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Abstract

In this study, covalently multifunctional graphene oxide (GO) with vinyl imidazole/4-tert-
butylpyridine cobalt complex (GO-VI/TBP cobalt complex) was synthesized through a novel
approach. To this end, GO was functionalized with 1-vinyl imidazole (VI), followed by
establishing a reaction between GO-VI, 4-tert-butylpyridine (TBP), and anhydrous CoCl,. Then,
in dye-sensitized solar cells (DSSCs), this synthesized compound was used as an effective additive

in sustainable nanocomposite electrolytes based on 1-butyl-3-methylimidazolium iodide (BMII)
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and 1-ethyl-3-methylimidazolium iodide (EMII) ionic liquids (ILs). Adding 0.6 wt.% of optimal
GO-VI/TBP cobalt complex to electrolyte increased the conversion efficiency of DSSCs
significantly up to 7.359% compared to 4.130% in the initial standard DSSCs. This 78.18%
efficiency increase demonstrates how the GO-VI/TBP cobalt complex as a molecular bridge
affects the conductivity and electron transport in the electrolyte based on ionic liquids. By
enhancing the 1/I3 diffusion coefficient, cobalt complexes with the TBP ligand and nitrogen-
containing heterocyclic compounds in GO-VI/TBP cobalt complex compounds accelerated
electron transfers and ion conductivity in the electrolyte. As a result, the short circuit current
density (Jsc) increased from 8.131 to 14.301 mA cm™, and the open-circuit voltage (Voc) rose
from 0.725 to 0.754 V. Density functional theory (DFT) studies showed an increase in the
conduction band of the TiO; electrode after the adsorption of the electrolyte additives on its
surface. This upward shift resulted in the quick injection of electrons from the dye’s lowest
unoccupied molecular orbital (LUMO) to the TiO» electrode’s conduction band. Finally, a soft
computing system was designed to predict experimental features (Voc and Jsc) based on effective
factors. Based on the results, Random Tree, Random Forest, and Multilayer Perceptron (MLP)
methods with correlation coefficients greater than 0.92 have the highest efficiency for creating the
soft sensor. Overall, this work can be employed as a novel strategy for advancing the usage of

graphene derivatives in this sector to boost the performance of electrolytes.
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1. Introduction

Silicon has several applications in most solar cells regarding its great stability and energy
conversion efficiency. Today, numerous studies are underway on new generations of solar cells to
minimize the cost of synthesis and their usage in the future. Because of their excellent efficiency
and features, dye-sensitized solar cells (DSSCs) have been investigated in numerous studies [1-4].
Recently, it has been feasible to achieve photovoltaic conversion efficiency of more than 15% in
this type of solar cells owing to research and development on various DSSC components [5].
Sustainability aspects of DSSCs have always been considered in these works. In this regard,
several efforts have been made to enhance the efficiency of these cells by synthesizing green and
cost-effective ingredients and using these materials in the fabrication of DSSCs. DSSCs are also
considered regarding their unique manufacturing and commercial capabilities. The long-run
performance of DSSCs is affected by electrolyte leakage when using organic solvent-based
electrolytes [6]. In this regard, room temperature ionic liquids (ILs), particularly ILs based on
imidazolium cations, are employed in DSSCs to create green and sustainable electrolytes that serve
as both iodine sources and electrolyte solvents [7-9]. Chemical and thermal stability,
environmental friendliness, the low vapor pressure at room temperature, strong ionic conductivity,
tunable viscosity, and negligible electrolyte leakage distinguish ILs-based electrolytes as superior
and more acceptable alternatives to organic solvent-based electrolytes [10-12]. Along with ILs,
carbon-based materials can improve the conversion efficiency of these electrolytes when
incorporating them into the structure of these electrolytes [13, 14]. Owing to their specific
characteristics, graphene and its derivatives are among the ideal carbon-based materials for usage
in DSSCs to improve the performance of ILs-based electrolytes. In general, adding graphene and

its derivatives to ILs-based electrolytes improves the short circuit current density (Jsc), thereby



enhancing the performance of DSSCs [15-17]. The presence of graphene compounds in ILs-based
electrolytes can shift and optimize the bandgap of the electrolyte, resulting in improved electron
transport from the electrolyte to the anode [18, 19]. Graphene oxide (GO) offers appealing
qualities, including environmental friendliness, sustainability, ease of manufacture, and a variety
of functional groups with oxygen (e.g., epoxy and hydroxyl groups) [20]. Regarding these
qualities, GO can have the potential to be chemically modified. In addition, imidazole compounds
can enhance GO’s surface and electrical characteristics because of the heterocyclic structure’s non-
bonding pairs of nitrogen and bonding pairs [13, 21]. In addition, regarding certain capabilities of
cobalt in electron transport and the redox pair (I/137), the presence of cobalt compounds in the
electrolyte structure can aid oxidation-reduction reaction in the electrolyte [22-25]. Different
cobalt oxidation states allow cobalt-containing compounds to be added to the GO structure in the
form of complexes and establish distinct cobalt complexes in the functionalized graphene oxide
(FGO) structure [26-29]. In this respect, 4-tert-butylpyridine (TBP) can limit the recombination
and strengthening of open-circuit voltage (Voc) in the electrolytes of DSSCs. Hence, its use as a
ligand in cobalt complexes and its inclusion in the GO structure can make this chemical’s role in
the electrolyte more striking. [30, 31]. Thus, functionalizing GO with imidazole compounds in one
step and then adding cobalt complexes with TBP ligands to its structure can result in a compound
that is perfect for use in nanocomposite electrolytes. The explanation is that the imidazole
compounds’ presence in the compound’s structure improves the distribution and mixing of FGO
and ILs based on imidazolium cations. Using this FGO as an effective additive and mediator in
nanocomposite electrolytes can be a good idea and comparable to other similar studies. The reason

is that the presence of cobalt complexes with various ligands enhances the ionic conductivity,



excellent surface characteristics, and performance of the nanocomposite electrolyte in DSSCs by
enhancing electron transport [22, 32-34].

The present study describes a unique and creative method for synthesizing a covalently
multifunctional GO with vinyl imidazole/4-tert-butylpyridine cobalt complex (GO-VI/TBP cobalt
complex) using 1-vinyl imidazole (VI), a low-cost cobalt compound ( cobalt(Il) chloride
hexahydrate), and TBP. This complex is equally as effective as functionalized GOs with cobalt
complexes from earlier studies while being more affordable. Studying the effect of cobalt
complexes with TBP ligands and imidazole agents in graphene sheets has shown that these
complexes improve the characteristics of GO and make it a unique and interesting composition.
Therefore, as an effective additive in DSSCs electrolyte, GO-VI/TBP cobalt complex was
employed with binary imidazolium-based ILs 1-butyl-3-methylimidazolium iodide (BMII) and 1-
ethyl-3-methylimidazolium iodide (EMII). In electrolytes based on BMII and EMII ionic liquids,
GO functions as a molecular bridge to accelerate the transfer of ions. In the meantime, the presence
of nitrogenous substances and cobalt complexes with TBP ligands in their structure speeds up the
exchange processes between I and I3". The experimental and computational results from this study
demonstrate this research’s innovation and intriguing features as well. In the last section of this
paper, the machine learning computations, including Random Tree (RT), Random Forest (RF),
SMOreg, Multilayer Perceptron (MLP), Gaussian Process (GP), and Meta Bagging (MB), are

applied for creating a soft-sensor as an experimental parameter predictor.

2. Experimental

2.1. Materials



Natural graphite powder, Sodium nitrate (NaNQO3), potassium permanganate (KMnQOs), 1-vinyl
imidazole (purity > 99%), ethyl iodide (C2Hsl), butyl iodide (CsHol), 1-methylimidazole and 4-
tert-butylpyridine (purity = 98%) were prepared from Sigma-Aldrich Corporation (Milwaukee).
Merck supplied sulfuric acid (H2SOs), thionyl chloride (SOCl,), cobalt (IT) chloride hexahydrate,
hydrogen peroxide (H203), iodine (I2), lithium iodide (Lil), hydrochloric acid (HCI), and ethanol
(Darmstadt, Germany). Moreover, all chemicals and solvents employed in this research were of

analytical grade.

2.2. Synthesis of ionic liquids

BMII was synthesized in a 500 mL three-neck round bottom flask fitted with a reflux condenser
and a Ny inlet. First, 1-methylimidazole (Immol) was charged to the balloon, in an ice water
bath. Then, slowly poured butyl iodide (1.5 mmol) and stirred under N». In the next step, the
reaction solution was stirred for 48 h at 80 °C. After the reaction is finished and the mixture is
cooled down to room temperature, a sticky orange liquid form. This liquid can be purified in
multiple steps to yield the IL BMIIL. The EMII was synthesized similarly and under the same
conditions [26, 35].

2.3. Synthesis of GO and GO-VI/TBP cobalt complex

We synthesized GO using the natural graphite according to the modified Homer method [36] by
adding 1.5 g NaNOs and 2 g graphite to 6.75 mL of H2SO4. Next, the reaction ingredients were
agitated in an ice bath. Afterward, 9 g of KMnO4 was gently added to the test dish for 1 h. The

reaction was agitated in an ice bath at 20°C for 5 days after adding all of the KMnOs. A thick liquid



was formed after this time. Subsequently, 200 mL of H>SO4 (a 30 wt.% aqueous solution) was
poured stepwise to the viscous liquid for 1 h, followed by 2 h of stirring. The surplus
MnO>/KMnOs was then reduced by adding 6 mL of H,O> (a 30 wt.% aqueous solution) to the
mixture and agitating it for 2 h. The residue was cleaned 15 times using an H2SO4/H>0; solution
(each period lasted 1 day). The resultant suspension was repeatedly rinsed in deionized water and
filtered by filtration to purify it further and eliminate excess salts and acids. Finally, the synthesized
GO was oven-dried in a vacuum at 50°C for 24 h.

We synthesized a functionalized GO with cobalt complexes by forming a covalent bond with 1-
vinyl imidazole and then forming a dative bond between the TBP cobalt complexes. To synthesize
GO-VI/TBP cobalt complex (FGO with cobalt complexes), the GO was first reacted with SOCl,
at 40°C in a balloon linked to the condenser fitted with a magnetic stirrer for 4 h under a nitrogen
environment, followed by washing the product and filtering it with dichloromethane to acylate the
GO. Next, 4g f acylated GO was reacted with 5g of 1-vinyl imidazole and 20 mL of DMSO in a
balloon linked to a condenser fitted with a magnetic stirrer at 80°C for 24 h after acylation. Then,
it was filtered and rinsed with dichloromethane to obtain GO-VI (FGO without cobalt complexes).
In the final phase, 1.5 g of GO-VI and 1 g of anhydrous CoCl> were reacted in a balloon linked to
the condenser fitted with a magnetic stirrer at 80°C for 70 h with an excess of 4-TBP. GO-VI/TBP
cobalt complex was prepared once the reaction procedure was completed and the product was
purified. It is noteworthy that hexahydrate CoCl» was calcined for 10 h at 140°C in the furnace to
produce anhydrous CoClz. Schematic 1 depicts the synthesis of GO and its functionalization with

cobalt complexes.



GO-VI/TBP cobalt complex

Schematic 1. Steps in the synthesis of GO-VI/TBP cobalt complex

2.4. Preparation of standard and nanocomposite electrolytes

The electrolytes were prepared using a mixture of BMII and EMII ILs in the same amount of 1 M
instead of organic solvents. In a blend of BMII and EMII ILs, 0.1 M Lil, 0.1 M I, and 0.5 M TBP
were used to make the standard electrolyte. The nanocomposite electrolytes were made by mixing
the standard electrolyte with optimum concentrations of GO-VI/TBP cobalt complex (0.3, 0.6, and
0.9 wt.%). The nanocomposite electrolytes were then sonicated for 30 min and placed on the

magnetic stirrer for 24 h to evenly distribute the GO-VI/TBP cobalt complex in the IL matrix. The



effect of GO-VI/TBP cobalt complex in nanocomposite electrolytes compared to standard
electrolytes was studied after making the nanocomposite electrolytes. Similarly, an electrolyte
containing GO-VI additive was prepared to compare with an electrolyte having GO-VI/TBP cobalt
complex as an effective additive. Notably, the weight percentage of GO-VI used to prepare the
electrolyte was equivalent to the weight percentage of the most effective electrolyte with the GO-

VI/TBP cobalt complex as an effective additive.

2.5. Fabrication of DSSCs

The potential contaminations from fluorine-doped tin oxide (FTO) conductive glasses were
removed by washing the glasses with water and soap, deionized water, 0.1 M HCI, deionized water,
and ethanol, in the order of their appearance. The FTO glasses were heat-treated with a 40 mM
TiCls aqueous solution for 30 min at 70°C to inhibit photoelectric recombination before being
cleaned with ethanol. Afterward, it was rewashed with deionized water and ethanol. We created a
photoanode using the doctor-blade approach. For this purpose, a 25 nm transparent TiO» paste was
applied as a dye absorbing layer on the FTO, followed by a 400 nm TiO> paste as a scattering layer
to create an area of 0.16 cm? and an 8 um thickness. After coating, the prepared photoanodes for
annealing were heated to 500°C in a furnace with a balanced temperature gradient. After the
photoanodes reached room temperature, they were treated using a 40 mM TiCls aqueous solution
at 70°C for 30 min. Next, it was heated to 500°C for 30 minutes before progressively recovering
to RT. The surface of TiO2 nanoparticles was encapsulated with N719 dye by exposing the
photoanodes to 0.5 mM N719 ethanol in a dark environment and at RT for 18 to 24 h. Were
prepared the counter electrode through by coating 10 mM H2PtCl16 ethanol on a 0.6 mm diameter
perforated FTO surface to cover the cathode surface completely. After layering, the cathode was

heated for 15 min at 460°C before being gently brought to room temperature. The counter electrode



(cathode) and the working electrode (photoanode) were then joined using a 7-mm-thick Surlin
polymer sheet. The sheet was heated to 120°C for 90 s and inserted between the two electrodes.
Over the last stage, the electrolyte was completely infused into the area between the cathode and
the photoanode. To this end, the electrolyte was poured over the hole in the cathode using a vacuum
system. Similarly, four types of DSSCs were created by infusing four different electrolytes, of
which one was a standard electrolyte and the other three were nanocomposite electrolytes.

2.6. Photovoltaic characterization

The constructed solar cells were irradiated in the presence of a solar light simulator (Sharif Solar,
SIM-1000) with an intensity (1000 Wm™) equivalent to AM 1.5 solar spectrum irradiation.
DSSCs’ current-voltage (J-V) was measured using an IviumStat. XRe in the potential range of 0 to
150 mV, with a step size of 10 mV. The photovoltaic properties, including Voc, Jsc, efficiency
(%), and fill factor (FF), were explored through the J-V curve analysis. The FF and n% were

estimated based on the following formulas:

FF — Pmax — Vmax X]max
Voc X Jsc Voc X Jsc
Brax FF X Voc X Jsc
%) = X 100% = x 10009
n%) =4 %= Loomw /em?) &

In the AC range of 20 mV and the frequency of 0.01-100 kHz, we measured the electrochemical
impedance spectra (EIS) of DSSCs using a solar light simulator (Sharif Solar, SIM-1000) and
IviumStat.XRe. The EIS experimental data were fitted with an equivalent circuit model in the
ZView computer program. In this study, for each of the four electrolytes, three DSSCs were made.
Finally, the electrochemical results for each type of DSSC with a given electrolyte were the

average of the three DSSCs’ results.



3. Results and discussion

In this study, an effective additive was prepared for DSSCs electrolyte by incorporating
heterocyclic imidazole compounds and cobalt-transition metal complexes with pyridine
heterocyclic ligands into graphene oxide’s structure. The photovoltaic effectiveness of this
chemical was explored as an effective additive in nanocomposite electrolytes in DSSCs after

confirming the existence of particular components in the GO-VI/TBP cobalt complex structure.

3.1. Characterization of GO and GO-VI/TBP cobalt complex

FT-IR spectroscopy of GO and GO-VI/TBP cobalt complex is presented in Fig. 1. This graph can
characterize the functional group and factors on graphene sheets. The typical O-H stretching band
appeared at 3432 cm™! in the GO spectra. In addition, a band at 1730 cm™ related to carboxylic
group C = O stretching and a band at 1625 cm™ related to the C = C stretching have appeared. The
C-O bond and the stretching of epoxy groups C—O—C are related to the bands generated in 1054
cm™ and 1225 cm’!, respectively [37, 38]. bands in the range of 571-733 cm™' represent the
fingerprint area in the GO-VI/TBP cobalt complex spectra. In addition, the bands at 657 cm™! and
722 cm’! are indexed to the production of cobalt complexes and organometallic linkages. The
presence of nitrogen-rich GO-VI/TBP cobalt complex causes absorption bands in the band ranges
of 830 cm™ and 1498 cm™'. The adsorption bands in 1227 cm™ and 1417 cm™ are indexed to C-N
and C = N, respectively, suggesting the functionalization of GO-VI/TBP cobalt complex with
pyridine and imidazole derivatives. The bands in the 1631 cm™! and 1610 cm™! range are because
of the N-H, C-N, and C=C bonds, indicating a successful imidazole binding on GO-VI/TBP cobalt
complex. After functionalization of the GO, the ensuing carboxylic group band in the GO spectra

at 1728 cm™! vanished. The highlighted binary bands around 2870 cm™ and 2965 cm™! correlate to



the stretching C-H in the GO-VI/TBP cobalt complex. The band corresponding to the O-H
stretching in the GO-VI/TBP cobalt complex spectrum was superimposed with the N-H stretching
bands. Next, it reappears at 3442 cm™! after the functionalization of GO by adding imidazole and
pyridine to the GO structure [22, 39-46]. In summary, the data obtained from the FT-IR indicate

the proper completion of the GO functionalization.

-—GO

17304 / ~
15;5/ 1225 1054

w2+ —GO-VI/TBP cobalt
complex

657

Transmittance (a.u)

7212
%

517

~
14981417 = 830

3500 2500 1500 500
Wavenumber (cm-?)

Fig. 1. The FT-IR of GO and GO-VI/TBP cobalt complex

_ Fig. 2 depicts the XRD spectra of two GO and GO-VI/TBP

cobalt complex instances in the 20 range of 3° to 80°. The diffraction peak (001) in the XRD
spectrum of GO occurred at 20 =11° (indicating a 0.76-nm interlayer distance) and the peak at 20
=43° (indicating a 0.21-nm interlayer distance). This interlayer gap is due to the oxygenated
functional groups observed on the GO surface layers, such as hydroxyl, carbonyl, and epoxide.
The GO peaks indicate a scattering following the functionalization with cobalt complexes.

According to the XRD spectrum of the GO-VI/TBP cobalt complex, the peak diffraction appeared



at 20 =16.92°. The GO interlayer distance was also reduced to 0.52 nm, suggesting the successful
reduction process in GO [22, 47-50]. Additionally, 26 = 17° and 26 = 18° peaks can be linked to
different functional groups that establish chemical interactions between GO and cobalt complexes,

as well as ligands in cobalt complexes, to form GO-VI/TBP cobalt complex.
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Fig. 3. Raman spectra corresponding to GO-VI/TBP cobalt and GO complex

The Raman spectra of GO and GO-VI/TBP cobalt complex are shown in Fig. 3. The two primary
properties of GO may be detected in the GO spectra at 1583 cm™! (G band) and 1346 cm™ (D band).
Carbon atoms’ stretching vibration in sp? is represented by the D band. This band corresponds to
the state of kpoint phonons in A, symmetry. Also, carbon atoms’ stretching vibration in the sp? is
visible in the G-band, which is associated with the Eo, state. The graphene monolayers, considered
impurities in the GO structure, are also linked to the two relatively faint peaks of roughly 2700
cm! and 2900 cm™. The Raman spectrum of GO-VI/TBP cobalt complex changes with
functionalization and insertion of different functional groups into the GO structure. The symmetric
stretching vibrations of CH3 and CH, were linked to the peaks in 2800-3000 cm™'. In addition, the
stretching C=C corresponds to the peak appearing in the 1600 cm™ region. The peak at 1018 cm™!
is indexed to C-N symmetric stretching bond in heterocyclic rings. The peak at 930 cm™ is also
related to the C-C symmetric stretching bond. Finally, the peaks in 500 cm™ to 1000 cm™! range

are because of cobalt complexes bonds [41, 51-54].

XPS is an efficient tool for studying material chemical composition [26]. In this study, the
chemical structure of the synthesized complex was investigated using the XPS analysis for the
GO-VI/TBP cobalt complex. Fig. 4(a) shows the obtained XPS survey spectra. Categorizing the
obtained peaks indicate the presence of chlorine, carbon, nitrogen, oxygen, and cobalt atoms,
confirming the successful synthesis of the GO-VI/TBP cobalt complex. Based on their area peaks
in the XPS spectrum, the atomic percentages of samples were estimated. The results are given in

Table 1.

Table 1. The atomic percentage of prepared samples based on the XPS spectra



Area (atomic percentage)

Sample name
Cl C N @) Co

GO-VI/TBP cobalt complex 5.28 43.74 16.64 17.41 16.94

Fig. 4(b) presents the high-resolution XPS spectrum of Co 2p. In this figure, the peaks of Co 2p3,
and Co 2pi» appear at 780.9 and 796.6 eV, respectively. The energy difference (spin-orbit
splitting) between those peaks was 15.7 eV, which is close to the standard value. Therefore, this
observation confirms that cobalt complexes have formed on the surface of functionalized GO [22,
55, 56]. The Cl1 2p spectrum (Fig. 4(c)) is fitted with two sharp peaks at 199.3 and 197.7 eV binding
energies, corresponding to Cl 2p32 and Cl 2pi,2. In the XPS spectrum of C 1s (Fig. 4(d)), the peaks
appeared at 284.3 eV, 285.8 eV, and 288.9 eV can be ascribed to C-C/C=C, C-O/C-N, and n-nt
interaction of functionalized GO, respectively [57-61]. In Fig. 4(e), the XPS spectrum of Ol s
turned into three components: O-C/O=C bonds at 531.1 eV, carboxylate oxygen at 532.1 eV, and
Co-O bonds at 533.0 eV. Also, the high-resolution XPS spectrum of Nls (Fig. 4(f)) was
deconvoluted into two peaks, i.e., the C-N bonds of the imidazole moiety (398.9 eV) and the Co-

N bonds of the cobalt complex on the surface of modified GO (405.4 eV).
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Fig. 4. XPS spectra corresponding to (a) survey, (b) Co 2p, (c) Cl2p, (d) C 1s, (e) O 1s, and (f) N 1s of
GO-VI/TBP cobalt complex

Fig. 5(a) and (b) present ficld émission scanning electron microscopy (FESEM) images of GO-VI.

Also, Fig. 5(c) and (d) show FESEM images of GO-VI/TBP cobalt complex. The morphology of



GO sheets functionalized with the chemical compound 1-vinylimidazole is depicted in Fig. 5(a)
and (b). At this point, the GO structure has wrinkles that can generate a channel that speeds up ion
diffusion. Fig. 5(c) and (d) depict how the morphology of GO sheets has changed since they were
functionalized with cobalt complexes, as opposed to the images in Figures 5(a) and (b). Fig. 5(c)
and (d) shows the modification of GO sheets after its functionalization with cobalt complexes, that
morphology has changed compared to the images in Fig. 5(a) and (b). The state of edge wrinkles
changes after cobalt complexes are used to modify GO surfaces and the GO-VI/TBP cobalt

complex, that has better ion transport capabilities than GO-VI, is synthesized. _

[22].
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Fig. 5. (a) and (b) FESEM images of GO-VI, (c) and (d) FESEM images of GO-VI/TBP cobalt complex

The thin and transparent morphology of the GO-VI/TBP cobalt complex nanosheets can be seen

in the _ (TEM) images presented in Fig. 6. The functional groups

that entered the GO structure after functionalization are also represented by the dark textured

portions. [22, 62-64].
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Fig. 6. TEM images of GO-VI/TBP cobalt complex
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3.2. DSSCs’ photovoltaic performances with new electrolytes

The efficiency of DSSCs in terms of photovoltaics was investigated by preparing different
electrolytes based on BMII and EMII ILs with various percentages of effective additives of GO-
VI/TBP cobalt complex. The results are presented in the form of the J-V curve in Fig. 8(a) based
on the photovoltaic values in Table 2. The least efficient DSSCs are those constructed of EO
electrolyte with 0% effective additive (standard electrolyte). Compared to DSSCs with
nanocomposite electrolytes, DSSCs with standard electrolyte have the lowest Jsc (8.131 mA cm’
2), lowest Voc (0.725 V), and lowest efficiency (n = 4.130%), demonstrating that DSSCs with EO
electrolyte has no amplifier. The efficiency of DSSCs was significantly increased from n=4.130%
to n=6.640% by adding 0.3 wt.% GO-VI/TBP cobalt complex to the electrolyte (E2), changing the
Jsc from 8.131 mA cm™ to 12.975 mA cm?, the Voc from 0.725 V to 0.751 V. The cobalt
complexes and nitrogen heterocyclic compounds in the GO-VI/TBP cobalt complex decrease the
ohmic contact resistance when the amount of GO-VI/TBP cobalt complex in the electrolyte
increases by 0.3 wt.%. The values of Voc and Jsc rise due to this resistance drop because it
increases electron transport and accelerates the redox process. The FF drop following the addition
of the GO-VI/TBP cobalt complex to the electrolyte is attributed to the rise in the electrolyte
viscosity and the increase in the interaction between FGO and the imidazolium ILs-based
electrolyte. DSSCs with electrolytes containing 0.6 wt.% (E3) and 0.9 wt.% (E4) GO-VI/TBP
cobalt complex as an effective additive were also investigated. The highest quantity of GO-
VI/TBP, and therefore the best efficiency, is observed in the electrolyte medium in DSSCs with
E3 electrolyte. This complex interacts with ionic liquids, forming the most significant electron and
ionic conductivity in the electrolyte medium. Since DSSCs with the E3 electrolyte had the highest

efficiency among all DSSCs, their efficiency increased by 78.18% (i.e., from 4.130% to 7.359%)



compared to the standard electrolyte (E0). The Jsc value increased from 8.131 mA cm™ to 14.301
mA cm?, and the Voc value increased from 0.725 V to 0.754 V. In addition, the DSSCs with the
E4 electrolyte had a photovoltaic efficiency of 6.162%, a Voc of 0.735 V, and a Jsc of 12.340 mA
cm. The efficiency reduction and, consequently, the decrease in Jsc and Voc values when using
0.9 wt.% compared to 0.6 wt.% is due to the difficulty of ion transfers rising with the quantity of
GO-VI/TBP cobalt complex in the electrolyte and the significant rise in the viscosity of the
electrolyte medium. In general, there is a considerable improvement in the performance of DSSCs
when using nanocomposite electrolytes with GO-VI/TBP cobalt complex as an effective additive
compared to the standard electrolyte without GO-VI/TBP cobalt complex. This improvement is
attributed to the GO-VI/TBP cobalt complex’s features by enhancing the charge transfer in the

electrolyte and producing cohesion.
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Fig. 8. Curves of current density-voltage (J-V) characteristics for (a) DSSCs based on different
amounts of GO-VI/TBP cobalt complex in electrolytes (i.e., E2, E3, and E4), and the standard electrolyte
(EO0); (b) DSSCs based on electrolyte (E3), electrolyte (E3*), and standard electrolyte (EO)

Table 2. Photovoltaic parameters obtained from J-V curves of DSSCs based on different amounts of GO-
VI/TBP cobalt complex in electrolytes (i.e., E2, E3, and E4), and the standard electrolyte (EO)

Cell n[%] FF  JscimA/ecm®]  Voc[V]

E0 (0 wt.% GO-VI/TBP cobalt complex) 4.130 0.701 8.131 0.725




E2 (0.3 wt.% GO-VI/TBP cobalt complex) 6.640 0.681 12.975 0.751

E3 (0.6 wt.% GO-VI/TBP cobalt complex) 7.359 0.682 14.301 0.754

E4 (0.9 wt.% GO-VI/TBP cobalt complex) 6.162 0.679 12.340 0.735

The present study addresses the effect of cobalt complexes in the structure of GO-VI/TBP cobalt
complex on the performance of DSSCs compared to GO-VI. In GO-VI, GO has just been
functionalized with 1-vinyl imidazole and has not yet reacted with TBP and CoCl.. The
photovoltaic outcomes of the two types of electrolytes used in DSSCs were compared with the
same quantity of effective additive (0.6 wt.%). The comparative value of 0.6% was chosen as it
yielded the largest return in the previous phase. The first and second electrolytes were different
such that GO-VI/TBP cobalt complex was used as an effective additive in one, while GO-VI was
used in the other. DSSCs with standard electrolyte (E0Q) have the lowest efficiency compared to
the two types of DSSCs that contain GO-VI/TBP cobalt complex and GO-VI as an effective
additive (Fig. 8(b) and Table 3). According to the results, DSSCs with E3 electrolyte that use GO-
VI/TBP cobalt complex as an effective additive outperform DSSCs with electrolyte (E3*) that use
GO-VI. In DSSCs with E3 electrolyte, a | of 7.359, Jsc of 14.301 mA cm, and Voc of 0.754 V
were obtained. Also, in DSSCs with E3*electrolyte, a photovoltaic efficiency of 5.896, Jsc of
11.703 mA cm™, and Voc of 0.739V were obtained. In contrast to DSSCs with EQ electrolyte, the
amount of Jsc and Voc and the efficiency of the process increase in DSSCs with E3* electrolyte
due to increased electron transfers caused by the presence of GO and nitrogen-containing
heterocyclic compounds. The efficiency of DSSCs with E3 electrolyte was higher than DSSCs
with E3* electrolyte due to the cobalt complexes added to the GO-VI structure. When cobalt

complexes with TBP ligand are present in the electrolyte E3, Voc and Jsc rise along with the redox



reaction rate, thereby increasing the efficiency of DSSCs with E3 electrolyte compared to DSSCs

with E3* electrolyte.

Table 3. Photovoltaic parameters obtained from J-V curves of DSSCs based on electrolyte (E3),
electrolyte (E3*), and standard electrolyte (EO)

Cell n[%] FF  JscmA/em?)  Voc[V]
EO0 (0 wt.% GO-VI/TBP cobalt complex/ GO-VI) 4.130 0.701 8.131 0.725
E3 (0.6 wt.% GO-VI/TBP cobalt complex) 7.359 0.682 14.301 0.754
E3* (0.6 wt.% GO-VI) 5.896 0.682 11.703 0.739
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Fig. 9. The dark J-V curves of DSSCs based on electrolyte (E3) and standard electrolyte (EO)

The recombination process in DSSCs was studied using dark J-V curves. DSSCs function as a
diode in the dark. Fig. 9 depicts dark current J-V curves of two types of DSSCs, one with standard
electrolyte (EO) and the other with 0.6 wt.% GO-VI/TBP cobalt complex electrolyte (E3).
According to the dark DSSCs J-V curves, the amount of Voc in DSSCs with E3 electrolyte is
larger than in DSSCs with EO electrolyte. The low recombination electrons in these DSSCs account

for the high Voc value in dark current density-voltage curves. According to these observations, the



presence of GO-VI/TBP cobalt complex in the electrolyte as an effective additive lowers the
recombination degradation process in DSSCs. Given that TBP can decrease the destructive process
of recombination and increase Voc in DSSCs, its inclusion in GO-VI/TBP cobalt complex as a
ligand of cobalt complexes makes GO-VI/TBP cobalt complex an effective additive in DSSCs

with E3 electrolyte to minimize the destructive process of recombination more effectively.

3.3. Electrochemical performances of DSSCs

The electron transitions and the impacts of these transfers by the electrolyte in DSSCs were
investigated using an electrochemical impedance spectroscopy approach. Two types of DSSCs
were evaluated for this objective: one with a standard electrolyte (EOQ) and the other with a 0.6
wt.% GO-VI/TBP cobalt complex electrolyte (E3). Fig .10 illustrates the Nyquist plots of two
DSSCs with different electrolytes. The figure also represents the equivalent circuit model applied
to fit the experimental EIS data with ZView software. Two semicircles and a Warberg line
appeared after fitting the experimental data, as shown in Fig. 10. In this case, R; is the resistance
corresponding to the counter electrode, R» is the resistance corresponding to dye/TiO2/electrolyte,
Rpitr is Warberg resistance related to the process of redox pair (I'/13) diffusion in the electrolyte,
and Rs denotes series resistance, including joints and TCO layers’ resistance. In the Nyquist plots
of DSSCs, semicircles with a wider radius were produced with EQ electrolyte compared to the
DSSCs with EO electrolyte. Regarding the semicircles of DSSCs with EO electrolyte’s huge radius,
Table 4 shows that in DSSCs with a standard electrolyte (E0), Rs, Ri, R, and Rpigr are higher than
in DSSCs with a 0.6 wt.% GO-VI/TBP cobalt complex electrolyte (E3). The GO-VI/TBP cobalt
complex effective additive in the nanocomposite electrolyte, which makes the largest contribution
to the charge transfer process, may cause variations in R; and R>. By enhancing the electrocatalytic

activities between the electrolyte and Pt, the presence of GO-VI/TBP cobalt complex in the



structure of the EO electrolyte decreased the R; in addition to increasing Jsc. Considering the
improved charge transfer channels and the efficient interaction of the electrolyte with TiO, the
charge transfer resistance associated with TiO» and the electrolyte (i.e., R2) also decreased in the
presence of the GO-VI/TBP cobalt complex. Regarding the unique properties of GO, heterocyclic
nitrogen compounds, and cobalt complexes, the addition of GO-VI/TBP cobalt complex as an
effective additive in the E3 electrolyte increases the diffusion process and conductivity in the
electrolyte. As a result, the Rpirr value decreases compared to the EO electrolyte. Generally, the
presence of GO-VI/TBP cobalt complex as an effective additive in the electrolyte composition
reduces overall DSSCs resistance while increasing efficiency and performance. It is of note that
using ILs-based electrolytes in all DSSCs has made them more stable by lowering electrolyte
leakage. Furthermore, the DSSCs, which were the topic of the study, are among the most
environmentally friendly and green solar cells because of their compatibility with the environment

and sustainability with this type of electrolyte.
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Fig. 10. EIS spectrum of DSSCs based on a new nanocomposite electrolyte (E3) and a standard
electrolyte (E0)



Table 4. EIS parameters obtained by fitting the experimental data using ZView software

Cell Rs (Q) R: () R: (Q) Ropirr ()
EO0 (0 wt.% GO-VI/TBP cobalt complex) 22.03 17.21 65.76 74.52
(Standard electrolyte)
E3 (0.6 wt.% GO-VI/TBP cobalt complex) 13.21 6.29 21.82 27.46

(New nanocomposite electrolyte)

3.4. Computational calculations

3.4.1. DFT Method

Calculations corresponding to Density functional theory (DFT) [65, 66] were used to show how
incorporating GO-VI/TBP cobalt complex as an efficient additive to electrolytes enhances
DSSCs’ efficiency. The Vienna ab initio simulation package (VASP) [67, 68] was applied using
the plane-wave basis set and the generalized gradient approximation (GGA) [69] by the Perdew-
Burke-Ernzerhof (PBE) [70]. The projected-augmented wave (PAW) [71] method was used for
dispersion correction [72]. The electronic wave function in the plane wave basis sets was expanded
using cutoff energy of 500 eV. Also, the irreducible Brillouin zone was sampled by the I' point

grid of the Monkhorst Pack scheme [73] for the slab model of the structures.

3.4.2. DFT Model

According to the literature [74-76], anatase TiO2 (101) facets are more thermodynamically stable.
Hence, they were also chosen in our investigation. The geometries of the adsorbed structures of
ILs and TBPs molecules on TiO (101) surface were optimized, Fig. 11(a). To better understand
the electronic structures of the interfaces of TiO2 (101) electrode and the electrolyte additive used

in this study, we also created and optimized the adsorbed structures of GO-VI in the presence of



TBPs on the surface of TiO> (Fig. 11(b)). The adsorption of GO-VI/TBP cobalt complex on TiO>
(101) was also investigated and shown in Fig. 11(c).

We obtained equilibrium lattice constants of a,b = 3.784 A and c = 9.514 A for bulk TiO» anatase,
which agree well with the results of an experimental study [77]. The anatase TiO> (101) surfaces
were modeled by a slab including 288 atoms with a 2x3 periodicity (Fig. 11). A vacuum space
larger than 10 A between TiO»-additive assembly is introduced to avoid interaction between
periodic images. Slab thickness of eight atomic layers in the z-direction was used to model the
anatase surfaces in line with previous calculations [78, 79]. In this design, four bottom layers are
frozen in the bulk geometry, while the others are relax-free. This resting is continued until each

atom’s maximum force and energy converge to 0.01 eV/A and 107 eV, respectively.

We first investigated the interaction of the TiO, surface with ILs/TBPs molecules (Fig. 11(a)). To
model the GO-VI in the presence of TBPs, we first created a GO layer with two sides decorated
with hydroxyl and carboxyl functional groups randomly at the edges. Next, VI and TBP molecules
were added to the GO layer, and their interactions with the TiO; surface were investigated (Fig.

11(b)).

The behavior of interface of GO-VI/TBP cobalt complex with TiO» surface was also investigated

(Fig. 11(c)) using the same number of ILs and TBPs molecules in all studied electrolytes.
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Fig. 11. The lowest energy adsorption structures of a) ILs/TBPs, b) GO-VI with TBP, and ¢) GO-VI/TBP
cobalt complex on anatase TiO, (101) surface; carbon atoms are denoted in brown, oxygen in red,
titanium in large blue, nitrogen in small blue, cobalt in dark blue, chlorine in green, and hydrogen in white
spheres

3.4.3. DFT Results

In this research, VASP was applied to address the effect of additives, including GO layers filled
by VIs and TBPs, in the presence and absence of cobalt complexes on the TiO> surface. We also
studied electronic properties for the surface of clean anatase TiO» (101) and the adsorption
configurations of the ILs/TBPs, GO-VI with TBPs, and GO-VI/TBP cobalt complex to explore
the interactions between the electrolyte and its components and the surface of the electrode (TiO2>).
Fig. 12 shows the projected density of states (PDOS) for the TiO> surface and the electrolyte
additives. The results show an upward shift for the TiO» surface’s conduction band after electrolyte
additive adsorption on the surface. The conduction band for clean surface appeared at 2.0 eV,
where it increased to 2.22, 2.28, and 2.35 eV after adsorption of the ILs/TBPs, GO-VI with TBPs,
and GO-VI/TBP cobalt complex, respectively. As a result, electrons quickly penetrate from the

dye LUMO to TIO?’s conduction band (101) [80].



Also, there are midgap states in the TiO2 band gap above the valence band maximum (VBM) due
to GO-VI with TBPs and GO-VI/TBP cobalt complex adsorption, thereby reducing the TiO>
bandgap. The reduction of the total calculated bandgap through additive adsorption can lead to a

redshift in the adsorption edge and enhance the efficiency of DSSCs.
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Fig. 12. The calculated PDOS for anatase TiO, (101) surface and the electrolytes in a) clean anatase TiO»
(101) surface, b) TiOo/ILs/TBPs, c) TiO./GO-VI with TBPs, and d) TiO./GO-VI/TBP cobalt complex
(Fermi level is at 0 eV)

3.4.4. Artificial Intelligence method
The k-fold method was used to train and test the research data, and the k value is set to 10 based
on a trial and error approach. All machine learning practices were done in the WEKA 3.9 software.

The random seed value for XVal/% splitis set to 1 during the calculation process for all algorithms,

including RT, RF, SMOreg, GP, MP, and MB.



3.4.5. Artificial Intelligence results
In this section, data analysis was performed for the exact determination of data distribution (Fig.
13). As can be seen, predicting experimental features (Voc and Jsc) based on simple curve-fitting

regression models or classical computations is complex and almost impossible.
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Fig.13. Data distribution analysis between computational and experimental features in the present
research as per (a) Voc vs Eta-Jsc, (b) Voc vs FF-Jsc, and (¢) Voc vs Eta-FF



By applying machine learning computations, a soft sensor is designed to measure experimental
features, including Jsc and Voc, as per theoretical parameters. Therefore, a low-cost, highly
efficient, and soft computing-based system was developed in the present field. Based on this
concept, the smart operation of nanomaterial-based energy systems can be executed with a
minimum investment cost [81-84]. The structure of the declared soft-sensor is illustrated according
to Fig. 14. In this scheme, additive type, additive percentage, FF, and Eta are constant model

inputs. Meanwhile, when the Voc is presented, the Jsc is considered the input, and vice versa.

Eta FF
Additive| (Additive| [ | RT,RF,GP,SMOreg, |
type % MP, and MB Jsc/Voc
Jsc/Voc

Fig. 14. Structure of machine learning computations in the present research

In the following, before conveying the machine learning computations’ outputs, the heat maps of
data distributions are illustrated in Fig. 15. The specifications of the databank are demonstrated in
this scheme. Tables 2 and 3 show additive percentages range and their types, including GO-

VI/TBP cobalt complex (type 1) and GO-VI (type 2).
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Fig. 15. The applied raw data in the machine learning process of the present study

In the first step of machine learning modeling and computations, Voc is assumed as outputs, and
other features are as inputs. With this hypothesis, the modeling outcomes are illustrated in Table
5. Based on the obtained results, it can be understood that RT and RF algorithms with a 0.93
correlation coefficient have the most precision for predicting Voc based on effective features. On
the other hand, the minimum efficiency is related to the GP algorithm with a 0.7 regression
coefficient.

Table 5. Statistical indicators of different prediction algorithms based on Voc as output



Statistical parameters RT RF GP SMOreg MP MB

Correlation coefficient 0.93 0.93 0.7 0.75 0.88 0.9
Mean absolute error 0.06 0.6 0.14 0.13 0.085 0.07
Root mean squared error 0.085 0.088 0.17 0.16 0.11 0.1

Relative absolute error 28.62% 29.07%  68.70% 61.8% 41.01% 36.92%

Root relative squared
36.2%  3733% 71.52% 68.01% 47.07% 43.83%

error

Formula Eq. S1 Eq. S2 Eq. S3 Eq. S4

According to Table 6, Jsc is predicted efficiently (R > 0.98) with all RT, RF, MB, and MP
measures. Therefore, based on Tables 5 and 6, it can be found that by applying the machine
learning computations, a valid model is developed for predicting experimental parameters to
reduce these systems’ operation and supervision costs.

Table 6. Performance of different algorithms due to prediction of Jsc

Statistical parameters RT RF GP SMOreg MP MB
Correlation coefficient 0.99 0.99 0.75 0.78 0.99 0.98
Mean absolute error 0.38 0.2 2.3 2.2 0.15 0.48
Root mean squared error 0.6 0.34 2.8 2.77 0.2 0.82

Relative absolute error 10.38%  5.52%  61.59% 58.71%  4.15% 1291%

Root relative squared
13.77%  7.82%  65.28%  63.36%  4.68%  18.94%

error

Formula Eq. S5 Eq. S6 Eq. S7 Eq. S8




4. Conclusions

To obtain high efficiency in DSSCs, we synthesized GO-VI/TBP cobalt complex and employed it
as an effective additive in sustainable electrolytes based on BMII and EMII ILs. With a simulated
solar light illumination of AM 1.5, adding the ideal amount of 0.6 wt.% of this effective additive
to the electrolyte considerably improved the electrochemical characteristics of DSSCs and
demonstrated a conversion efficiency of 7.359%. The considerable influence of the presence of
GO-VI/TBP cobalt complex in the electrolyte structure is shown by a 78.18% improvement in the
efficiency of DSSCs with nanocomposite electrolytes compared to DSSCs with standard
electrolyte. By adding cobalt complexes, pyridine, and imidazole compounds to the efficient
additive structure of the GO-VI/TBP cobalt complex, the performance of DSSCs is greatly
enhanced. This improvement is because cobalt and nitrogen-containing heterocyclic compounds
can speed up electron transfer by accelerating redox pair (I/I3) reactions and increasing the
conductivity of the electrolyte. DFT calculations showed the quick penetration of electrons from
the dye LUMO to the conduction band of the TiO; electrode through GO-VI/TBP cobalt complex
adsorption because of the upward shift of the TiO2’s conduction band. Also, according to machine
learning results, artificial intelligence methods are useful in predicting experimental values as they
showed a statistical correlation above 0.93 with the actual observations. Hence, GO-VI/TBP cobalt
complex can be used as an efficiency-enhancing factor in the fabrication of DSSCs and as an

effective additive in the structure of ILs-based electrolytes.
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