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Abstract

Dye-sensitized solar cells (DSSCs) have attracted attention due to their efficiency, and researchers are exploring
various techniques to enhance their performance. Graphene nanoribbons and doxorubicin with their specific structures
can improve these cells' performances. This study is the first application of doxorubicin-functionalized graphene
nanoribbons (DF-GNR) as an electrolyte additive in DSSCs. One of the most innovative parts of this research is
applying doxorubicin as an expired medicinal drug to embrace the circular economy. The graphene-oxide nanoribbon
(GONR) synthesis began with carbon nanotube oxidation, followed by GONR and doxorubicin reacting in 1-butyl 3-
methyl-imidazolium bromide (as a solvent and catalyst) and triphenyl phosphate to generate DF-GNR. The
electrolytes were composed of various amounts of DF-GNR and ionic liquids, including 1-butyl-3-methyl
imidazolium iodide (BMII) and 1-ethyl-3-methyl imidazolium iodide (EMII). The results showed that adding an

optimum amount of DF-GNR increased the open-circuit voltage (Voc) from 0.713 to 0.749 V, the short-circuit current
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density (Jsc) from 8.559 to 13.781 (mA/cm?), and the DSSCs' efficiency from 4.276% (the standard cells based on a
graphene-free electrolyte in which DF-GNR is not added.) to 7.126%. Furthermore, Density functional theory studies
revealed that the adsorption of DF-GNR electrolyte additives onto the TiO, surface induced the formation of mid-gap
states within the electrode’s bandgap. These states facilitated electron transport by lowering the energy barrier, leading
to a reduction in the bandgap caused by additive adsorption. This change also resulted in a redshift in the absorption

edge and a significant enhancement in the efficiency of DSSCs.

Keywords: Dye-sensitized solar cell, Doxorubicin, lonic liquid, Density functional Theory,

Functionalized Graphene nanoribbon, Nano-composite electrolyte

1. Introduction

The DSSC, a favorable and reliable photo-electrochemical device to convert solar power into electrical power, has
generated considerable interest on account of its low costs of production, comparatively high efficiency of energy
conversion, excellent nontoxicity, and lighter weight in comparison to traditional silicon-based cells.[1-9] DSSCs
consist of a transparent conducting substrate (TCO), a mesoporous, a counter electrode, nanostructured semiconductor
(photo-anode), dye molecules (sensitizer), and an electrolyte.[10—14] The electrolyte plays a leading role in DSSCs
due to the fact that its properties significantly impact the performance of DSSCs, which includes their conversion
efficiency and stability, by regulating the dynamics of electron transfers that control the kinetics of dye
regeneration.[15,16] For DSSC applications, numerous types of electrolytes, including liquid electrolytes with organic
solvents, polymer gel electrolytes, inorganic materials, ionic liquids, and organic hole-transport substances, have been
established.[17] Due to their superior performance in converting energy compared to other types of electrolytes, liquid
electrolytes frequently serve as a medium of transportation for DSSCs. DSSCs with liquid electrolytes have seen
photo-energy conversion efficiencies (PCEs) as high as 12% thus far.[18] In DSSC, charge transport and dye
regeneration between the electrodes and electrolytes are both accomplished by the redox couple (I7/I3), a crucial
electrolyte component, owing to its unique characteristics, high conductivity, and good solubility in solvents. This
redox system has received the most attention for DSSCs in their development.[19] Organic solvent-based electrolytes,

due to their low viscosity, high efficiency, ease of design process, and rapid ion diffusion, have been frequently utilized



in DSSCs. Nonetheless, one of the primary issues with the use of an organic solvent electrolyte is its low long-term
stability, which is a result of its low boiling point, high temperature instability, leakage, easy evaporation, and sealing
difficulty.[20] Ionic liquids (ILs) consisting of anion and cation are particularly favorable materials that could replace
organic solvents in electrochemical devices because of their non-volatility, low ionic conductivity at room
temperature, and great chemical and thermal stability. Utilizing the ILs-based electrolytes can address the issue of
liquid electrolyte’s leakage. But solvent exclusion in the electrolyte can easily result in serious issues such as decreased
cell performance, potential dye detachment, and solvent volatilization, which restrict the commercial viability of
DSSCs. [21,22] Substituting liquid electrolytes with nanocomposite electrolytes is an effective and straightforward
method for enhancing the DSSCs’ stability and photovoltaic performance. Carbonaceous materials are recognized as
impressive nanofillers (NFs) for electrolytes of DSSC due to their exceptional structural, mechanical, and
electrochemical adaptability. The best options for carbonaceous nanomaterials as additives in ILs-based electrolytes
are carbon nanotubes, graphene derivatives, and carbon black. Electrolytes with carbonaceous nanomaterials create
continuous ion-conduction pathways. These NFs’ electrical conductivity is reliant on the characteristics of the
electrolyte components and the properties of the carbonaceous nanomaterials, which are related to conductance, such
as the porosity, shape, particle size, and functional groups on the materials’ surfaces. To improve biocompatibility and
solubility, the carbon nanomaterials’ surfaces are capable of being changed using carbon structures with oxygen-
containing functional groups.[23—29] Graphene nanoribbons (GNRs) have drastically different qualities than other
forms of carbon. GNRs as thin, elongated graphene strips with a finite width (straight and high length-to-width ratio
edges) have also been the topic of intense investigation. Due to their large surface area and exceptional electronic
properties, GNRs are ideal fillers for nanocomposite materials.[30-32] Graphene nanoribbons of different widths can
be produced, according to recent experiments employing epitaxial growth and the mechanical method.[33]
Additionally, extensive research has been conducted on two top-down synthesis techniques for the production of
GNRs. Graphene or graphite precursors are cut or etched into thin strips in the first method, while carbon nanotubes
(CNTs) are longitudinally unzipped in the second method[34-36]. Their electronic properties are significantly
influenced by the atomic structure of their edge topologies. The graphene's existence of edges significantly affects the
spectra of w electrons with low energy. The qualities of graphene nanoribbons are determined by two fundamental
edge shapes: armchair and zigzag.[33] Nakada et al. came to the conclusion that 3 or 4 zigzag sites per sequence are

efficient for one edge state to be noticed in GNR using tight-binding band calculations.[37] According to Fujita et al.



and Son et al., as GNR’s width increases, the normalized density of states decreases significantly [38,39]. This
indicates that GNR has a greater electronic structure than graphene, which makes it a desirable nanofiller for electrical
applications. Few experiments have yet emphasized the electrical properties of GNR nanocomposites.[40]

Waste materials containing nitrogen have recently been studied as components for graphene-based composites used
in DSSCs. An eco-friendly, easy, and affordable process for efficiently converting industrial waste lignin—a
byproduct of black liquor used to make paper—into oxygen-nitrogen-sulfur codoped porous carbon has been
developed in that study using preoxidation and self-activation. Following self-activation, the preoxidation process
strengthened the crosslinking between lignin molecules, resulting in a more disordered carbon structure and finally

improving the conductivity and cells' efficiency. [41]

Doxorubicin, commonly referred to as Adriamycin, is an antibiotic classified within the anthracyclines group. [42]
Doxorubicin molecules have structures that promote efficient electron transport and improve electrical conductivity.
This research utilized expired doxorubicin, aiming to promote the growth of the circular economy and enhance the
DSSCs’ efficiency owing to the unique molecular structure of doxorubicin. In the effort to ensure drug accessibility
for the public, there is a possibility that significant quantities of pharmaceuticals expire and become waste.
Pharmaceuticals are disposed of using a variety of techniques, including waste encapsulation and chemical
decomposition. Nonetheless, these procedures provoke apprehensions as they result in the discharge of
pharmaceuticals and possibly hazardous compounds into the environment. [43,44] An opportunity exists to convert
expired medications into functional materials, so minimizing waste and fostering sustainable development. Using
expired pharmaceuticals in photovoltaic cells can be a new research area centered on pharmaceutical waste
management. The results demonstrate a viable and efficient method for recycling expired pharmaceuticals by using
the intrinsic properties of doxorubicin and the synergistic effects of the resultant compounds to produce high-

performance DSSCs.

In this study, an intriguing and innovative method for improving the efficiency of DSSCs via synthesizing DF-GNR
and utilizing it as an efficient additive is examined. Doxorubicin enhances the properties of GNR and can transform
it into a distinctive and fascinating compound. In addition, the pollution caused by medicine disposal can be
considerably reduced through using expired Dox. In BMII and EMII ionic liquid-based electrolytes, GNR leads to

speeding up the exchange and ion transport. Meanwhile, the presence of Dox as a nitrogenous substance in their



structure accelerates these processes. The computational and experimental results of this work have revealed the

significant effects of Dox on GNR.

2. Experimental

2.1. Materials and chemicals

Merck (Darmstadt, Germany) provided some chemicals such as carbon nanotube powder (purity > 99.99%), iodine
(2, purity > 99.99%), lithium iodide (Lil, purity = 99.9%), potassium permanganate (KMnO4, purity > 97.5%),
ethanol (purity > 99%) , ammonia (NH4OH, purity > 99.95%), sulfuric acid (H2SO4, purity > 99.99%), 1-
methylimidazole (purity = 99%), and hydrochloric acid (HCl, purity = 36%) except butyl iodide (purity = 99%), Tri-
phenyl phosphate (TPP, purity > 99%), N, N-di-methyl-acetamide (purity > 99%) and methyl iodide (purity > 99%)
purchased from Sigma Aldrich (Milwaukee, WI) and 4-tert-butylpyridine (TBP, purity = 99%) obtained from Exir
GmbH (Wien, Austria). Also, expired doxorubicin drug (C27H29NO11) with purity of 99% manufactured by TTY
Biopharm, was provided. The rest of the solvents and materials were ordinary commercial items of analytical quality
with no more purification.

2.2. Synthesis of ILs

The papers describe how to produce EMII and BMIL [21,45,46] The synthesis of BMII involves the following steps:
A molar ratio of 1:1 of methyl imidazole and butyl iodide is mixed in a reflux condenser-equipped three-neck flask
with a round bottom and an inlet of Ar, and fitted with a magnetic heat stirrer. Initially, 1-methylimidazole, having a
higher boiling point, is introduced into the balloon, followed by the slow, dropwise addition of butyl iodide. The
mixture of reaction was stirred gradually over a period of 48 hours at room temperature.

The reaction leads to the creation of a viscous liquid with a distinct orange color, which undergoes purification through
multiple processes. The orange substance was obtained through two washings with ethyl acetate (an ionic liquid that
is insoluble in ethyl acetate, while methyl imidazole and butyl iodide are soluble in it). This method effectively
separates the impurities from the starting materials. Subsequently, the compound was dried in a vacuum oven at 35
degrees Celsius for five hours.

The synthesis of EMII follows the same procedure, conditions, and ratios as the synthesis of BMIL.

2.3. Synthesis of GONR and DF-GNR:



The synthesis of GONR and DF-GNR is shown in Schematic 1. The GONR was synthesized by opening the CNT
using a chemical oxidation method. Due to the interaction of sulfuric acid on the CNT layers, the nanotubes were
opened longitudinally, and GONR with oxygen-rich functional groups such as ketone, hydroxyl and carboxylic acid
were formed. A reductant, hydrazine, was employed to reduce the GONR-containing solution. Hydrazine reduces the
number of functional groups such as epoxy, hydroxyl, and carboxylic acid present on oxidized graphene nanoribbons.
This reduction facilitates resonance in their aromatic rings and enhances the electrical conductivity of the graphene
nanoribbons. Ultimately, this process leads to an increase in the electrolytic conductivity of the final electrolyte
additive material.

The steps are as follows: Potassium permanganate (0.5 g) and sulfuric acid (100 ml) were used to disperse CNT (0.1
g). For 15 hours, the mixture was vigorously stirred with a magnetic stirrer at a temperature of 35°C. To eliminate any
unreacted potassium permanganate, 10 mL of hydrogen peroxide was added. The solution was centrifuged at 15000
rpm for 1 hour at 4°C to separate the residues. The residues were then dispersed in ethanol, and the floating fluid on
the surface was collected. Centrifugation at 5000 rpm for 1 hour at 4°C was carried out to remove unreacted CNTs.
The unreacted or non-exfoliated carbon nanotubes are usually collected in the upper layer of the liquid (supernatant)

after centrifugation.[47]
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Schematicl.Synthesis mechanism of DF-GNR



For the preparation of DF-GNR, in a reflux condenser-equipped two-neck round bottom flask with a capacity of 50
mL, GONR (0.5 g) and BMIBr (2 g) were added. Then, triphenyl phosphate (0.5 mL) was introduced to the mixture
of reaction, and finally, doxorubicin (1 g) was added and stirred for 20 min. For 2 hours, the mixture was heated to
100°C. Subsequently, the final product was washed with methanol, filtrated, and dried for 10 hours at 80°C in an oven
[48].

The reaction mechanism between triphenyl phosphate, BMIBr and the formation of DF-GNR is described in the
supporting information file. [48]

2.4. Standard and nanocomposite electrolytes preparation

Instead of employing organic solvents, the same concentration of 1 M of both EMII and BMII ILs was utilized to
create the electrolytes. The standard electrolyte was created using 0.1 M Lil, 0.5 M TBP, and 0.1 M I, in a mixture of
ILs. The standard electrolyte was combined with the various concentrations of DF-GNR (0.25, 0.5, 0.75, and 1 wt %)
to create the nanocomposite electrolytes. After 30 minutes of sonication, the nanocomposite electrolytes were
deposited on a stirrer with magnets for 24 hours to equally distribution of the DF-GNR in the ILs. It was thoroughly

investigated that how the new nanocomposite-electrolytes affected the DSSCs' characteristics and performance.
2.5. Fabrication of DSSCs

The method for fabricating a solar cell employed in this project is the same as described in the publications.[21,45]
Glass substrates with fluorine-doped tin oxide (FTO) are washed. Then, based on the Dr. Blade method, a coating of
TiO, with a particle size of about 25 nanometers is printed on the conductive surface of some portions, followed by a
layer of scattering paste with a particle size of about 400 nanometers. They are heated to 500 degrees Celsius during
a routine temperature program for this section. Finally, a translucent film with an area of 0.16 square centimeters and
a thickness of 8 micrometers is obtained. These components are immersed in a solution of dye (N719) at room
temperature for 18 to 24 hours to allow the nano-crystalline fraction to absorb the dye. To prepare the cathode, a 0.6
mm diameter micro mill is used to make holes for electrolyte injection, and then the pieces are washed in the same
way as the anode. Then, on the entire glass surface, a solution of H,PtCls in absolute ethanol is evenly deposited. The
glasses are heated to a temperature of around 460°C for about 15 minutes and then cooled slowly. Through a
previously-made hole on the cathode, the electrolyte enters the empty area between the two electrodes and creates a
vacuum. A piece of serlin is inserted in the hole to prevent the electrolyte from leaking out, and a piece of hot glass is

placed on the serlin to adhere to it thoroughly. The electrochemical study of the completed solar cell is now possible.



Two types of electrolytes, standard and nanocomposite, were employed to create cells in this project, with interesting

results.
2.6. DFT Method

To examine the impact of incorporating DF-GNR into electrolytes as an effective additive to improve the efficiency
of DSSCs, calculations of density functional theory (DFT) [49,50] were conducted. These calculations focused on
investigating the electronic properties of the interfaces in DSSCs. The Vienna ab initio simulation package (VASP)
was used in the geometry optimization procedure[51,52], utilizing the generalized gradient approximation (GGA) and
a plane-wave basis set[53] implemented through the method named projected-augmented wave (PAW)[54] and the
Perdew-Burke-Ernzerhof (PBE) functional.[55].

The PBEO hybrid functional was used to calculate the electrical characteristics and get precise band gap values[56—
58]. Additionally, the dispersion correction based on the Grimme Scheme [59] was applied. Based on the Monkhorst
Pack scheme, A cutoff energy of 500 eV and a I point grid were used for the growth of the plane wave basis sets and
the Brillouin zone sampling, respectively[60]. The geometry optimization process continued until a convergence
criterion of 0.01 eV/A for the maximum force on atoms and 10-5 eV for energy was achieved.

2.6.1. DFT Model

In our research, we selected the anatase TiO, (101) facets as the electrode due to their stable nature.[61-63] To better
comprehend the electrical structures near the interface between the electrolyte and the TiO» (101) electrode employed
in our project, we constructed and improved adsorbed structures of doxorubicin-functionalized GNR (graphene
nanoribbon) containing ILs (ionic liquids) and TBPs (tert-butylpyridine) as the primary components of the standard
electrolyte on the surface of TiO, (101). This configuration is illustrated in Figure 1.

The calculated lattice constants of a and b were found to be 3.784 A, and ¢ was determined to be 9.514 A, which
closely align with experimental values for bulk TiO, anatase.[64] Our model of the anatase TiO» (101) surface
consisted of four fixed layers at the bottom and four relaxed layers on top, in accordance with existing literature.[65]
To model the electrolyte system, we first optimized the structures of IL, TBP, and doxorubicin, as shown in Figures
l.a to 10.c. Following this, IL and TBP molecules were incorporated onto the TiO, surface (Figure 1.d) as vital
components of the standard electrolyte to evaluate their roles in enhancing ion transport and supporting electron
transfer at the interface. Next, a GONR layer with randomly placed carboxyl and hydroxyl functional groups on its

edges was constructed. Doxorubicin was then used to functionalize the GNR, creating DF-GNR, onto which ILs and



TBPs were subsequently introduced. The interactions between these components and the TiO, surface were analysed,
as depicted in Figure 1.e. This comprehensive configuration enabled the study of mid-gap states' formation and their

influence on the electronic properties of the system, contributing to improved DSSC performance.

: N 4 /h‘
e e »4& < e M

Fig. 1. The lowest energy structures of a) TBP, b) IL and ¢) Doxorubicin, d) IL/TBP/TiO>, and e) IL/TBP/DF-GNR/TiO5;
Brown spheres stand in for carbon atoms, red spheres for oxygen atoms, larger blue spheres for titanium atoms, smaller
blue spheres for nitrogen atoms, and white spheres for hydrogen atoms.

3. Results and discussion

3.1. Characterization of GONR and DF-GNR

The FTIR spectra (by FTIR spectrometer made in U.S.A, PerkinElmer Spectrum1 model) of DF-GNR and GONR are
shown in Fig. 2. The GONR spectrum exhibits some common peaks at 3400, 1725, 1285, and 1069cm™, that are
credited to O-H stretching, C=0 stretching, C-OH stretching, and C—O vibrations, respectively.[66—70] In addition,
GONR peaks are compatible with fingerprint bonds such as C=0 vibrations (1625 cm™), and O-H bending (662 cm
N[67,71]. 1t also displays the distinctive peak at 2927 cm™! that is connected to the C—H stretching vibrations.[72] In
the DF-GNR spectrum, the sharp band at 1719 cm™! belongs to the carbonyl group in doxorubicin. Another intense
peak at 1034 cm™! represented the C-O stretching bond. Also, the graph shows a peak at 3396 cm™! relating to the
vibration of the O-H bond and a band around 1583 cm™ connected to the aromatic rings in doxorubicin.[73] In

addition, the N-H tensile band of 3168 cm™' is related to the structure of doxorubicin which indicates the successful



functionalizing process [74], and the peak of 2970 cm™! represents the symmetric vibrations of NHs* that is no longer
visible in the DF-GNR spectrum due to the amide bonds formation. This investigation revealed particular peaks at
wave numbers 682, 813, 1140, 1402 and 1644 cm'! that correspond to C=C ring bending, C-H bending, aromatic C-
H, carboxylic acids, alkenyl C=C stretch, respectively.[75-82] In general, the results acquired from this analysis

confirm the correct functionalization process of GONR.
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Fig. 2. The FT-IR of GONR and DF-GNR

The XRD pattern (XRD spectrometer made in Netherlands, Philips pw1730 model) that is depicted in Fig. 3 shows a
very clear peak with high intensity at 32.12° and a d-spacing of 2.74 nm for the DF-GNR, which characterizes the
structure of doxorubicin. In the diffraction pattern of Dox in its crystalline and purest state, this peak is formed at
31.24°. The increase in this angle and its high intensity are evidence of the presence of a large amount of it in the
synthesized material and the reduction of GONR. Other characteristic peaks of doxorubicin are 25.42° and 38.94°
with d-spacing of 3.46 and 2.22 nm, respectively. Comparing the peaks in GONR and DF-GNR, it can be seen that
after the oxidized nanoribbon is modified, the d-spacing and angle increase. This is because there is a lot of oxygen in

the GONR structure, which is reduced.[66,71,83]
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Fig. 3. XRD patterns of GONR and DF-GNR

In the Raman spectrum (Raman spectrometer made in Iran by Teksan company, TakRam N1-541 model) of GONR
shown in Fig. 4, two high-intensity peaks of about ~1580cm™ (G band) corresponded to the carbon sp? internal
vibration and ~1330cm™ (D band) corresponded to changes in the graphene edges and vibration of C atoms’ stretching
in sp® can be observed[84]. The mentioned peaks are also visible in DF-GNR spectrum with different intensities. An
increase of Ip/I; values in the calculation for DF-GNR compared with GONR can be seen, which can be attributed to
the formation of amide bonds between doxorubicin and GONR. There is a peak at 1290cm™ which is a sign of
hydrogen bonds in doxorubicin. The carboxylic acid groups in the structure also peaked at 1625¢cm™ and 1687cm™. In
the 700-750 cm™! range, the amide group in the DF-GNR has a very weak peak. Furthermore, the peaks in the region
2675-2940cm! in DF-GNR spectra belong to the CH-X groups, which is intense due to the addition of doxorubicin
to the structure. In general, the characteristic peaks of GONR are more intense in the DF-GNR spectrum, which can
be attributed to the relative reduction of GONR and the formation of a bond with doxorubicin. One of the factors
affecting the intensity of Raman peaks is the vibration of electron pairs, which depends on the @ bonds in the

structure.[76,85—-88]
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Fig. 4. Raman spectra corresponding to GONR and DF-GNR

X-ray photoelectron spectroscopy (XPS) is a valuable measurement method to determine the elemental chemical
compounds across the surface of materials.[17] According to Fig. 5, the presence of C 1s, O 1s, and N 1s peaks verifies
the existence of carbon, oxygen, and nitrogen elements in the graphene nanoribbon sample functionalized by
doxorubicin. Employing CasaXPS software, the spectra were analyzed to calculate atomic percentages of oxygen,
carbon, and nitrogen elements of 11.37%, 85.04%, and 3.60%, respectively. Table 1 displays the atomic percentage

analysis using the survey spectrum, whereas Fig. 5 displays the deconvolution of high-resolution XPS spectra of the

C 1s,0 1s, and N 1s elements in the DF-GNR.

Table 1. Analysis of the atomic percentages of the DF-GNR survey spectrum using XPS

. Binding energy Fitted peak area Atomic percentage
Peak Assignments V) (CPS.eV) (%)

C=0 530.20 660.5 4.35
O1s C-0 532.15 13577.9 89.50

0-C=0 535.35 932.8 6.15




C-C/C=C 284.30 10207.6 30.55

C-N 284.71 6963.7 20.84
Cls C-OH 285.13 1111.8 3.33
C-0-C 285.95 10590.7 31.70
C=0 287.91 4534.3 13.57
N-H 399.25 495.5 19.11

N 1s
C-N 400.35 2096.9 80.89

The deconvoluted O 1s peaks with binding energies of 530.20 <532.15, and 535.35 eV referring to C=0, C-O, and O-
C=0 bonds, respectively, in the DF-GNR structure (based on Table 1 and Fig. 6). Also, the C 1s peak is separated
into five distinct peaks at 248.30, 248.71, 258.13, 285.95, and 287.91 eV related to C-C and C=C bonds in aromatic
rings, C-N bonds in doxorubicin, C-OH, C-O-C and C=0 bonds, respectively[89].In addition, the N 1s is divided into

two peaks at 399.25, and 400.35eV, which are related to N-H and C-N bonds in doxorubicin[90].
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Fig.5. XPS survey spectrum of the DF-GNR
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Fig.6.peak-fitting XPS spectrum of (a) O1s, (b) Cls, and (c) N1s of DF-GNR with High-resolution

Fig. 7 illustrates the TEM images of DF-GNR recorded at various magnifications (TEM instrument made in
Netherlands, philips EM208s model). At higher magnifications, the three-dimensional graphene structures in the form
of ribbons and intertwined strands (Fig7.a) can be seen. In some images, opened carbon nanotubes with empty spaces
(Fig7.b) are visible. The darker areas in the images are probably related to the accumulation of dense masses due to
the bonding of the doxorubicin structure to the GONR edges and the synthesis of amide. [91,92] Such a bonding
mechanism just specifies the particular chemical interaction in this paper that occurred between carboxylic groups
situated on the edges of GONR with the amine groups from doxorubicin through covalent bonding by the amide bond

confirmed through XPS and FTIR spectra. [22]



Fig. 7.TEM images of DF-GNR

Fig. 8 presents the FESEM images of DF-GNR (FESEM instrument made in U.S.A, Quantum 200 model). In the
images after GONR is functionalized and modified by Dox, it can be seen that the graphene plates have become highly
integrated and dense due to the amide bond formation at the edges and have been reduced to smaller particles.
Nevertheless, wrinkles are still seen on the edges (Fig 8.a) , which is a prominent feature of graphene (high surface

area).[67,93,94]

While most interesting, this interaction and successful functionalization between GONR and doxorubicin are
elaborated through the results in FTIR, Raman, and XPS spectroscopy carried out for DF-GNR. Besides, the
deconvoluted peak fitted with the oxygen-containing group and amide bonds at C=0 530.20 eV, N-H, and CN of
399.25 eV and 400.35 eV also agree with the process of chemical bonding in the XPS data. Complementary FTIR was
done through the removal of NH;" peaks and an increase in C=0 and N-H stretching vibrations at 1719 cm™ and 3168
cm™, respectively, due to the covalent attachment of doxorubicin. This is further supported from the Raman spectra,

where an increased ID/IG ratio points toward structural alteration and thereby effective functionalization. These



findings verify that the binding of doxorubicin onto GONR is mainly due to chemical bonding from the amidation

reaction, although minor contributions arise from physical interactions such as n-w stacking.[95,96]
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Fig. 8. FESEM images of DF-GNR
3.2. Photovoltaic performances of DSSCs
Four solar cells were built for each of five different types of electrolytes containing 0, 0.25, 0.5, 0.75, and 1 wt% of
functionalized graphene nanoribbon. The electrolyte containing 0% DF-GNR by weight was evaluated as the standard
electrolyte. Current-voltage analysis (I-V) was performed on these cells after they were placed in the simulator. Fig.

9 depicts the curves derived from this analysis for several cell types based on the electrolyte utilized. In this section,



the derived (I-V) curves subjected to intense light are studied and evaluated using a solar light simulator (Sharif Solar,
SIM-1000) with an intensity (1000 Wm 2) equivalent to AM 1.5 solar spectrum irradiation. In order to examine the
electrolytes with varied DF-GNR percentages, the experiment was performed in four identical cells containing the
same type of electrolyte, and the average data is given in Table 2.

Adding DF-GNR to the electrolyte increases the efficiency (u), open-circuit voltage (Voc), and current density (Jsc)
in general; however, the rise differs depending on the graphene weight percentage employed. Adding 0.5% by weight
of DF-GNR to the electrolyte produces the optimum current density (Jsc) and efficiency (u) among all the cells.
Consequently, 0.5% by weight is the ideal concentration for this type of DF-GNR. By adding the functionalized
substance to the electrolyte at a rate of 0.25 and 0.5 wt% due to the special GNR’s structure, the presence of
heterocyclic structure, and the free electron pairs in doxorubicin, the electron transfer increased, and as a result, the
redox reaction became faster. This has enhanced the current density (Jsc) and efficiency (u), and due to decreasing the
rate of charge recombination process, open-circuit voltage (Voc) has grown. However, with adding 0.75 to 1 wt%,
due to the rise in the quantity of molecules of the additive in the electrolyte, the viscosity of the electrolyte rose, and
electron transfer became difficult. Therefore, the electron resistance has grown, and the current and efficiency have

dropped.
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Fig. 9. Current density-voltage (J-V) curve of DSSCs employing various DF-GNR concentrations in the electrolytes

Table 2. Photovoltaic characteristics derived from DSSCs’ J-V curves utilizing the standard electrolyte and various
concentrations of DF-GNR in electrolytes

Cells n[%] FF Jsc[mA/em?®]  Voc[V]
Eo (0 wt.% DF-GNR) 4.276 0.699 8.559 0.713
E: (0.25 wt.% DF-GNR) 6.089 0.688 12.042 0.733
E: (0.5 wt.% DF-GNR) 7.126 0.689 13.781 0.749
Es (0.75 wt.% DF-GNR) 6.178 0.686 12.502 0.720

E4(1 wt.% DF-GNR) 6.118 0.671 12.222 0.745




3.3. Electrochemical performances of DSSCs

In order to do electrochemical impedance spectroscopy (EIS) by IviumStat.XRe, the solar cell is subjected to a
constant potential bias and a slight sinusoidal potential disturbance. This minor perturbation in the potential induces a
sinusoidal disruption in the current. Obtaining the equivalent circuit permits the calculation of the system's electron
transport parameters. EIS analyzes the resistors in solar cells that have been manufactured. The final outcome of this
spectroscopy is depicted in the Nyquist diagram in Fig. 10. The best approximation of the number of circuit parameters
equal to the DSSCs is generated by the ZView software. This analysis is measured for two types of solar cells created
with standard electrolyte and nanocomposite electrolyte with the appropriate amount of DF-GNR (0.5wt %) under 20
mV AC sunlight simulator radiations in the range of frequency reaching 0.01 to 100 kHz. Table 3 defines the resistor
types, such as the counter electrode resistance (R1), the titanium dioxide-electrolyte-dye resistor (R»), the Warburg
resistor related to the oxidation / electrolyte coupling penetration process (Rpisr). Series resistors consist of TCO layer
resistors and junction resistors (Rs). By adding the optimal amount of DF-GNR to the electrolyte, it is possible to
conclude that all real resistors are lowered, and as a result, cell performance is enhanced with the DF-GNR composite
electrolyte.[97] The results are shown in Table 3. It can be said that in general, the unique 3D structure of graphene
nanoribbon and doxorubicin and the new amide bond established between them have caused more electrons to flow
and facilitate redox reactions in the electrolyte. Therefore, increasing the electron transfer by adding an additive to the

electrolyte leads to a drop in the electron resistance (R) compared to the standard electrolyte.
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Fig. 10.The DSSCs’ EIS spectrum with the standard (E0) and nanocomposite electrolyte (Ez)

Table 3. Parameters of EIS calculated by utilizing ZView software to fit the experimental data

Cells Ry(Q) R1(Q) R2(Q) Ruairr(QQ)
Eo (0 wt.% DF-GNR, standard electrolyte) 22.015 17.197 65.748 73.652

E: (0.5 wt.% DF-GNR, nanocomposite 13.400 6.958 21.830 28.231

electrolyte)

3.4. Computational calculations (DFT Results)

This study aimed to investigate the electronic properties of a nanocomposite system comprising the adsorption
configuration of the examined electrolyte on the surface of anatase TiO» (101). The goal was to acquire improved
knowledge about the impact of the new electrolyte additive on the TiO, electrode-electrolyte interactions.

Figure 11 illustrates the total and projected states’ density for the investigated nanocomposite. The results reveal the
presence of midgap states within the bandgap of TiO, attributed to the incorporation of DF-GNR in the electrolyte.

Mid-gap states are electronic states that form within the energy gap of a semiconductor due to defects, impurities, or



the incorporation of foreign materials like DF-GNR. These states can act as pathways for electron transport, enhancing
conductivity and facilitating charge transfer in the system. These mid-gap states, introduced by DF-GNR and
influenced by the surrounding ILs and TBPs, are absent in pristine TiO, and provide pathways for enhanced electronic
conduction. It is important to note that the initial band gap of anatase TiO, without additives was 3.2 eV, which was
reduced due to the introduction of mid-gap states when DF-GNR, ILs and TBPs were incorporated. Consequently,
this outcome causes a redshift in the adsorption edge and leads to an enhancement in the efficiency of DSSCs. These
results provide more evidence that DF-GNR, a novel addition to the conventional electrolyte, increases composite

conductivity and speeds up electron transmission across the interface between TiO» and the electrolyte.
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Fig. 11. The computed density of states (DOS) for the adsorption configuration of the doxorubicin-functionalized
graphene nanoribbon (DF-GNR) incorporating ILs and TBPs as the standard electrolyte on the anatase TiO, (101)
surface. The energy distribution of electronic states in the system is shown by the computed DOS, where the Fermi level is
located at 0 eV.

4. Conclusions

A novel and effective additive of DF-GNR was synthesized and utilized in DSSCs containing BMII and EMII ILs-

based electrolyte so as to enhance their performance. This supplement caused remarkable electrochemical results. By



applying the optimal amount of 0.5wt% DF-GNR in the nanocomposite electrolyte under AM 1.5 simulated solar light
illumination, the conversion efficiency of DSSC was increased to 7.126% from 4.276% (with the standard electrolyte).
The incredible 3D structure of the ribbons, along with the significant effect of doxorubicin contributed to this higher
efficiency. To be more precise, GNR's exceptional electronic properties, high surface area, and 7 electrons made it
electrochemically special. Also, Doxorubicin was employed to chemically modify GONR through the Vilsmeier
reaction and create an amide bond in the final compound. This bond and the structure of GNRs quickened the charge
transfer by hastening the redox pair (I7/I3) reaction inside the electrolyte. Moreover, doxorubicin includes aromatic
rings, oxygen, and nitrogen groups, which increase the number of free electron pairs and the final composition’s
conductivity. The DFT calculations demonstrated that the addition of DF-GNR as a new additive to the standard
electrolyte resulted in the emergence of midgap states within the bandgap of TiO,. This phenomenon led to an increase
in composite conductivity and facilitated electron transfer. Therefore, it boosted the effectiveness of GNR in relation

to improving the performance of DSSCs.
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