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Abstract

Delivery of cytidine triphosphate (CTP) as pyrimidine nucleotide and Cytarabine or
arabinosylcytosine (Ara-C) as pyrimidine nucleoside onto the surface of graphene oxide (GO) has
led to the fabrication of effective composites of functionalized graphene oxides (FGO-CTP and
FGO-Ara-C). In the present study, we have compared FGO-CTP and FGO-Ara-C composites as
active electrodes in a system with three electrodes for electrochemical measurement. Also, the as-
prepared composites exhibited an ideal supercapacitive behavior in a symmetric capacitor. For the
two electrode arrangement, a capacitance of 212 F g!, an energy density of 17.8 Wh kg'! at 325
W kg!, and an outstanding life cycling was achieved for the FGO-CTP electrode within a voltage
window of 0-1.3 V in 1M H2SOys electrolyte, demonstrating greater electrochemical behavior
compared to that of FGO-Ara-C electrode. In addition, the DFT calculations and charge density
analysis resulted in more charge distribution on the GO layer of FGO-CTP than that of FGO-Ara-
C, making it more effective as an electrode material for supercapacitors. Taking advantage of the
facile synthesis method for introducing phosphate functional groups onto the surface of graphene
oxide opens up an effective way for the fabrication of high-performance devices with large active
surface area and high electrochemical ability in energy storage systems. Also, the assembled
device expands the practical application areas of electrochemical energy storage devices

significantly.

Keywords: Cytidine triphosphate, Cytarabine, Symmetric capacitor, Phosphate functional groups,

Energy storage devices

1. Introduction



Recently, a considerable amount of research development has been dedicated to creating
electrochemical supercapacitors (SCs) to incorporate highly efficient SCs with excellent
performance in electrochemical energy storage due to their compact and inexpensive facilities,
ease of accessibility, and environmentally friendly, and growing demands for global renewable
energy systems[1-6]. Unlike batteries, supercapacitors are capable of a considerable power
capacity, a great lifespan, and long cycle life but a low amount of energy density, limiting their
broad applications. This suggests vital research needs to establish practical approaches to
overcome serious shortcomings and increase the amount of stored energy. Consequently, with
regard to the critical energy storage process of SCs, a significant number of studies have improved
high-efficiency SC appliances [7-9]. Graphene has numerous important characteristics, including
elevated mechanical strength, outstanding chemical stability, low weight, high surface area (2630
m?/g), and superb electrical conductivity. The intense 7-m interaction among graphene layers
allows them to accumulate on the electrode, resulting in compact films[10-13]. Graphene
functionalization increases the capacitance and creates anchoring sites to decorate both conductive
polymers and metal oxide[14—16]. For supercapacitor applications, metal oxide (RuO2, Fe3Os,
Ti0O2) and nanoparticles of conductive polymer coated with nanocomposites of functionalized

graphene have also been studied[17-25].

Recently, Lin et al.[26] employed a solvent evaporation technique to fabricate a composite of
rGO/PEDOT: PSS, which delivered 169 F g' performance, remaining 93% of its initial
capacitance after 10000 continuous cycles. Wei et al.[27] achieved a capacitance of 310 F g™! at 2
mV s’! through applying a graphene-MnO; electrode material within a hybrid system. After 15000
cycles, capacitance retention as high as 95% was achieved. In another study, Thomas et al.[28]

used composites of functionalized graphene aerogel (GA)[29,30] in asymmetric supercapacitors



as an effective anode material. A relatively high surface area of 328 m? g! along with the low
electrical resistivity of GA composite resulted in specific capacitance as high as 175.8 F g at 5
mV s, The assembled ASCs device showed fast charge and discharge cycle, voltage window
extension, and 89.6% capacitance retention next to 3000 cycles of charge and discharge. These

ASC devices also represented 13.9 W h kg™ energy density and 13.3 kW kg™! power density.

In this research, we synthesized new functional graphene oxides blended with cytidine
triphosphate (CTP) and Cytarabine (Ara-C). The morphology of fabricated composites was
assessed using X-ray photoelectron spectroscopy, X-Ray Diffraction, Transmission electron
microscopy, Field Emission scanning electron microscope, and Energy Dispersive X-ray Analysis
methods. The electrochemical characteristics of the as-prepared samples were evaluated in a
pseudocapacitance system. Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS) methods in two and three-electrode configurations
were measured using Electrochemical analysis. Benefitted from both electrochemical systems, the
FGO-CTP composite exhibited greater energy density and specific capacitance than FGO-Ara-C
due to phosphate groups (PO4?) being present in CTP as active sites for electron transfer on the

surface of graphene.

2. Experimental section

2.1. GO Sheet Preparation

Natural graphite was used to make GO nanosheets using the developed hummers’ method[31]. A
slurry of graphite (1.25 g), concentrated H>SO4 (42.3 ml), and NaNOs (1 g) were also prepared for
1 hour in an ice bath with constant stirring. Next, KMnO4 (5.5 g) was gradually introduced into

the mixture at 50°C for 1 hour, agitated, and cooled for 2 hours by pouring into a combination of
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400 mL ice-water and 5 mL H>0; (30%). The suspension was stored for two days to get a viscous
brownish liquid with a high viscosity. The solid product was washed sequentially with 200 mL of
HCI (30 wt. %) and 200 mL of ethanol, then filtered through a PTFE membrane with a pore size
of 0.45 pum and saturated with diethyl ether. Vacuum drying was also used to dry the GO

nanosheets after they were produced.

2.2. Functionalization of FGO-CTP and FGO-Ara-C

In this step, graphene oxide was acrylated in the presence of thionyl chloride (SOCI.) for activating
the group of carboxylic on its fundamental plane. Due to the reaction of GO (1.25 g) and SOCl;
(25 ml) at 70 °C under reflux condition for 1 day, GO-acyl chloride (GO-Cl) was produced. The
excess SOCl, was then extracted using a rotary method and washed three times using
dichloromethane. Subsequently, during the reaction of GO-CI (1.25 g) with Cytidine triphosphate
(CTP) (1.25 g) in toluene at a temperature of 65 °C for 2 days under nitrogen atmosphere, the GO
was functionalized with the CTP ligand as a precursor for the synthesis of FGO-CTP. The mixture
was then set aside and evaporated at room temperature to achieve dark crystals. Likewise, for the
synthesis of FGO-Ara-C, the same procedure and values were utilized to introduce Cytarabine
(Ara-C) ligand into the GO-Cl compound[32,33]. As shown in Fig. 1, The schematic illustrates

the process of all the FGO-CTP and FGO-Ara-C synthesis steps.



Graphite
OH

HO, :
' 0 HO, OH
HO\_,COS\N,J{ i n/()H Graphene oxide - acyl chloride
&/{‘ , N0 (GO-C1)

ete st e
HO' Y HO

Cytarabine functionalized
Graphene oxide (FGO-Ara-C)

OH
OH

HN
7\
N
Py o
O 909
HO  OH  Cytidine triphosphate functionalized H}IO;‘)“
Graphene oxide (FGO-CTP)

Fig. 1. Schematic procedure of all the FGO-CTP and FGO-Ara-C synthesis steps.



3. Instrumentation

3.1. Electrode Preparation

In the present study, all electrochemical procedures (CV, GCD, and EIS) were conducted by a
Potentiostat/Galvanostat (Ivium V21508, Vertex) in 1M H2SOys electrolyte. In order to assemble
the working electrodes, a mixture of samples (FGO-CTP and FGO-Ara-C) with carbon black,
graphite, and polytetrafluoroethylene (PTFE) at a mass ratio of 60:15:20:5 were blended and
dispersed in ethanol. Next, the mixture was properly coated and pressed onto stainless steel (0.5
cm?). For symmetric arrangements, each sample served as both anode and cathode electrodes on a
stainless steel, with electrodes separated by a polypropylene sheet in 1M H>SOys electrolyte. It is
critical to remember that the mass put into symmetrical supercapacitor (SSC) devices was similar

to the amount loaded into three electrode cells[7].

3.2. GO, FGO-Ara-C, and FGO-CTP characterization

X-ray photoelectron spectroscopy (XPS) was carried out using a Bes-Tec photoelectron
spectrometer from Physical Electronics with Al-Ka radiation photon energy (1486.6 + 0.2 eV).
Quantera II (Physical Electronics, Minneapolis, Minnesota, USA) was chosen as the device. The
Brunauer—-Emmett—Teller technique was utilized for determining the pore size distribution and
specific surface area with a BELSORP-mini II. FT-IR was performed on a Thermo Nicolet Avatar
360 device with KBr pellet as the background and 2 cm™ spectral resolution. X-ray diffraction
analysis was performed with a Cu-K diffractometer (INEL, Equinox 3000). Raman spectroscopy
was performed by an Almega Thermo Nicolet Dispersive Raman spectrometer at = 514.78 nm.
Images were acquired using a field-emission scanning electron microscope on a MIRA3 LM,
Tuscan, at a 15.0 kV acceleration voltage. Transmission electron microscopy (model Zeiss-
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EM10C Company) was used to evaluate the morphology of samples at an accelerating voltage of

100 kV.

3.3. Computational Methodology

The electron density of FGO-CTP and FGO-Ara-C was analyzed topologically in this research;
prior to topological analysis, the FGO complexes were optimized using density functional
theory calculations[34,35]. Calculations of hybrid DFT at the Becke Lee-Yang-Parr (B3LYP)
level[36] were performed using the Vienna Ab Initio Simulation Package[37,38]. The electron-
ionic core interactions were explained using Projector augmented wave potentials[39], while the
Van der Waals interactions were included using Grimme's DFT-D3 method[40]. The Monkhorst-
Pack[41] brillouin zone sampling method was used with the 1x1x1 k-point grid[42]. A plane-wave
basis set's cutoff energy was set at 500 eV. The geometry optimization was terminated when the

overall energy converged to within 10 eV and the force on each ion was less than 0.01 eV/A.

Then, we utilized the Quantum Theory of Atoms in Molecules[43—45] to investigate the charge
(electrons) distribution in two distinct materials, FGO-CTP and FGO-Ara-C. According to Bader
in QTAIM, analyzing the Laplacian of the electron density distribution with atomic charges
integrated over the atomic basin enables us to determine the value of the charge density
concentration or depletion, the number of electrons in each compound, and their contribution to
the supercapacitor's efficiency. Both structures' Laplacian of electron density was calculated and

compared using the AIM-UC package[46].

4. Results and Discussion



Spectra analysis considered in the present study is accomplished applying CasaXPS software
(ver.2.3) provided with the XPS method (CasaXPS, 2018). In Fig. 2a, the deconvolution XPS
results in terms of GO, FGO-CTP and FGO-Ara-C are exhibited. The results for GO show the
presence of oxygen (Ols 26.47 %) and carbon (Cls 73.53 %). The percentage of elements for
FGO-CTP and FGO-Ara-C are indicated as Cls (81.44, 79.31%), Ol1s (15.77, 16.47%), and N1s
(1.88, 4.21%). Accordingly, the percentage of P 2p in FGO-CTP exhibited as 0.92%, which was
referred to the ligand Cytidine triphosphate (CTP). It's critical to emphasize that the presence of
the principal elements of samples measured as C 1s (284.5 —284.6 eV), O 1s (531.5 - 531.6 eV),
N 15(399.5-401.6eV), and P 2p (133.6 eV). As shown in Fig. 2b and 2c, The C1s deconvolution
peak for the FGO-CTP and FGO-Ara-C also indicated binding energies of C-C (284.5,284.6) C-
OH (284.8, 284.9), C-N (285.9, 285.9), C=0 (286.7, 286.9), C(O)N (288.05, 288.08), and C(O)O
(289.06, 289.09) eV. There are three types of nitrogen bonds in the high-resolution spectrum of N
Is (Fig. Sla and S1b)[47]. Also, the N1s deconvolution peak for the FGO-CTP and FGO-Ara-C
are indicated as N=C (398.02, 398.9), N-C (400.4, 400.4), and N-H (405.7, 406.1) eV. Likewise,
the binding energies of O 1s for FGO-CTP indicated by the untreated substrate at 531.2, 532.3,
and 533.2 eV were attributed to C/P=0, C/P-OH, and C/P-O-C, respectively (Fig. S1c)[48].
Similarly, for FGO-Ara-C binding energies of O 1s were shown as 531.1, 532.2, and 533.2 eV for
C=0, C-OH, and C-O-C, respectively (Fig. S1d). The P 2p spectrum presents five types of P
species (Fig. 2d), referring to P 2p12 (136.03 eV), P 2p32 (135.04 eV), P-O-C (135.2 eV), P-O

(134.1 eV), and P-C (133.2 eV)[49].
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Fig. 2. (a) Deconvolution XPS results of GO, FGO-CTP, and FGO-Ara-C; Core level spectrum of C 1s

as-synthesized (b) FGO-CTP and (c) FGO-Ara-C; (d) P 2p of FGO-CTP.

The surface area and pore volume of GO, FGO-CTP, and FGO-Ara-C were evaluated with
nitrogen adsorption-desorption techniques. As depicted in Fig. 3a, all samples have a similar
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adsorption isotherm, which due to ITUPAC guidelines, could be classified as type IV. This
classification is frequently applied to mesoporous and microporous materials[50]. The structural
characteristics of the three samples are presented in Table. S1. The FGO-CTP and FGO-Ara-C
BET surface area were found to be 45.551 and 33.759 m?/g, while it is only 24.188 m*/g for GO.
Furthermore, three samples have comparable micropore size distributions, with the highest
micropore volume recorded as 1.213 nm [51]. The observation of their distribution of pore size
further confirms these findings significantly (presented in Fig. 3a). Fig. 3a depicts the pore volume
of FGO-CTP and FGO-Ara-C compared to GO have been increased due to the functionalization

of GO with CTP and Ara-C ligands.
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Fig. 3. (a) N, adsorption-desorption isotherms and pore distribution of GO, FGO-CTP, and FGO-Ara-C;
(b) FT-IR spectrum of GO, FGO-CTP, and FGO-Ara-C; (¢) XRD spectrum of GO, FGO-CTP, and FGO-

Ara-C; (d) Raman spectra of GO, FGO-CTP, and FGO-Ara-C.

Fig. 3b compares FT-IR spectra of GO, FGO-CTP, and FGO-Ara-C. The GO spectrum exhibits
strong evidence of oxygen-derived groups. For instance, different peaks including carboxylic C=0
group at 1724 cm’!, carboxylic C-O group at 1048 cm™, C-OH (at 1377 cm™!), epoxy groups (C—
O-C) at 1219 cm!, and a large broad peak about 3400 cm™ were all attributable to stretching
vibrations of carboxyl COOH groups establishing hydrogen bonds. Absorption bands at 1570 and
1471 cm™ are assigned to the C=C expansion vibrations and C-C bonds[50]. Some similar
significant peaks were found among FGO-CTP and FGO-Ara-C. The primary peaks of functional
groups in FGO-CTP and FGO-Ara-C consist of N-H vibrations (3417-3434 cm™), O-H vibrations
(3400 cm™), asymmetric C-H stretching vibration (2923-2928 cm™"), Carbonyl stretch (1659-1718
cm), C-N stretching vibration (1330-1399 cm™), C-O stretching vibration (1050-1054 cm’
1[52,53]. Fig .2b shows the vibrations peaks of P-O and P=0O at 1174 and 1110 cm! besides other
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typical bonds in GO, confirming the profitable functionalization route of FGO-CTP. These two
peaks also confirm the presence of phosphate groups in FGO-CTP[54].

The X-ray diffraction spectra of GO, FGO-CTP and FGO-Ara-C measured within the 20 range of
from 10" to 80 are shown in Fig. 3c. They depict the graphene layers distance relating to sample
oxidation. The GO exhibited a strong diffraction peak at 20 =11° and 43°, respectively, with
interlayer distances of 0.79 and 0.21 nm, respectively. The swollen basal distance is a result of
intercalation of hydroxyl, carbonyl, and epoxide groups on the surface of GO. The total diffraction
peak intensity of GO was reduced as a result of the chemical functionalization. In the instance of
FGO-CTP and FGO-Ara-C, two maximums with similar widths have been seen at 23.83" and
23.93", correlating to the d-spacing of 3.8 and 3.7 nm, respectively. With regards to the XRD
patterns, the peaks at 20 of 11.58°, 15.27°, 16.29°, and 27.54° for FGO-CTP and the peaks at 20 of
13.33", 15.98’, 16.41°, and 27.01" for FGO-Ara-C emphasize the formation of monoclinic crystal
of CTP and Ara-C functional groups with successful covalent grafting on GO surface[55].
Raman analysis is shown in Fig. 3d for identifying crystal structures, both ordered and disordered,
in carbonaceous materials such as graphene. For the mode of breathing induced by defect the sp?
rings, the D peaks for GO, FGO-CTP and FGO-Ara-C appeared at 1341, 1356 and 1361 cm,
respectively[56-58]. Also, For GO, FGO-CTP and FGO-Ara-C, the peaks of G at 1573, 1592 and
1597 cm™ are related to the first-order dispersion of Exg phonon sp? C atoms, respectively [59].
The D band intensity is assigned to the in-plane sp? areas size. Moreover, the D peak intensity
increase shows the creation of more sp? areas. The comparative intensity ratio of both peaks (In/Ig)
calculates the disorder degree and is inversely proportional to the average size of the sp? clusters.

The Ip/Ic ratios for FGO-CTP and FGO-Ara-C measured 1.04 and 1.02, respectively, exhibiting a
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larger amount than that for GO (0.98) (Fig. 3d). The peaks observed in FGO-CTP and FGO-Ara-

C at 1032 and 1038 cm™! are connected to the D peak existing in the graphite whiskers[60].
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Fig. 4. FE-SEM images of synthesized a) FGO-CTP and c¢) FGO-Ara-C in different magnifications; EDX
spectra and the percentage of presented atoms in b) FGO-CTP and d) FGO-Ara-C.
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FE-SEM is used as an effective approach to determine the morphology of material as it is
considered for the impact of functionalization and accelerating factors on specific structures. The
FE-SEM images of fabricated FGO-CTP and FGO-Ara-C composites can be seen in Fig. 4a and
4c. The average thickness of the pores ranges between 10um and 500 nm. Besides, Energy
Dispersive X-ray was introduced as a powerful tool to explain the distribution of atoms existing in
different areas. Fig. 4b and 4c¢ show the EDX of FGO-CTP and FGO-Ara-C and the approximate
amount of atoms present in various areas, as calculated for carbon, nitrogen, oxygen, and
phosphorous attributing effective functionalization applying the CTP and Ara-C groups[61,62]. In
Fig. 5a and 5b, TEM images exhibit the electrons intensity attenuated by FGO-CTP and FGO-Ara-
C platelet with the various thickness sizes. This indicates a sheet-like morphology with various

transparencies of the examined area of about 200, 100, 50 nm. Dark areas show the thick stacking
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nanostructure of several graphene oxides or graphene sheets with some oxygen functional

groups[25].

5. Computational Results

We have started from the graphene primitive cell to create a single layer of graphene. Then we
have constructed graphene oxide (GO) monolayer by adding different oxygen-containing
functional groups to the graphene layer. Since the FT-IR results detected carboxylic and carbonyl
groups mainly around the edges of the layer, we have constructed graphene oxide layer terminating
with oxygen-containing functional groups of hydroxyl, carbonyl and carboxyl based on the Lerf-

Klinowski [63] model.

Firstly, we constructed a unit cell of 31.68Ax21.37Ax34.81 A with graphene monolayer at the
middle where it is replicated into an infinite layer by periodic boundary condition. GO layer is then
modelled by adding hydroxyl, carbonyl and carboxyl groups randomly around the edge and on the
basal plane of graphene sheet, Fig. 6a. The supercell models of FGO-Ara-C and FGO-CTP used

in our DFT calculations are shown in Fig.6b and 6c¢.
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Fig. 6. Supercells view from side of the models of (a) GO monolayer (b) FGO-Ara-C and (c) FGO-CTP.
Carbon atoms are shown in gray, oxygen atoms in red, nitrogen atoms in blue, phosphorus atoms in pink

and hydrogen atoms in white spheres.

To gain more insight into the charge density distribution on GO layer of both FGO-Ara-C and
FGO-CTP complexes, the topological analysis of electron density puep(r) and its Laplacian
V2pbep(r) at bonding critical points were carried out. The critical point search has been done for the
(3, -1) type critical points of both complexes bonds. Fig. S2a shows the differences of electron
density values of all bonds of C-C of GO layer in both FGO-Ara-C and FGO-CTP complexes,
where the corresponding C-C bonds and their electron densities at the bep’s of all the C-C bonds
are shown in Fig. S3 and Table S2 respectively. The electron densities pucp(r) of most C-C bonds
of GO layer are increased in FGO-CTP, which are attributed to the interactions of connected CTP
to the GO layer. The average value of electron density pucp(r) of C-C bonds of FGO-Ara-C and

FGO-CTP are 2.007 and 2.009 eA, respectively.

17



Similarly, the second derivative value of electron density (Vpep(r)) at the bep’s is known as
Laplacian reveals the nature of the bond, whether the bonding charges are concentrated or depleted.
Fig. S2b and Table S2 show the differences of Laplacian charge densities in bep’ of C-C bonds of
GO layer of FGO-Ara-C and FGO-CTP and their values, respectively. Fig. 7 and 8 show the
V2pbep(r) map of C-C bonds of GO layer of both compounds. It is well known that the positive and
negative values of V2sep(r) correspond to charge depletion and concentration areas, respectively.
The average VZpep(r) value for C-C bonds of GO layer are increased in FGO-CTP-C complex,
where the values are -23.173 eA” compared to -23.099 eA” in FGO-Ara-C complex, confirming
that the bond charges are more concentrated in FGO-CTP compound. As a result, on the basis of
topological calculations done in this study, there is more charge distribution on FGO-CTP than

that of FGO-Ara-C, which makes it more effective as an electrode material for supercapacitors.

Fig. 7. The contour plot of Laplacian of electron density of GO layer of FGO-CTP obtained from DFT
calculations. Contours are drawn in logarithmic scale, 3.0 x 2N eA'S, where N=2,4 and 8 x 10", n=-2, -
1,0, 1, 2. The blue solid lines represent positive contours and the red dotted lines represent negative

contours.
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Fig. 8. The contour plot of Laplacian of electron density of GO layer of FGO-Ara-C obtained from DFT

calculations. Contours are drawn in logarithmic scale, 3.0 x 2N eA'S, where N=2,4and 8 x 10", n =-2, -
1, 0, 1, 2. The blue solid lines represent positive contours and the red dotted lines represent negative

contours.

6. Electrochemical Measurement

The reported CV curves were utilized in a three-electrode cell and 1M H2SOq electrolyte solution
for studying the supercapacitive behavior of the FGO-CTP and FGO-Ara-C electrodes at different
rates of scanning (5 to 100 mV s™!). As shown in Fig. 9a and 9b, the CV curves of FGO-CTP and
FGO-Ara-C indicate a quasi-rectangular shape, confirming a notably pseudo-capacitive
performance. Also, the CV curves of the FGO-CTP electrode are significantly greater than FGO-
Ara-C, suggesting an increased active surface area for charge passing among the electrode and the
electrolyte. The transfer of anodic and cathodic peaks to higher and lower potentials occurs with
rising scan rates, which is owing to strong electrochemical polarization at higher rates of scan.
Considering low scan rates, the electrons and ions of the electrolyte solution have sufficient time
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to reach the reaction sites existing in electrode materials; but, at higher rates of scan, the charge
shifting inside the materials is unable to keep up with the quick movement of electrons in the
external circuit, resulting in electron collection on the electrode surface[64—68].As it can be seen
in Fig 9c, in comparison, CV profiles of the FGO-CTP, FGO-Ara-C, and GO were calculated at a
scan rate of 50 mV s’! significantly. FGO-CTP, FGO-Ara-C, and GO displayed a valid potential
range of -0.5-0.8 V,-0.4-0.6 V, and -0.4 - 0.6 V, respectively. Also, a rise in the number of scan
rates resulted in FGO-CTP and FGO-Ara-C capacitance decreasing (Fig. 9d). The maximum
capacitance values of 430 and 312 F g'! were achieved for FGO-CTP and FGO-Ara-C at 5 mV s°

!, respectively.

Fig. S4 depicts the redox mechanism of samples. CTP molecules hydrolyze on the surface of
graphene oxide and release PO47 ions slowly, resulting in the development of a highly nanoporous
structure enabling rapid electron transfer [69]. The oxygen functional groups have a significant
impact on the capacitive efficiency of graphene oxide, as demonstrated in Fig. S4. Hydroxyl
groups make a noticeable difference between FGO-CTP and FGO-Ara-C composites. Since the
number of -OH groups of FGO-CTP was higher than that of FGO-Ara-C, the electrons on the
oxygen functional groups were grabbed by H3O" in the acidic aqueous electrolyte, leading to the
separation of positive and negative charges and the occurrence of the redox process.The
enhancement in capacity provided by oxygen functional groups may be assigned to many factors
including the electrolyte's permeability on the graphene oxide surface had been improved, the
Faraday pseudocapacitance supplied by electron transfer (redox reaction) could be provided, and

the graphene oxide's pore utilization ratio would improve [70].
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Fig. 9. Cyclic voltammograms a) FGO-CTP and b) FGO-Ara-C at incremental rates from 5 to 100 mV s,

¢) cyclic voltammograms of the FGO-CTP, FGO-Ara-C, and GO at 50 mV s}, and d) special capacitance

on the basis of the sweep rates for the FGO-CTP and FGO-Ara-C.

The GCD method was conducted for understanding the SC electrochemical properties. GCD

diagrams are shown in Fig. 10a for two prepared materials at a current density of 1 A g'!, which

are triangular, linear symmetrical, and relatively sharp. Also, the equilateral triangle structure of
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the FGO-CTP and FGO-Ara-C electrodes suggests an effective capacitive performance and good
reversibility during the GCD process[71-73]. Fig. S5a and S5b show GCD plots of FGO-CTP and
FGO-Ara-C electrodes at different current densities between 0.5 - 16 A g'l. Furthermore, the
reversible performance, elevated columbic efficiency, and excellent capacitor behavior of samples
is the probable result of the equivalent durations of charge and discharge. According to discharge

curves, Equation 1 is reported for the calculation of specific capacitance[74—78]:

I At

C=m (1)

Where 1, At, and AV respectively show discharge current (A), total time (s), and potential change
(V), and m devotes the total mass of the electroactive material (g). Fig. 10b displays the
approximate specific capacitance as a function of the current discharge density varying from 0.5 -
16 A g!. Actually, by increasing the current density values, the corresponding capacitances are
decreasing. The specific capacitances of 375, 269, and 97 F g! reached for FGO-CTP, FGO-Ara-
C, and GO electrodes, respectively, at 1 A g''. These findings reveal higher accessible electroactive
sites in the FGO-CTP electrode in comparison with its competitor. The measured capacitance
retention was plotted versus the cycle numbers for FGO-CTP and FGO-Ara-C at 8 A g™! (Fig. 10c).
The reduction in capacitance happened following 5000 continuous cycles at 8 A g' remaining
values of 92.3 and 89.4% for FGO-CTP and FGO-Ara-C, respectively.

The significant improvement in FGO-CTP electrochemical performance can be assigned to the
presence of the CTP groups for providing better supercapacitive behavior to graphene oxide
compared to the Ara-C ligand. Furthermore, the scientific data and measured cycling stability
derived from GCD plots strongly support the CV results. According to the achieved

electrochemical results in a three-electrode configuration, the FGO-CTP electrode exhibited higher
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capacitance, cycling stability, and ionic conductivity compared to the FGO-Ara-C electrode.

Table. 1. indicates the SC behavior of fabricated electrodes compared to other reported materials.
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Fig. 10. a) GCD curves of FGO-CTP, FGO-Ara-C, and GO at 1 A g'!, b) Variation of SC vs. current

density, ¢) The cycling stability of the FGO-CTP and FGO-Ara-C at 8 A g'!, and d) Nyquist plots of the

FGO-CTP and FGO-Ara-C electrodes.




Table. 1. Different values of specific capacitance, cycling stability, and electrolyte for graphene based

electrodes.
Electrode Electrolyte Specific Measurement Cycling stability Reference
capacitance condition
BHGO IM H,SO4 170F g! 1Ag! 85% over 5000 cycles [79]
COF/rGO 0.5M H>SO4 269F g! 05A¢g! 96% over 5000 cycles [80]
NrGO/GQD 6M KOH 344 F g'! 025A¢g! 82% over 3000 cycles [81]
NG 6M KOH 2252 F g’ 1Ag! 90% over 5000 cycles [82]
MnO/rEGO 6M KOH 3428 F g’ 05A¢! 90.3% over 3000 cycles [83]
GO-bis(PIEA) 6M KOH 287 F g'! 1Ag! 95 % over 1000 cycles [84]
FGO-TBpa 6M KOH 305F g! 1Ag! 90% over 1000 cycles [85]
POA/CNT/rGO IM H>SO4 2749 F g'! 1Ag! 93% over 500 cycles [86]
BRGO /MWCNT-Fe;04 IM KOH 167F g'! 1Ag! 94% over 1000 cycles [87]
DMFrGO180 PVA/KOH gel 287 F g'! 1Ag! 73.8% over 5000 cycles [88]
FGO-CTP 1M H:SO4 430 F g! 1Ag! 92.3% over 5000 cycles This Work
FGO-Ara-C 1M H>SO4 312F g! 1Ag! 89.4% over 5000 cycles This Work

In order to evaluate the internal charging processes that emerged between the electrolyte and the

electrode, the EIS technique was used with a 0 V potential in the frequency range of 0.01 Hz to

100 kHz. Fig. 10d shows the Nyquist plots of FGO-CTP and FGO-Ara-C electrodes. As indicated

in the diagram, the plots describe the electrodes with small semicircles in a broad frequency region

due to the charge transferring between the electrode and the electrolyte. EIS spectrum fitting was

performed using the equivalent circuit. Supercapacitors behave as a resistor at large frequencies
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where the interception at the real axis area shows equivalent series resistance like electrolyte
resistance, substrate's Intrinsic resistance, and interaction resistance between the interface of the

current collector and the active material[89-94].

EIS technique includes the constant phase element (CPE) applied as a double-layer capacitance

(Ca1), charge transfer (Re), resistance to bulk solution (Rs), Warburg resistance (Zw), and a faradaic

capacitance (Cr) in the FGO-CTP and FGO-Ara-C electrodes. In Table. 2, optimized Rs, Zw, CPE,

Re, and Cr values after complex nonlinear least square (CNLS) fitting are shown, confirming
higher electrochemical efficiency of FGO-CTP than FGO-Ara-C electrode. Rs of FGO-CTP and
FGO-Ara-C was calculated to be 1.88 and 2.52 €, respectively, while Rt was measured to be 1.77
and 2.01 Q, respectively. The low R values of as-prepared electrodes signified simpler
electrochemical reactions at the electrode/electrolyte interface. Cr values of FGO-CTP and FGO-
Ara-C electrodes were obtained 115.46 and 84.91 mF, respectively. Also, Zw, which shows the
ion diffusion/transport frequency activity[95] to the surface of the electrode in the form of straight
lines, is calculated to be 0.47 and 0.34 for FGO-CTP and FGO-Ara-C electrodes, respectively. As
Shown in Fig. 10d, the FGO-CTP electrode demonstrates a larger value of Warburg resistance
than that of FGO-Ara-C, proving the higher length of diffusion route for ions transports. To
conclude, as shown in Table 2, the graphene oxide functionalized with the CTP group showed an

enhanced electrochemical behavior as compared to the FGO-Ara-C electrode.

Table. 2. The measured values of Rs, CPE, Zw, R, and Cr through CNLS fit the spectrum of

experimental impedance based on the proposed equivalent circuit.

R.(Q) CPE-YO(mF) CPEN Zy Ra(Q)  Cr(mF)

25



FGO-CTP 1.88 1.56 0.79 0.47 1.77 115.46
FGO-Ara-C 2.52 0.74 0.77 0.34 2.01 84.91

7. Symmetric Performance of the FGO-CTP/FGO-CTP and FGO-Ara-C//FGO-Ara-C

electrodes

The electrochemical behavior of the FGO-CTP and FGO-Ara-C was also studied in a SSC cell
configuration applying 1M H2SOy4 electrolyte. Standard CV curve shapes range between 0 to 1.3
and 0 to 1 V for FGO-CTP//FGO-CTP and FGO-Ara-C//FGO-Ara-C, respectively. Fig. 11a and
11b show the CV curves of the symmetrical systems at various sweep rates (5-100 mV s'). When
employed sweep rate enhanced, the potential window exhibited a more considerable background.
Moreover, a quasi-reversible electron shifting mechanism takes place in the CV curves of
electrodes, showing that the enhanced capacitance was associated with the ideal activity of the
redox process[96-98]. As depicted in Fig. 11c, voltammograms for the FGO-CTP//FGO-CTP and
FGO-Ara-C//FGO-Ara-C are compared at the scan rate of 50 mV s™'. As a result of this comparison
and according to the pseudocapacitance arising from the oxidation/reduction reactions that
occurred in the positive electrode, the FGO-CTP//FGO-CTP delivers a greater capacitance than
the FGO-Ara-C//FGO-Ara-C at the same scan rate. The variations of SC as a function of sweep
rate is also indicated in Fig. 11d. Specific capacitances of 212 and 150 F g'! were achieved for

cells containing FGO-CTP//FGO-CTP and FGO-Ara-C//FGO-Ara-C at 5 mv s,
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Fig. 11. CV curves at different scan rates of a) FGO-CTP//FGO-CTP, b) FGO-Ara-C//FGO-Ara-C; c)
Comparison of the voltammograms of FGO-CTP//FGO-CTP and FGO-Ara-C//FGO-Ara-C, and d)
special capacitance on the basis of the sweep rates for the FGO-CTP//FGO-CTP and FGO-Ara-C//FGO-

Ara-C supercapacitors in symmetric configurations.

Charge/discharge curves diagrams of FGO-CTP//FGO-CTP and FGO-Ara-C//FGO-Ara-C devices

are shown in Fig. 12a at 1 A g'!' and the voltage ranges are presented in the CV part. Also, in Fig.
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S5c and S5d, GCD diagrams for two prepared electrodes at different current densities are exhibited.
When examined at different current densities, these figures exhibit reasonably symmetric forms,
demonstrating their remarkable supercapacitive nature. Specific capacitance for one electrode may

be calculated by equation 2[99]:

4 Cdevice

Cetectrode = T (2)

where Ceevice 1S the measured capacitance for the two-electrode cell and m is the active materials’
total mass in both electrodes. In Fig. 12b, The SC plots versus current density are shown. Specific
capacitances of 194 and 126 F g”! were achieved for the cell, including the FGO-CTP//FGO-CTP
and FGO-Ara-C//FGO-Ara-C at 1 A g'!. As depicted in Fig. 12¢, during the charge or discharge
reaction, the FGO-CTP//FGO-CTP configuration represented superior cyclic stability (94.5%)

compared to FGO-Ara-C//FGO-Ara-C (91.3%) over 5000 cycles at 8 A g,

Moreover, the energy density (Eq) and power density (Pq) of the FGO-CTP//FGO-CTP and FGO-
Ara-C//[FGO-Ara-C symmetric supercapacitor are presented in the Ragone graph (Fig. 12d). The
values of Eq and Pq were accordingly achieved on the basis of Equations 3 and 4 for additional

electrochemical studies, respectively[99-101].

1
Eq(W h Kg_l) = ﬁ Caevice .AV? (3)
1 E; x 3600
Puw kg™ =~ 20 )

The FGO-CTP//FGO-CTP and FGO-Ara-C//FGO-Ara-C demonstrate Eq value of 17.8 and 6.9 W
h Kg! at 325 and 250 W kg'!, which is superior than some previously reported energy storage
devices, such as POA/CNT/rGO (12.6 Wh kg at 276.6 W kg'))[86], DMFrGO180 (11.35 Wh kg

at 649.7 W kg'h)[88] and MGA (17.8 Wh kg! at 400 W kg™)[102].
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Fig. 12. a) GCD curves of FGO-CTP//FGO-CTP and FGO-Ara-C//FGO-Ara-C at 1 A g''; b) variations of

SC as a function of current density c¢) cycle performance of FGO-CTP//FGO-CTP and FGO-Ara-C//FGO-

Ara-C electrodes at a current density of 8 A g!; d) ragone plot of the FGO-CTP//FGO-CTP and FGO-

Ara-C//FGO-Ara-C.

8. Conclusion
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In this study, the functionalized graphene oxides (FGO-CTP and FGO-Ara-C) were prepared by a
chemically synthesized approach and validated by different analytical methods such as XPS, FT-
IR, XRD, and Raman characterizations. The main role of CTP molecules in FGO-CTP is releasing
PO4 ions via hydrolyzing on the surface of GO leading to the construction of a high surface area
structure for fast electron transfer. The as-prepared composite of FGO-CTP revealed a specific
capacitance of 430 F g' at 5 mV s! than that of FGO-Ara-C (312 F g!) within a three-electrode
cell. More noticeably, for symmetric configuration, FGO-CTP//FGO-CTP showed greater
capacitance of 212 F g'at 5 mV s! and good retention capacity as high as 94.5% in a 1M H>SOx4
electrolyte. Also, the energy density of 17.8 Wh kg™! at a power density of 325 W kg™! was obtained
for the FGO-CTP//FGO-CTP device. Topological analysis of electron density and its Laplacian
confirmed more charge density distribution on GO layer of FGO-CTP. These impressive results

make energy storage devices a promising candidate for further research and practical applications.
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