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Abstract

Reasonable design of electrode material with low cost, lightweight, and excellent
electrochemical properties is of great significance for future large-scale energy storage
applications. Herein, we report the electrochemical and supercapacitive behaviour of the
liquid redox of catocene, 2,2’-bis(ethyl-ferroceneyl) propane, self-assembled on a basal
plane pyrolitic graphite electrode in comparison to the solid ferrocene thin film in aqueous
sodium sulfate electrolyte. The modified electrode surfaces were evaluated to assess the
iron content and the formation of thin film using scanning electron microscopy, laser-
induced breakdown spectroscopy, and attenuated total reflectance method. Also, the
supercapacitive performances of the related modified electrodes were assessed and
compared using cyclic voltammetry and galvanostatic charge-discharge in a three-
electrode system and an asymmetric two-electrode supercapacitor system. Electro-
chemical results showed that the electrode processes are diffusion-controlled with
battery-like behaviour, and the liquid catocene exhibits more effective interaction with the
graphite surface in comparison to solid ferrocene. The catocene surface coverage on
graphite is nearly 50-75 % higher than ferrocene, leading to improved interaction and
charge transfer resistance, observed in electrochemical impedance spectroscopy studies.
In galvanostatic charge-discharge evaluations, the supercapacitor based on catocene
modified electrode shows a specific capacitance of 141.2 F g at a current density of 1.0 A
g1, with a specific energy density of 56.7 Wh kg at a power density of 2.9 kW kg*.
Keywords

Supercapacitor; ferrocene; liquid redox; thin films; self-assembly

Introduction

Nowadays, with the development of new technologies and environmental concerns, there is an
ever-increasing demand for clean, lightweight, high-capacity and cyclically stable electrical energy
storage resources. In this regard, research and development on electrochemical supercapacitors (SCs)
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have garnered special attention due to their high power density and long cycle life (>100,000 cycles),
as well as rapid charge-discharge rates compared to batteries and fuel cells [1-3]. Electrochemical
supercapacitors are classified into two main categories based on their energy storage mechanisms: 1)
electrochemical double-layer capacitors, with the electric charge accumulating at the electrode/elec-
trolyte interface, and 2) pseudo-capacitors, where charge is stored on electrochemically active sites
through reversible redox reactions [4]. The research in designing new electrode materials is crucial to
SCs because they play a pivotal role in the capacitive performance of SCs [5-7]. In the recent decade,
various electrode active materials such as conducting polymers, transition metal oxides [4], metal
complexes and metal-organic frameworks (MOFs) [8] have garnered attention due to their
electrochemical behaviour and relatively desirable charge storage capacity. Furthermore, to lighten
the weight and improve the surface area and electrical conductivity of the electrodes, various
carbonaceous materials such as graphite, graphene, carbon nanotubes, carbon nanofibers [9], or
porous metallic microstructures [10] have been developed.

Thin-film electrodes (TFEs), with relatively high charge-discharge rates and low equivalent series
resistances (ESR), are a category of intelligent supercapacitor electrodes mainly used in portable
and/or miniaturized devices [11]. However, the overall specific capacitance decreases due to the low
loading of active material on these electrode surfaces. In this context, transition metal oxide (TMOs)
thin films are usually high-capacity materials with high redox activity. However, their cyclability and
poor rate performance are persistent challenges because of their dissolution in aqueous electrolytes
and mediocre conductivity. A thin layer of RuO; as a noble metal oxide, with a thickness of 400 nm,
shows a capacity of 4.5 F cm™ at 2.0 mV s}, and it maintains nearly 90 % of the initial charge capacity
after 10,000 charge-discharge cycles in micro-supercapacitors [12].

Nowadays, 2D metallic materials, including transition metal dichalcogenides (TMDs) [13] and
MXene, with the general formula M,+1X, (M is an early transition metal, and X is C or N) [14], have
been introduced as excellent options in TFEs. The TaS;-based TMD electrode exhibits a high volumetric
capacity close to 508 F cm™ at a scan rate of 10 mV s and its energy density in micro-supercapacitors
is 58.5 Wh L [15]. TisC,Tx MXene film with a Fe3O4 porous layer on a flexible Ni strip demonstrates
electrochemical performance of 46.4 mF cm™ at a current density of 0.5 mA cm2, and energy density
of 0.970 pyWh cm at a power density of 0.176 mW cm, with good cycle stability [16].

Organometallic compounds such as metal coordination polymers and molecular complexes
based on Fe, Ni, Co, Mn, Cu, or other metals have also garnered considerable attention due to their
reversible electrochemical behaviour, light atom weight, availability, environmental friendliness,
non-toxicity, low cost, and their ability to form various thin films and electrode composites [17]. Iron
and various iron-based compounds have also been used in electrode-active materials due to their
multiple reversible redox reactions and high specific capacity [18]. Ferrocene-based coordination
polymers have relatively high thermal stability, two stable redox states, fast electron transfer, and
excellent charge-discharge efficiency [19]. By employing modified multi-walled carbon nanotubes
(MWCNTSs) functionalized with ferrocene, a specific capacity of 50.0 F g*at 0.25 A g was achieved
with high cycle stability [20]. Furthermore, reduced graphene oxide (rGO) functionalized with
1,1'-bis(4-isobutyl) ferrocene displayed better electrical conductivity than rGO and demonstrated
good charge-discharge performance with stable cycling [21].

In the development of TFEs or composite electroactive materials for fast charge-discharge
supercapacitors, the most common method is the chemical functionalization of redox materials such
as ferrocene derivatives on porous conductive electrodes. However, this synthesis process is often
expensive, and the surface coverage of the bonded material is relatively low [19-21]. In surface
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adsorption methods, solid active materials such as crystalline ferrocene derivatives are usually used,
leading to a decrease in electrochemical efficiency. The use of liquid redox materials compared to
solids can provide a more desirable interaction with carbonaceous electrodes and crystalline
particles [22-24].

In this research, an attempt has been made to compare and analyse the electrochemical
behaviour and energy storage capacity of two redox materials, solid ferrocene and liquid
2,2'-bis(ethyl-ferrocenyl) propane (catocene), self-assembled on the basal plane pyrolytic graphite
(BPPG) electrodes. Catocene is a dark brownish-orange liquid with the chemical formula Cy7Hs2Fe:
and an atomic mass of 282.2 g mol™, which is used as an effective catalyst in solid propellants
containing ammonium perchlorate [25].

Experimental

Chemicals and apparatus

All chemical materials, such as ferrocene, sodium sulphate (Na>SO4), and the solvent N,N-di-
methyl-formamide (DMF) with analytical grade purity, were purchased from Merck. A BPPG sheet
with high electrical conductivity containing 98.69 wt.% graphite powder and 1.31 wt.% polymer with
a thickness of 0.5 mm was obtained from Redoxkala Co. (Iran). Catocene liquid with 97.5 % purity
containing 23.3 -to 24.4 wt.% iron was purchased from Tanyun Aerospace Materials (Yingkou)
Technology Co. (China).

Electrochemical measurements, cyclic voltammetry (CV), galvanostatic charge-discharge (GCD),
and electrochemical impedance spectroscopy (EIS) were performed by EG&G potentiostat-
galvanostat instrument (PARSTAT 2273, Princeton Applied Research, USA), in a 1.0 M sodium
sulphate solution using a three-electrode system consisting an Ag/AgCl (saturated KCI) reference
electrode, a platinum auxiliary electrode with a 2.0 cm?surface area, and a BPPG working electrode
with a geometric area of 0.2 cm? immersed in the electrolyte and coated with the catocene or
ferrocene film. For the evaluation of the coated films on the electrode and the detection of active
electrode materials, Fourier-transform infrared spectroscopy (FT-IR), attenuated total reflectance
(ATR), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) and laser-
induced breakdown spectroscopy (LIBS) elemental analysis were employed. FT-IR/ATR measure-
ments were performed using an Infralum-FT08 spectrometer (Lumex, Russia) equipped with a DTGS
detector and MIRacle™ Single Reflection ATR accessory with a diamond/ZnSe crystal plate. LIBS
spectra were recorded using the LIBSCAN100 system (Photonic Applied Ltd.), which includes an
Nd:YAG laser with a wavelength of 1064.0 nm, output energy of 100.0 mJ, pulse width of 27 ns,
and a repetition rate of 1.0 to 20.0 Hz. The emitted LIBS plasma radiations were collected and
transferred to the system detector capable of recording spectra in the range of 182.0 to 1057.0 nm
with an accuracy of 0.04 nm. EIS studies were conducted over a frequency range of 100.0 kHz to
10.0 mHz at a DC potential of 0.5 V with a sinusoidal potential amplitude of 10.0 mV and 10 points
per frequency decade.

Preparation of thin film electrodes

Working electrodes with a coating of a thin layer of catocene on BPPG electrode (Cat/BBPG) or
ferrocene thin film on BPPG (Fc/BPPG) were prepared by first cleaning the graphite electrode with
acetone and keeping it in a vacuum at 45.0 °C for one hour to remove surface impurities. The electro-
des were then cooled to room temperature and weighed. Subsequently, 2.0 molar concentrations
of redox reactants, catocene or ferrocene, were prepared in the DMF solvent. The graphite sheet
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with a geometric area of 0.2 cm? was then immersed in the solution for 5.0 minutes. Afterwards,
the solvent-soaked electrode was dried and cooled for 10.0 minutes to stabilize the catocene or
ferrocene films on the surface of the graphite electrode. The weight of the electrode materials was
calculated by measuring the weight difference between the initial graphite electrode and the coated
electrode using a 5-digit analytical balance (Balance XPR105DR, Model). The average weight of self-
assembled catocene and ferrocene on the graphite electrode was near 16.0 and 11.0 mg cm?,
respectively.

Electrochemical tests

Cyclic voltammetry measurements were conducted in a three-electrode cell in 0.1 M Na;SO4
electrolyte solution at potential scan rates ranging from 20 to 140 mV s and at the ambient
temperature of 28-30 °C. The specific capacitance of the working electrode can be obtained from
the voltammetry surface area according to equation (1) [1,28]:

Ji(v)dv (1)

® ImvAV

In equation (1), Csp/ F glis the specific capacitance, m / g is the mass of self-assembled catocene
or ferrocene on the working electrode, v/ V st is the potential scan rate, [i(V)dV is the area under
the cyclic voltammetry curve in ampere-volts, and AV / V is the potential window.

Galvanostatic charge-discharge tests were conducted at current densities ranging from 1.0 to
10.0 A g1, and the specific capacitance was calculated according to equation (2) [1]:

I At

= 2
' mAV (2)

where | / Ais the discharge current and At / s is the discharge time. Additionally, the specific energy
density (E/ Wh kg ) can be calculated using equation (3)[27]:
1 2
=——C_(AV (3)
2x3.6 Sp( )
Here, AV is the operational potential window, and Csp is the specific capacitance of the fabricated
electrode. Also, the specific power density P / kW kgis described in equation (4) [29]:
3.6E

P X

where E/ Wh kg™ and t /s are specific energy density and discharge time, respectively.
Furthermore, an asymmetric supercapacitor was assembled using a graphite electrode as the
negative electrode, Cat/BPPG or Fc/BPPG as the positive electrode, and a cellulose filter paper as the
dielectric. Before electrochemical tests, the electrodes and dielectric were soaked in 0.1 M Na;SO4
electrolyte, and all experiments were conducted under laboratory temperature conditions. For
potentiostaic or galvanostatic tests in the two-electrode configurations, the reference and auxiliary
electrodes were connected, and GCD tests were recorded in the voltage window of 0.0 to 1.7 V.

Results and discussion

Characterization of electrode materials

Various surface techniques, including SEM, EDS, LIBS, and FT-IR/ATR, were utilized to assess the
quality and quantity of catocene and ferrocene films formed on the relatively smooth surface of
BPPG electrodes. SEM images and the distribution of Fe element with EDS mapping on the surfaces
of Cat/BPPG and Fc/BPPG electrodes are depicted in Figure 1. It can be observed that iron atoms
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from catocene and ferrocene are distributed with relatively low concentrations and almost uniform
distribution across the entire mapped window. Upon closer evaluation of SEM images, crystalline
solid particles of ferrocene with partial iron enrichment are also observed. The self-assembled liquid
catocene on graphite is expected to exhibit a more uniform distribution than solid ferrocene. A
homogeneous and thin layer distribution can accelerate the kinetics of electrochemical reactions,
leading to increased efficiency in redox reactions.

Figure 1. SEM images of Cat/BPPG (a) and Fc/BPPG (b) and EDS mappings for Fe atoms of catocene (c) and
ferrocene (d) thin films on the BPPG electrode

Elemental analysis using EDS and LIBS of the two prepared electrodes is presented in Figure 2.
EDS analysis provides a more accurate assessment of the elemental content and metal components
of the films on surfaces due to the lower penetration ability of electrons into solid surfaces
compared to X-ray photons. Impurities of some elements such as Ca, Mn, Fe, Ni, Zn, or others have
been reported in graphite powders and their composites, depending on the production process [28].
According to Figure 2, EDS on the Cat/BPPG and Fc/BPPG surface indicates a nearly 6.0+2.0 atomic
percent of iron on the electrode surfaces with dimensions of 500x500 um. Furthermore, the surface
analysis of electrodes using the highly sensitive LIBS technique equipped with an Nd: YAG laser with
a wavelength of 1064 nm, output energy of 100.0 mJ, and pulse width of 2+7 nanoseconds was
conducted in air. For the iron element, around 27 emission lines were reported, including 20 atomic
emission lines (Fe 1) and 7 ionic emission lines (Fe Il), with the strongest emission line observed at
374.55 nm for Fe | [29]. Analysis of atomic spectra with the NIST LIBS database and NIST atomic
spectra database on the LIBS spectra of various samples in Figure 2 shows that the presence of Fe
element in BPPG surface is negligible. However, in the two electrodes modified with ferrocene and
catocene, the presence of iron is noticeable in the wavelengths of 374 nm and the range of 230 to
275 nm. Atomic iron has various emission lines at wavelengths 249, 252, 272, 302, 357, 374, and
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383 nm, and iron ion emission lines at 238, 259 and 274 nm. At about 390 nm, broad emission peaks
due to carbon atoms or CN bonds resulting from the reaction with carbon and nitrogen in the air
are observed. Atomic emission ranges of various carbon types at 248, 251, 284, 392, 426, 659 and
722 nm have been reported. Additionally, emission peaks at 600, 575, 567, 520 and 500 nm
correspond to nitrogen [30].
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Figure 2. Elemental analysis by energy dispersive x-ray spectroscopy (EDS) (right) and laser-induced
breakdown spectroscopy (LIBS) (left) of: a) BPPG, b) BPPG coated with ferrocene thin film, and c) BPPG
coated with catocene thin film

Fourier transform infrared spectroscopy (FT-IR) is also suitable for detecting molecular functional
groups and films created on electrodes. By examining the attenuated total reflectance (ATR) spectra
of Fc/BPPG and Cat/BPPG electrodes (see Figure 3), the presence of components was not well-
detected due to the low concentration of ferrocene or catocene films on the electrode surfaces, and
some weak peaks were observed near 3000 cm™ wave number. Figure 3 presents FT-IR spectra of
pure ferrocene and catocene, as well as ATR spectra of the modified electrodes.
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Figure 3. FT-IR spectra of pure catocene and ferrocene (right) and ATR spectra of modified
BPPG electrodes (left)
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For ferrocene, the features observed are consistent with the vibrational characteristics of
cyclopentadienyl moieties, including C-H stretching (2840 to 3100 cm?), aromatic C-H asymmetric
stretching vibrations (1566 to 1750 cm™), C=C phenyl stretching vibrations (1375 / 1465 cm™), C-H
bending of methylene groups (985 to 995 / 905 to 915 cm?), C=C bending (815 cm™), and C-H bending
vibrations (1030 cm™) [31]. Similar peaks are also observed for catocene FT-IR spectrum.

Voltammetry studies

Cyclic voltammetry was performed on liquid catocene-coated graphite electrode (Cat/BPPG),
ferrocene-coated graphite electrode (Fc/BPPG), and bare graphite electrode (BPPG) in a three-
electrode system with 1.0 M Na;SOs electrolyte solution. The investigation covered the potential
range of -0.5 to 2.0 V vs. Ag/AgCl at different scan rates from 20.0 to 140 mV s*. Figure 4 illustrates
typical CV curves of the samples at various scan rates, showing two main peaks associated with the
oxidation-reduction processes on Fc/BPPG and Cat/BPPG electrodes.
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Figure 4. Supercapacitive performance of modified BPPG electrodes assessed from three-electrode
measurements in 1.0 M Na,SO.. CV curves of (a) catocene thin film BPPG electrode and (b) ferrocene thin
film BPPG electrode at different scan rates, and (c) comparison of CV curves at 100.0 mV s™. (d) Specific
capacitance derived from (a) and (b)

Similar to the redox processes of ferrocene derivatives [23-32], ferrocene is usually oxidized to
Fe(CzHs)2* with an initial oxidation potential around 0.4 V. The Fe oxidation state in ferrocene or
catocene is +2, and the cyclopentadienyl (CsHs) ligands carry a -1 charge. The reverse potential scan
also exhibits a quasi-reversible reduction of Fe(C;Hs),*. Similar behaviour is observed for catocene.
This substance is commonly used in defence and aerospace industries. It contains a small amount
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of four isomeric compounds with different substitution positions for ethyl groups and di-ferrocenyl
propane compounds, making their separation challenging due to nearly identical physical and
chemical properties [33]. The presence of these impurities in catocene leads to an increase in the
oxidation-reduction potential range of this iron complex and the appearance of a weak oxidation
peak after 1.0 V and its corresponding reduction at +0.5 V. Of course, the generation of consecutive
peaks in capacitors can improve their charge-discharge behaviour. With an increase in the potential
scan rate, the oxidation peaks shift towards more positive potentials, and reduction peaks shift
towards more negative potentials. This is because working electrodes have a low internal resistance,
and a shorter time is available for the redox reactions. Additionally, with increasing scan rates, the
area under CV curves and their currents increases. The anodic peak currents of catocene and
ferrocene increased linearly with the square root of the scan rate. The following equations were
obtained, respectively: | = 118.49V4/2 + 2.07, R?=0.9942, and | = 61.67 /2 - 4.62, R? = 0.9985,
suggesting that the electrochemical reactions of modified electrodes are diffusion-controlled
processes with quasi-reversible behaviour [34], and the related supercapacitor can be classified as
a battery-like capacitor [28,36].

Trasatti’s analysis method was utilized to further evaluate the contribution of EDLC and the quasi-
reversible redox process with diffusion-controlled behaviour [37,46-47]. As mentioned in the
literature [27], EDLC occurs on the outer surface of the electrode and contributes to the outer
capacitance (Cout), Which is assumed to be constant across the range of potential scanning rates. The
redox contribution of capacitance is inner capacitance (Ci), controlled by semi-infinite linear
diffusion with a rate proportional to v"/2, Also, the entire capacitive behaviour (Cotal) is assumed to
be divided into the contribution of the outer surface and inner surfaces of the electrode, as shown
in equation 5 [27]:

Ciotal = Cout + Cin (5)

Table 1 shows the capacitance contribution ratio analyzed based on the Trasatti method and the
calculated areal capacitances at various potential scan rates obtained from Figure 4. It can be clearly
seen that the charge storage in the Cat/BPPG and Fc/BPPG electrodes originates mainly from the
battery-like contributions (93.75 and 78.02 %, respectively).

Table 1. Capacitance contribution of the electrodes as analyzed by the Trasatti method and the areal
capacitance (F cm™) based on CV curves shown in Fig. 4 (a-b)

Areal capacitance, F cm™

Potential scan rate, mV s

BPPG electrode Cat/BPPG Fc/BPPG

20.0 0.08 2.94 1.42
40.0 0.06 2.25 1.1
60.0 0.05 1.86 091
80.0 0.044 1.61 0.81
100.0 0.035 1.38 0.75
Ctotal / F cm™ 0.16 44.64 5.60
Cout / Fcm™ 0.14 2.79 1.23
Cn/Fcm™ 0.020 41.85 4.37

Battery lik 12.70 93.75 78.02

Capacitance contribution, % a ElesrlYCI € 3730 6.25 5198

In the rate-determining step of the oxidation reactions, the value of anq (where a is the charge
transfer coefficient and nq is the number of electrons involved in the rate-determining step) was
calculated at a typical scan rate potential of 40.0 mV s}, according to the equation an,=0.048/(Ep-Ep/2).
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In this equation, E, is the potential of the anodic peak, and E,; is the potential at half the anodic
peak current. Calculations indicated that the value of ang, for the oxidation of catocene and
ferrocene on the BPPG electrode were 0.16 and 0.48, respectively. The higher value of a for
ferrocene indicates a lower energy barrier path for forming the activated complex, overcoming the
activation energy of electrochemical reactions. On the other hand, according to the voltammetry
curves in Figure 4c, it is observed that the anodic current density for catocene oxidation is almost
doubled compared to ferrocene. Figure 4d also shows that the specific capacitance of the electrode
with a catocene film is higher than that with a ferrocene film. Here, the surface concentration of
electroactive materials or surface coverage () was calculated according to equation (6) [38]:

r-Q (6)
nFA

In this equation, Q is the area under the oxidation peak in the CV of the modified electrodes, n is
the number of electrons participating in the reaction (n = 1 in the present case), A is the electrode
surface area, and F is the Faraday constant. The surface coverage (/) for the electrodes modified
with catocene or ferrocene at different potential scan rates is presented in Table 2. It is observed
that as the scan rate increases, the value /'decreases. Furthermore, the molar coverage of catocene
on graphite is approximately 50 to 75 % higher than that of ferrocene.

The electrode substrate and porosity are the same for both Cat/BPPG and Fc/BPPG electrodes.
However, the faradaic reaction efficiency and capacity of liquid catocene, despite having a higher
molar mass (282.2 g mol™) compared to ferrocene (186.04 g mol™?), have increased. The main factors
contributing to the enhanced performance of the liquid redox material catocene are more uniform
distribution and more effective interaction of the liquid catocene thin film than solid ferrocene film
on the graphite BPPG electrode.

Table 2. Effect of potential scan rate on the surface coverage of catocene and ferrocene thin films on BPPG in

1.0M N(12504
v/ my s Q/mC I/ pmol cm™
Catocene Ferrocene Catocene Ferrocene
40.0 677.22 389.14 7.02 4.03
60.0 560.28 326.84 5.81 3.39
80.0 469.76 286.32 4.87 2.97
100.0 400.95 254.03 4.16 2.63
120.0 351.86 225.62 3.65 2.34
140.0 310.48 208.05 3.22 2.16

Electrochemical impedance spectroscopy and galvanostatic charge-discharge studies

Electrochemical impedance spectroscopy studies at a potential of +0.5 V, as depicted in the
Nyquist diagram in Figure 5a, show a slightly depressed capacitive semicircles at high frequencies
related to the charge-transfer resistance and double-layer capacitance. Table 3 lists the values of
impedance parameters calculated by fitting the electrical equivalent circuit (EEC) in Figure 5a to the
experimental results. The goodness of the fit can be judged by the estimated relative errors
presented in the parentheses. According to the values of the electrical equivalent elements reported
in this table, the charge transfer resistance (Rc) for ferrocene and catocene is 235.1 (+2.7 %) Q cm?
and 164.9 (+2.7 %) Q cm?, respectively. The apparent electron transfer rate constant (Kapp) has an
inverse relationship with R« on Nyquist diagrams. In other words, with a decrease in R, the
electrode reaction rates increase [34]. Therefore, the reaction rate at a constant potential for
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catocene is nearly 40 % higher than that for ferrocene. In EIS studies, an appropriate equivalent
circuit for the recorded Nyquist semicircles for modified electrodes is plotted in the inset of
Figure 5a. The modelled equivalent circuits contain the solution resistance (Rs), the charge-transfer
resistance of the oxidation step (Rct), and a constant phase element corresponding to the double-
layer capacitance (CPEq). The impedance of CPEg (Zcpe) and infinite Warburg (Zw) elements can be
expressed as in equations (7) and (8) [38-40]:

Zepe = Yoy (7)

Zw = 012(1+) (8)

In equation (7), Yo (the CPE parameter, S cm2s") and n (dimensionless CPE exponent reflecting
the roughness of the electrode surface) are two parameters independent of frequency, o the
Warburg impedance coefficient (2 s/2cm?) associated with the diffusivity in the electronic system;
j=-1Y2 and w = 2nf is the angular frequency.

Figure 5 also presents the galvanostatic charge/discharge curves of the samples at different
current densities within the potential window -0.5 to +1.2 V. It is observed that the discharge time
of the samples increases with a decrease in current density.
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Figure 5. a) Nyquist diagram and equivalent circuit of modified electrodes for EIS studies by applying a bias
of +0.5 V and an AC voltage of 10.0 mV amplitude in a frequency range from 100.0 kHz to 10 Hz in 1.0 M
Na,S04; b) GCD curves of Cat/BPPG, and c) Fc/BPPG at various current densities; d) specific capacitance
versus current density for electrodes with the geometric area of 0.2 cm?

The specific capacitance (F g!) of the electrodes is calculated from their discharge curves at
different current densities, and the results are presented in Figure 5d. By comparing GCD curves of
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Cat/BPPG and Fc/BPPG samples at different current densities, the specific capacitance and
performance of catocene-based film electrodes are 10-15 F g higher. The specific capacitance
decreases with an increase in current density, likely due to mass transfer limitations and the
diffusive mechanism of redox materials. The solid nature of ferrocene compared to the liquid
catocene may lead to the formation of crystalline particles and aggregation of iron complex
concentrations on the BPPG electrode surface, leading to reduced availability and performance of
solid particles. SEM images of the Fc/BPPG electrode presented in Figure 1 also qualify the presence
of some crystalline particles and localized iron concentrations on EDS mappings. Additionally, it
appears that the van der Waals interaction of catocene molecules with the graphite surface is higher
than that of ferrocene due to the more hydrophobic nature of ethyldicyclopentadienyl ligands
compared to cyclopenta-1,3-diene.

Table 3. The values of electrode impedance parameters and the corresponding percentage relative errors for
the oxidation of self-assembled catocene and ferrocene thin films on BPPG in 1.0 M Na;SO,

Electrode Rs/ Q cm? Rt/ Q cm? - CPE o/QsY2cm?
Yo/ uScm2s" n
BPPG electrode 6.48 4645.6 (43%)  0.01340(32%)  0.5500 (2.8 %) -
Fc/BPPG 7.10 235.1 (3.0 %) 0.06447 (1.9%)  0.5480 (3.3 %) 1753.1 (2.6 %)
Cat/BPPG 6.90 164.9 (4.4 %) 0.08553 (3.1%)  0.7041(2.7%)  1156.9 (0.25 %)

Due to the favourable performance of the liquid redox material catocene at a positive potential,
it was decided to construct an asymmetrical supercapacitor by pairing it with a graphite negative
electrode saturated with electrolyte, as described in the experimental section, and evaluate its
performance. The aim was solely to compare the behaviour of the new redox material catocene
with ferrocene. According to studies mentioned in the previous section, at a potential scan rate of
20.0 mV s}, a specific capacitance close to 185 F g™ for catocene and 125.0 F g for ferrocene thin
film electrodes can be achieved.

Galvanostatic charge/discharge tests were performed on a two-electrode setup in the voltage
window of 0.0-1.7 V. The energy and power densities of the samples were calculated according to
equations (3) and (4). Ragone plots (energy density versus power density) of the supercapacitors
are presented in Figure 6.
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Figure 6. (a) Ragone plots of Cat/BPPG and Fc/BPPG asymmetrical supercapacitor; (b) cycling stability of
two asymmetrical supercapacitors at a current density of 5.0 A g”* and 1.0 M Na,SO, electrolyte
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Additionally, cyclic stability tests were conducted at a current density of 5.0 A g'* for 10000 GCD
cycles. The constructed capacitor with catocene exhibited an energy density of 56.7 Wh kg™ at a
power density of 2.9 kW kg, while the capacitor based on ferrocene showed an energy density of
50.9 Wh kg at a power density of 2.8 kW kgl. Moreover, with an increase in power density, the
energy density values exhibit a decreasing trend. The overall capacitance of the capacitors in
consecutive charge-discharge cycles shows a slight reduction over 10000 cycles. After these GCD
cycles, the electrode capacity of Cat/BPPG decreases by approximately 6.3 %, and Fc/BPPG
decreases by nearly 3 %. The irreversible oxidation products often cause electrode surface fouling,
reducing the effectiveness of redox reactions at working electrodes [41]. The lower performance of
Cat/BPPG in GCD cycles tests can be caused by the partial destruction of the catocene molecule
compared to ferrocene at high oxidation potentials and its conversion to Fe,Os with a more
irreversible electrochemical behaviour [42-43].

Here, the supercapacitance efficiency of some similar electrodes is compared in Table 4. It is
observed that the self-assembled catocene on the BPPG electrode has a relatively high power
density and discharge kinetics with suitable specific capacity. Of course, the main goal of this
research is to compare the electrochemical efficiency of liquid catocene with solid ferrocene on the
flat surface of BPPG. Certainly, by using more efficient carbon electrodes such as rGO or MWCNTSs,
the performance of these materials can be expected to be increased. By utilizing multi-walled
carbon nanotubes (MWCNTSs) functionalized with ferrocene, a specific capacitance of 50.0 F g* at
discharge current density of 0.25 A g has been recorded [20]. Cat/BPPG shows the specific
capacitance of 141.2 and 57.0 F g* at current densities of 1.0 and 5.0 A g%, respectively. Considering
the high production stages and expensive cost of functionalized electrode materials and the limited
amount of redox materials adhering under these conditions, it seems that the use of liquid catocene
could also be a suitable approach for enhancing the performance of electrochemical capacitors.

Table 4. Supercapacitor performances of some carbon-modified electrodes taken from the literature

. Current Specific Energy den- Power density, Stability,
Electrode material Electrolyte density, A g* capapcity, Fgl sity, \g/\zh kgl KW kg'* ¥ Cycles % ¥ Ref.
MnS/GO/PANI/GE® 3 M KOH 3.8 484 - - - - [44]

1.0 773

Ag-Ag20/PPy/GE® 0.1 M H,S04 2.0 500 23.6 0.51 5000 62 [45]
ssDNA/rGO°® 1 M KOH 129 - - 10000 92 [46]
MnO,/CF¢ 2.0 M Li2SO4 0.2 187.5 - - 10000 99.0 [47]
NiFe204/CF® 3.0 M KOH 1.0 490 39 0.41 5000 94.2 [48]
Fc-MWCNTSsf 2.0 M KOH 0.25 50 - - 5000 90.8 [20]
1.0M 1.0 141.2 56.7 2.9 This
Cat/BPPG Na2S04 5.0 57.0 25.5 11.8 10000 93.7 work

2Manganese sulfide (MnS)/graphene oxide (GO)/ polyaniline (PANI) nanocomposites on graphite electrode
®Ag-Ag,0/polypyrrole (PPy) nano composite on graphite electrode

¢Single-stranded deoxyribonucleic acid (ssDNA) functionalized reduced graphene oxide

dBinder-free electro-deposited MnO2, @3D carbon felt network

eNickel ferrite coated on carbon felt

fFerrocene functionalized multi-walled carbon nanotubes

Conclusion

In summary, this study compared the super-capacitive behaviour of two redoxes of liquid catocene,
and solid ferrocene, on a basal plane pyroletic graphite electrode. Thin layers of these materials were
self-assembled on the graphite electrode, and their super-capacitive behaviours were compared in an
aqueous sodium sulphate electrolyte. The liquid catocene demonstrated a more uniform distribution
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and better interaction with the BPPG surface than ferrocene, with its surface molar coverage up to 75
% higher. In voltammetric studies, this material exhibited a specific capacitance close to 185.0 F g* at
a potential scan rate of 20.0 mV s, compared to 125.0 F g for ferrocene, and provided lower charge
transfer resistance during oxidation. In a way, the energy density of the asymmetrical capacitor based
on catocene was measured at 56.7 Wh kg! at a power density of 2.9 kW kg, while the ferrocene-
based capacitor showed an energy density of 50.9 Wh kg* at a power density of 2.8 kW kg, and both
capacitors maintained nearly 93.7 and 97.0 % of their overall capacitance in consecutive 10000 charge-
discharge cycles, respectively. The calculation of capacitance contribution ratio analysed by Trasatti’s
method, showed that the charge storage in the Cat/BPPG and Fc/BPPG electrodes originates mainly
from the battery-like contributions (93.75 and 78.02 %, respectively). Considering the high production
stages and expensive cost of chemically functionalized carbonaceous electrodes with redox materials,
the use of liquid redox materials such as catocene appears to be a suitable solution for improving the
performance of electrochemical capacitors.
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