light absorption.

The Tauc Plots, Figure 7, and Table 4 derived from the UV-vis absorption data provide insights into the optical
bandgap energies of the samples. The TPT sample has an optical bandgap of approximately 3.28 eV, consistent
with anatase TiOz. Introducing 0.05% graphene (TP.05T) slightly decreases the bandgap to 3.27 eV, indicating
minor alterations in the electronic structure. An increasingly further reduction to 3.18 eV is observed for the
TPo.1 T sample, corresponding to the enhanced visible region absorption seen in the UV-vis spectra, suggesting
significant modification of the TiO2 band structure. The TPo.oT sample’s bandgap slightly increases to 3.23
eV, indicating a saturation point where further graphene addition does not significantly enhance electronic
properties and may even slightly decrease performance®®. These findings confirm that optimal graphene doping
can modulate the bandgap of TiO2, improving light absorption and potential photocatalytic efficiency, which is
crucial for optimising graphene concentration in TiO2 photoanodes for DSSC applications.
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Fig. 6. UV-Vis absorption spectra of undoped and graphene-doped TiO2 samples indicate the effect of
graphene concentration on TiO2’s light absorption properties.
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Fig. 7. Tauc plots derived from UV-Vis data for undoped and graphene-doped TiO2 samples showing
bandgap energies that decrease with increasing graphene concentration.

Structural and compositional analysis: FESEM, EDS, XRD, and Raman

To characterise the morphology and elemental composition of the graphene-doped TiO2 photoanodes, we
employed field emission scanning electron microscopy (FESEM) and energy-dispersive X-ray spectroscopy
(EDS). The FESEM analysis provides detailed images of the surface structure, allowing us to observe the
dispersion and integration of graphene within the TiO2 matrix. EDS complements this by offering quantitative
data on the elemental composition, confirming the presence and distribution of carbon (from graphene),
oxygen, and titanium. These techniques help us understand how the structural properties of the photoanodes
influence their performance in DSSCs.

The field emission scanning electron microscopy (FESEM)
Figure 8 showcases the surface morphology of the graphene-doped TiO2 photoanode utilized in our DSSCs.
A prominent feature is a distinct graphene nanosheet, measuring approximately 1.77um by 1.84um, situated
within the TiO2 matrix. This flat, well-defined structure confirms successful integration of graphene flakes
into the semiconductor. The surrounding TiO2 appears densely packed, with a granular texture typical of
nanoparticulate anatase. The contrast between the smooth geometry of the graphene and the granular TiO»
highlights the heterogeneity introduced by doping, which is expected to improve electron transport and increase
surface area for dye adsorption.

From the same FESEM images (see inset of Figure 8), primary TiO2 particles were measured at 12.4nm,
14.6nm, 20.7nm, 23.3nm and 24.8nm, suggesting a broad size distribution. A quantitative analysis of n = 100
particles using Image]J yields an average diameter of 19.2nm * 5.4nm (range: 12.4nm to 24.8nm). These SEM-
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Fig. 9. EDX spectrum of graphene-doped TiO2 highlighting the peaks corresponding to carbon (C), oxygen
(0), and titanium (Ti), indicative of the material’s composition.

derived grain sizes exceed the XRD-derived crystallite sizes (4nm to 6nm) obtained from Scherrer analysis
(Table 6), indicating that each mesoporous TiO2 grain comprises multiple smaller anatase domains.

Energy-dispersive X-ray spectroscopy (EDX)

The elemental composition of the graphene-doped TiO2 photoanodes, pivotal to enhancing the performance
of DSSCs, was determined through energy-dispersive X-ray spectroscopy (EDS). As elucidated in Figure 9
and quantitatively summarised in Table 5, the EDS analysis confirmed the presence of carbon (C), oxygen
(0), and titanium (Ti) within the samples, with carbon signifying the successful doping of graphene into the
TiO2 matrix. The analysis yielded weight percentages of 5.88% for carbon, 55.45% for oxygen, and 38.67% for
titanium, translating to atomic percentages of 10.29%, 72.77%, and 16.95%, respectively. These results verify the
incorporation of graphene and underscore the stoichiometric balance of TiO2 within the composite material.
The specific ratios of graphene to TiO2 offer insights into the doping level, providing a basis for understanding
the observed enhancements in photocatalytic activity and photovoltaic performance of the DSSCs. To calculate
the atomic weight% between C and Ti :0, we have used a simple equation of C = 10.3 %, Ti:O = 89.7 %, resulting
in /& a 0.115 ratio, which is about 1 C atom for every 8.7 Ti:O atoms.
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X-ray diffraction (XRD) analysis
The crystalline structures of the TiO2 phases in both pure TiO2 (TPT) and graphene-doped TiO2 (TP graphene
T) samples were characterised using X-ray diffraction (XRD). Figure 10 shows the XRD patterns for both
samples, highlighting the diffraction peaks corresponding to different crystallographic planes of anatase TiOs.
The peaks are labelled according to their respective planes: (101), (004), (200), (105), and (211). The (101) peak,
the most intense and characteristic peak of anatase TiO2, appears around 26 = 25.3°, confirming the presence
of the anatase phase in both samples. The other peaks observed at 26 = 37.8° (004), 48.0° (200), 53.9° (105),
and 62.7° (211) are also consistent with the anatase phase, indicating that the crystalline structure of TiOz is
maintained upon graphene doping. The intensity of the peaks for the TPT sample is higher than the TP graphene
T sample, suggesting that introducing graphene slightly reduces the crystallinity of TiO2. This reduction in
intensity is typical when additional materials like graphene are incorporated into the TiO2 matrix, as they can
introduce some degree of disorder or strain within the crystal structure. However, the preservation of the anatase
peaks in the TP grqpnene T sample indicates that the structural integrity of TiOz is primarily maintained even
after doping with graphene. The XRD analysis confirms that the predominant phase in TPT and TP graphene
T samples is anatase TiO2. The slight reduction in peak intensity for the graphene-doped sample suggests the
successful incorporation of graphene without significantly disrupting the TiO2 crystal structure.

To further analyse the crystallite sizes of the TP grapheneT sample, we have employed Scherrer analysis.
D (the diameter) of the photoanodes were extracted from the full-width at half-maximum () of five prominent
anatase peaks using the following equation:

kA
D=
3 cosf

3)

Crystallite sizes D of the TP g,-qpnene T photoanodes were extracted from the full-width at half-maximum (3) of
five prominent anatase peaks using the Debye-Scherrer equation (Eq. 3), where k is the shape factor (0.90), A the
X-ray wavelength (0.15?nm), and 6 the Bragg angle. As shown in Table 6, the (101) reflection yields the largest
crystallite size (6.002nm), while higher-order reflections such as (004) and (105) give smaller sizes (2.95nm to
2.96nm). The average crystallite size over all five peaks is 4.06 £ 1.17 nm, consistent with a nanocrystalline
anatase network that supports efficient dye adsorption and electron transport.

Raman spectroscopy

Raman spectroscopy was utilised to investigate the structural properties and quality of the graphene-doped
TiO2 photoanodes. The Raman spectra provide detailed information on the vibrational modes of the materials,
allowing us to identify characteristic peaks of anatase TiO2 and graphene. The ID/IG ratio, calculated from
the Raman spectra, indicates the level of defects and disorder in the graphene structure. This analysis is crucial
for understanding the structural integrity and quality of the graphene used in the photoanodes, which directly
impact their performance in DSSCs.

The Raman spectroscopic analysis of the graphene-doped TiO2 photoanodes, integral to our study’s
DSSCs, reveals critical insights into the composite material’s structural properties. As illustrated in Figure 11,
distinct peaks corresponding to both the anatase phase of TiO2 and graphene were identified, confirming
the successful integration of graphene. Notably, the anatase TiO2 peaks at approximately 144 cm ™" (Eg), 399
em™! (BIg), and 515 cm™' (Alg/Blg) indicate the presence of a photocatalytically active anatase phase. The
graphene characterisation yielded specific peaks at around 1350 cm ™! (D band), 1582 cm ™ (G band), and 2670
cm ™! (2D band). The ID/IG ratio, calculated as 0.94 from the intensities 529.8 (D) and 502.07 (G), suggests
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Fig. 10. XRD patterns of TPT (pure TiO2) and TP grapneneT (graphene-doped TiO2) samples, showing
diffraction peaks corresponding to different crystallographic planes of anatase TiOs.
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Fig. 11. Raman spectrum of graphene-doped TiOz highlighting anatase TiO2 and graphene peaks.

moderate disorder within the graphene structure. This degree of disorder indicates the presence of defects in
graphene, which can enhance photocatalytic activity by providing additional sites for electron trapping, thereby
facilitating charge separation and reducing recombination rates. Moreover, the G band’s presence confirms
the integration of sp” carbon atoms, characteristic of graphene’s conducive electrical properties. The 2D band,
associated with graphene’ layered structure, provides insights into the thickness and quality of graphene layers.
This comprehensive analysis underscores the synergistic effect between graphene and TiOa, attributing the
observed enhancements in DSSC performance to improved electron mobility and light absorption capabilities.

Thus, the detailed Raman spectroscopy data (Figure 11) not only validate the successful doping of graphene
into the TiO2 matrix but also illuminate how graphene’s structural characteristics particularly the moderate
disorder signified by the ID/IG ratio contribute to the enhanced efficiency of DSSC. This correlation between
graphene’s structural properties and DSSC performance underpins the potential of material engineering in
advancing photovoltaic technologies.

Conclusion

This study highlights significant advancements in the efficiency and stability of bifacial dye-sensitized solar
cells (DSSCs) by incorporating graphene into the SFF configuration of TiO2 photoanodes. The optimal doping
concentration of 0.1 wt% graphene achieved the highest total power conversion efficiency (PCE) of 11.04%
under both front and back illumination on the fourth day, and 10.31% after stabilizing on the tenth day. This
represents a considerable improvement compared to undoped TiO2 photoanodes.

Graphene doping enhances stability over time by reducing electron-hole recombination and improving
electron transport within the photoanodes. The sample doped with 0.1 wt% graphene (TPg.1T) demonstrated
high stability along with high efficiency after the initial performance evaluation. Additionally, the short-circuit
current density (Jsc) for this concentration reached 17.04 mA/cm?, compared to 15.99 mA/cm? for the
standard TPT configuration. Moreover, Electrochemical impedance spectroscopy (EIS) confirmed that graphene
decreases charge transfer resistance and extends the electron lifetime to 63.4 us, contributing to the observed
improvements. Characterization techniques such as field emission scanning electron microscopy (FESEM),
energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and Raman spectroscopy verified the
successful integration of graphene into the TiO2 matrix, maintaining its anatase structure while enhancing
electron mobility and light-harvesting capabilities. Furthermore, Ultraviolet-visible (UV-vis) spectroscopy
results mirrored the outcomes of the current-voltage (J-V) curve and EIS, showing a reduction in bandgap
for the graphene-doped TPT configuration. These findings underscore the potential of graphene-doped TiO2
photoanodes to advance bifacial DSSC technology, making it viable for practical applications, including building-
integrated photovoltaics (BIPVs). Future research should focus on refining the doping process, exploring other
doping materials, and conducting long-term performance evaluations in real-world conditions. Overall, doping
TiO2 photoanodes with graphene provides a promising strategy for enhancing the performance of bifacial
DSSCs, contributing to the development of highly efficient and durable solar energy conversion devices.

Data availability
The datasets generated and/or analysed during the current study are available from the corresponding author
on reasonable request.

Materials availability
All materials used in this study are commercially available and have been described in the methodology sec-
tion.
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