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ARTICLE INFO ABSTRACT
Keywords: Nickel-iron-based spinel oxide was prepared and supported on multi-walled carbon nanotubes to
Ethylene glycol electrooxidation enhance the electrochemical oxidation of ethylene glycol in an alkaline medium. NiFe;O4 was

Nickel ferrite
Multiwalled CNT
Nickel oxyhydroxide
EIS

prepared using facile sol-gel techniques. Then the prepared material was characterized using
different bulk and surface techniques like powder X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscope (SEM), and transmitted electron microscope
(TEM). Different electrodes of NiFe304/CNT ratios were prepared to find out the optimum spinel
oxide/CNT ratio. The activity of the metal spinel oxides composite was characterized toward
ethylene glycol conversion by different electrochemical techniques like cyclic voltammetry (CV),
Chronoamperometry (CA), and electrochemical impedance spectroscopy (EIS). The modified
electrode reached an oxidation current of 43 mA cm™2 in a solution of 1.0 M ethylene glycol and
1.0 M NaOH. Furthermore, some kinetics parameters (like diffusion coefficient, and rate constant)
were calculated to evaluate the catalytic performance. Additionally, the electrode showed
extreme stability for long-term ethylene glycol oxidation.

1. Introduction

In today’s rapidly evolving world, the need for sustainable energy resources has become paramount. As we grapple with the
consequences of climate change and depleting fossil fuel reserves, it is crucial to explore and adopt alternative sources of energy that
can meet our growing demands while minimizing environmental impact [1-5]. Renewable energy sources such as solar, wind, and
hydropower have emerged as viable options in the pursuit of sustainability. These energy sources are abundant, widely available, and
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produce little to no greenhouse gas emissions. By investing in and transitioning to these renewable alternatives, we can decrease our
dependency on finite fossil fuels and mitigate the harmful effects of global warming, ensuring a cleaner and healthier future for
generations to come [6-9].

The electrooxidation of ethylene glycol (EG) in an alkaline medium is a fascinating area of research that holds great potential for
various applications [10-12]. Because it is less poisonous than other alcohols, has a higher ignition point, is less expensive, and is not
volatile, ethylene glycol (EG) has attracted a lot of attention. Additionally, EG has an energy capacity that is around 20 % greater than
methanol’s [13].

In recent years, there has been a growing interest in developing efficient and cost-effective materials for electrooxidation processes.
One such material that has gained significant attention is nickel-based surfaces. These surfaces exhibit excellent electrocatalytic
properties, making them ideal for several purposes like fuel cells, water splitting, and sensors [14-18]. The unique properties of
nickel-based surfaces, such as high conductivity and corrosion resistance, make them suitable for use in harsh environments. Addi-
tionally, nickel is abundant and relatively inexpensive, further contributing to its appeal as a cost-effective material for electro-
oxidation. Ongoing research and development efforts aim to optimize the performance of nickel-based surfaces and explore their
potential for other emerging applications in renewable energy and environmental remediation [19-25].

A remarkable chemical and thermally stable material, spinel oxides have the general structure of ABO4, where A and B are metallic
cations. This makes them ideal for a variety of catalytic uses. Transition metal oxides exhibiting a spinel phase are highly sought-after
as anodic materials in electrochemical applications [26].

Carbon nanotubes (CNTs) have been employed as electrode modifiers in several applications. (CNTs) possess numerous charac-
teristics that render them an outstanding nanomaterial for electrochemical applications. CNTs have been employed in the alteration of
many surfaces due to their advantageous characteristics, such as improved electrical properties, elevated electric conductivity, a
substantial ratio of edge planes to basal planes, a significant specific surface area, and the capacity to prevent fouling [27]. MWCNTs
are commonly employed as catalyst supports in fuel cell applications such as NiCr-oxide@CNT [28], SnO2@CNT [29], PdAg/CNT [30],
Pt/MgO/CNT [31], and Pt-Sn/CNT [32].

In this work, Nickel ferrite was prepared to enhance the ethylene electrooxidation in alkaline medium. The synthesized electro-
catalyst was characterized using several techniques such as XRD, XPS, SEM, and TEM. Thus, the physical mixture of CNT with nickel
ferrite was prepared with different ratios. Several electrochemical studies were performed to confirm the activity of the prepared
materials. Different kinetics parameters (i.e., rate constant, diffusion coefficients, and surface coverage) were calculated to find out the
optimum nickel-ferrite/CNT ratio. Additionally, the electrochemical impedance spectroscopy (EIS) was utilized to find out charge
transfer resistance for the modified electrodes.

2. Experimental
2.1. Preparation of nickel ferrite/CNT

A solution of sodium hydroxide with a concentration of 3.0 M was gradually combined with salt solutions containing ferric chloride
(FeCl3.6H50) at a concentration of 0.4 M and nickel chloride (NiCl3-6H50) at a concentration of 0.2 M. At the same time as NaOH
solution was being added drop by drop, the pH of the solution was continuously checked. Over the course of the experiment, the
reactants were continuously agitated with a magnetic stirrer until a pH level of more than 12 was reached. As the surfactant, a certain
quantity of cetrimonium bromide (CTAB) was added to the solution. This quantity was two to three drops for a total reactive solution
volume of 75 mL. After that, the liquid precipitate was heated to a reaction temperature of 80 °C and agitated for a period of 40 min.
After the product had been allowed to reach room temperature, it was washed twice with distilled water and ethanol in order to
eliminate any undesired contaminants and excess added. After centrifuging the sample for 15 min at a speed of two thousand revo-
lutions per minute, it was dried at a temperature of more than 80° C for a whole night. After the substance was obtained, it was turned
into a fine powder and then annealed at a temperature of 600 °C for 10 h.

Then, the prepared NiFe;O4 was mixed physically with different ratios of carbon nanotubes (i.e., 10, 25, and 40 %) to form the
following electrocatalyst NiFe;04/CNT-1, NiFesO4/CNT-2, and NiFe;04/CNT-3 respectively. 20 mg of electrocatalyst (NiFexQ4/CNT-
1, NiFe304/CNT-2, and NiFe;04/CNT-3) was suspended in 1 mL of iso-propanol and 1 mL of (5 % wt.) Nafion solutions. Then, 50 pL of
catalyst ink was cast on electrode surface to prepare the final surface for electrochemical measurement.

2.2. Electrochemical measurement

The electrochemical investigations were carried out using the Autolab PGSTAT128 N equipment, employing the techniques of
cyclic voltammetry, chronoamperometry, and electrochemical impedance spectroscopy. The impedance spectrum was analyzed using
NOVA, an electrochemistry software developed by Metrohm Autolab in Utrecht, Netherlands. The software version used for the
analysis was 2.1. A potentiostat was connected to a three-electrode cell. The experimental configuration included a reference electrode
made up of Ag/AgCl/KCl (saturated) and an auxiliary electrode constructed from Pt wire. The working electrode was a modified glassy
carbon (GC) electrode consisting of three different electrocatalysts: GC/NiFe304/CNT-1, GC/NiFe304/CNT-2, and GC/NiFe;04/CNT-
3. During the electrochemical impedance spectroscopy tests, the AC potential value was consistently adjusted by applying an AC
voltage amplitude of 10 mV and a frequency range of 10* Hz-0.01 Hz. The data that was acquired was subjected to fitting using the
equivalent circuits software, specifically NOVA 2.1.

The solution was first flushed using N, gas to remove dissolved gases. Also, electrochemical investigations were conducted under
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ambient conditions.

3. Results and discussions
3.1. Structural and surface characterizations

The Powder X-Ray diffraction technique was utilized to examine the chemical composition of the produced NiFe,O4. Fig. 1a
displays the XRD chart of NiFe,O4. Based on reference card ICDD No.54-0964, NiFe;04 exhibited seven distinct peaks at precise angles,
namely 20 = 22, 30, 35, 36, 43, 53, 57, and 63°. The peaks observed correlate to the miller indices (111), (220), (311), (222), (400),
(422), (511), and (440); respectively [33-36]. It is widely accepted that the crystal structure of NiFe;O4 is cubic, characterized by a
crystal point group of m 3m. (see Fig. 1b). The crystal system of the NiFe,0,4 was estimated using Material Studio software version
2017.

Fig. 2 demonstrates the use of X-ray photoelectron spectroscopy (XPS) to analyze the chemical structure. Nevertheless, there were
two distinct peaks indicating the presence of two spin-orbit peaks of Ni 2p3/2 and Ni 2p1/2 (Fig. 2a). The detected peaks at binding
energies of 854.9 and 858.4 eV can be attributed to Ni?* and Ni®" respectively [37-39]. The Fe 2p spectrum, depicted in Fig. 2b,
exhibits two distinct peaks at 711.3 and 713.5 eV, corresponding to Fe(II) and Fe(III); respectively [40-43]. These peaks correspond to
the spin-orbit peaks of Fe 2p3/2 and Fe 2pl/2, which are responsible for determining the Fe(III) oxidation state in the NiFeyO4
products. Three oxygen peaks were seen in the high-resolution spectra of the O 1s area (see Fig. 2c). These peaks manifested themselves
at 530.1, 531.9, and 532.7 eV, for M(II)-O, M(III)-O and adsorbed H,O; respectively [44-49]. The first peak, which was located at
530.1 eV, was identified as a normal M — O bond. On the other hand, the second peak, which was located at 531.9 eV, may be
attributed to various defect sites, such as hydroxyls, carboxyls, or species that are intrinsic to the surface of the spinel. It is possible that
the third peak, which is positioned at 532.7 eV, is connected to the HyO that has been absorbed on the surface either physically or
chemically. The spectra of C1s are shown in Fig. 2d. At binding energies of 285.14, 285.68, and 288.72 eV, the examination of the Cls
spectra identified three distinct peaks. The presence of spectral peaks at 285.14 and 285.68 eV indicates the existence of a carbo-
naceous layer commonly seen on the surfaces of objects exposed to air [50-54]. Furthermore, the existence of metal carbonate can be
deduced from the third peak, which was observed to have a binding energy of 288.72 eV.

The modified NiFe;04/CNT-2 electrode’s surface structure was investigated by scanning electron microscope (SEM). Fig. 3a dis-
plays an SEM view of the nickel ferrite surface embedded in the CNT. According to SEM, catalyst particles ranging in size from 30 nm to
60 nm were found throughout the surface. The larger particles were formed by the aggregation of the smaller structures.

The Energy Dispersive X-ray Analysis (EDAX) depicted in Fig. 3b confirms the presence of Nickel (Ni), Iron (Fe), carbon (C), and
Oxygen (O) in the catalyst structure. The carbon element is due to the presence of carbon nanotubes. Otherwise, the high percentage of
oxygen is due to the presence of spinel oxide, which has the chemical structure of AB,O4. The observed ratio of 1:2:4 between these
elements is consistent with the expected composition. This finding is further corroborated by the X-ray Diffraction (XRD) analysis,
which identifies NiFe;04 as the primary phase in the catalyst structure. The catalyst’s elemental surface imaging revealed a homo-
geneous distribution of Ni and Fe on the electrode’s surface. In addition, the morphological structure of NiFe;O4 was studied using
transmission electron microscopy (TEM). In Fig. 3c, the particle size is depicted as 30-60 nm. The nanoparticle loaded on CNT was
investigated, as represented in Fig. 3d. Whereas the attachment of NiFe;O4 on the CNT surface for NiFe;O4/CNT-2 reflects the high
activity of nickel ferrite for EG conversion.

3.2. Ethylene glycol electrochemical oxidation

The activity of the modified surface, namely, NiFe;04/CNT-1, NiFe304/CNT-2, and NiFe;04/CNT-3 electrocatalysts, were studied
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Fig. 1. a) XRD of as prepared NiFe,O,4 and theoretical calculated curve. b) Crystal structure of the nickel ferrite.
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Fig. 3. a) SEM of NiFe,04/CNT-2, b)EDAX, ¢) TEM of NiFe,O,, d) TEM of NiFe,0,/CNT-2.
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using CVs in a solution containing 1.0 M ethylene glycol and 1.0 M NaOH. The activation of nickel-based electrodes plays a crucial role
in the electrochemical oxidation of ethylene glycol. Consequently, the performance of the electrodes was improved through an
activation procedure. This procedure results in the formation of a nickel-based compound that demonstrates a significant level of
electrocatalytic performance, precisely known as nickel oxyhydroxide (NiOOH). The activation process was conducted using repeated
CVs in NaOH for 200 cycles. The occurrence of NIOOH production results in a rise in electrical current across consecutive cycles. As the
quantity of potential sweeps rises, the thickness of the NIOOH layer proportionally increases. The presence of OH™ ions is responsible
for facilitating the conversion rate between Ni(OH), and NiOOH, as described by the following equation no.1 [55,56]:

6 Ni(OH), +60H™ < 6 NiOOH + 6H,0 + 6 e~ (€D)]

The NiOOH species produced is mostly utilized for the electrochemical oxidation of ethylene glycol, as determined by equation no.
2 [57,58]:

(CH,0H), +10 OH™ < 2CO,+ 8H,0 + 10e~ 2

The CVs of the modified NiFe;04/CNT in a 1.0 M NaOH solution are illustrated in Fig. 4a. The conversion of Ni(OH), and NiOOH
exhibits a single redox peak within the potential range of 0.3-0.45 V. Fig. 4b illustrates the process of EG oxidation. Hence, the
presence of prominent oxidation peaks at a potential of less than 0.45 V can be attributed to the transformation of EG. Nevertheless, the
NiFe204/CNT-2 sample exhibited significantly higher activity in comparison to the other modified NiFe304/CNT sample. The use of
carbon nanotubes has the potential to augment the efficacy of EG electrochemical oxidation in an alkaline environment. The increased
ability of CNT to enhance the electrical conductivity of the electrode surface along with computability between catalyst and electrode
surface. Also, surface area and improved mechanical and chemical durability of CNT-based samples may account for the greater
activity seen in EG electrochemical oxidation.

A study was conducted to assess the electroactive surface area of each electrode by studying its correlation with surface coverage.
The research examines the cyclic voltammetry of different modified electrodes, specifically NiFes04/CNT-1, NiFes04/CNT-2, and
NiFe304/CNT-3, in a 1.0 M NaOH solution at different sweep rates (see Fig. 5a-c). The depicted diagram demonstrates that the
oxidation peaks exhibited a shift towards a more positive value as the sweep rate was increased. For all electrocatalysts, the reduction
peaks exhibited a tendency towards more negative values. The observed outcome can be ascribed to the augmentation of active sites on
the surface of the electrocatalyst by the amplification of the scan rate. Fig. 5d displays the linear relationships between the scan rate
and the oxidation and reduction peaks of the electrocatalyst. Hence, equation no.3 is employed to determine the extent of active site
coverage on the surface of each electrocatalyst [59]:

252
L= <Z;T) AT 3)

The equation contains the following variables: R denotes the universal gas constant, T represents the solution temperature. v in-
dicates the sweep rate of cyclic voltammetry, measured in mV s~ . A represents the electrode surface area, which is 0.0707 cm?. Lastly,
I'* represents the surface coverage of redox species, measured in mol cm2. The process of obtaining the value of " * involved calcu-
lating the slope of the linear relationship between I, and v. the surface coverages provide are 4.17 x 107°, 3.81 x 1078, and 6.54 x
107! mol cm? for NiFe;04/CNT-1, NiFes04/CNT-2, and NiFe,04/CNT-3; respectively.

The study also assessed the electrochemical response of the NiFe;04/CNT-1, NiFey04/CNT-2, and NiFe;04/CNT-3 modified
electrodes to variations in fuel concentration. The investigation of the impact of different ethylene glycol concentrations was con-
ducted by employing a scan rate of 20 mV s~! in a solution containing 1.0 M NaOH, as depicted in Fig. 6a—c. The magnitude of the
anodic peak current exhibited a positive correlation with the content of ethylene glycol. Fig. 6d illustrates the correlation between the
concentration of ethylene glycol and the anodic peak current. Based on the results of the investigation, it can be concluded that the
suggested composite exhibits potential as a viable alternative to ethanol electrooxidation due to its adaptability in effectively func-
tioning across different ethylene glycol concentrations. Table 1 presents a comparison of the anodic current of the modified NiFe04/
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Fig. 4. CVs of modified NiFe;04/CNT-1, NiFe;04/CNT-2, and NiFe;04/CNT-3 in solution of EG and NaOH.
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Fig. 5. CVs of (a) NiFe,04/CNT-1, (b) NiFe504/CNT-2, and (c) NiFe;O4/CNT-3 in 1.0 M NaOH. d) Relation between anodic or cathodic current and
the sweep rate.

CNT-2 composite with other nickel-based electrodes documented in the existing literature.

The study utilized chronoamperometry to investigate the extended endurance of the ethylene glycol electrochemical oxidation
surface (refer to Fig. 7a). Chronoamperometry experiments were conducted on the surfaces of NiFe;04@CNT-1, NiFe;04/CNT-2, and
NiFe;04/CNT-3 in a solution containing 1.0 M ethylene glycol and 1.0 M NaOH. The experiments were carried out at a fixed potential
of 0.45 V. After 10 h, the oxidation current density of the electrodes fell by 9 %, 6 %, and 15 % for NiFes04/CNT-1, NiFe;04/CNT-2,
and NiFe;04/CNT-3; respectively. The current decline is attributed to the mechanical corrosion of the electrocatalyst surface, the
buildup of partially oxidized EG, and the formation of metal carbonate resulting from the binding of the generated carbon monoxide
[65]. Nevertheless, minor variations in the anodic current indicate that the electrodes demonstrate enhanced durability and stability to
the electrochemical transformation of ethylene glycol over long time.

The rate constant (k) and diffusion coefficient (D) were estimated using the constant potential chronoamperometry method. The
constant potential chronoamperometry is carried out for modified NiFe;04/CNT-2 surface in the presence of various fuel concen-
trations (range from 0.05 to 1.0 M) in 1.0 M NaOH at potential of 0.45 V (see Fig. 7b). In addition, the diffusion coefficient was
estimated for NiFe,04/CNT-2 at different concentrations of EG using Cottrell equation (Equation no. 4). Whereas the D was calculated
by plotting relation between anodic current and 705 (see Fig. 7¢) [66,67]:

. nFACVD
i— — “@

In the oxidation process, the variables are as follows: n: number of electron, F: Faraday constant, A is electrode’s area, C, represents the
concentration of EG, D represents the diffusion coefficient, and t represents experiment’s time. The diffusion coefficient was deter-
mined by analyzing the correlation between the oxidation current and the square root of time (t'/2), as depicted in Fig. 7c. Table 2
presented the D values for different concentrations of EG. The ethylene glycol molecule displayed a reduced diffusion coefficient due to
the robust intermolecular interaction, particularly the hydrogen bond, between the fuel and the solvent.

The constant potential chronoamperometry method is used to determine the rate constant (ks) of modified surfaces at different
concentrations of EG, as indicated in Table 2. Regarding to equation No. 5 [68]:
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Table 1
Comparison between modified NiFe,O4/CNT-2 electrode with others reported in literature for EG oxidation.
Surface EG (M) NaOH (M) Sweep rate (mV s 1) current density (mA cm™2) Reference
NiFe;0,4/CNT-2 1.0 1.0 20 43 This work
NiMn,O4@Carbon felt 1.0 1.0 20 24 [11]
NiCo,04@Chitosan 1.0 1.0 20 42 [60]
IN738 Superalloy 1.0 1.0 20 17 [61]
Pd-(NiZn)-C 5.0 2.0 50 84.2 [62]
PdANiP 1.0 1.0 20 31.3 [63]
Sulfonate-MWCNT- PdNi 0.5 1.0 50 35.3 [64]
i
== (k Cot )0® 5)
d

The equation contains the following variables: The symbol “Ic” denotes the catalytic anodic current (A), “I”: electrode current in
the absence of fuel, “C": EG concentration (M), “k": the rate constant ! s’l), and “t": time (s).

In order to estimate the rate constant, the slope of the connection between I¢/I;, and t/2 was calculated, as depicted in Fig. 7d. The
analysis of the data reported in Table 2 revealed that the rate constant displayed a wide range of values across various concentrations.
However, the diffusion coefficient plays important role in electrooxidation of ethylene glycol. Thus, the high interaction between EG
molecules under electric field has an influence on rate constant.

EIS spectroscopy was utilized to examine the influence of composite modification on the electrochemical characteristics of EG
electrooxidation. Fig. 8a presents Nyquist plots of the electrodes modified with NiFe;04/CNT-1, NiFe304/CNT-2, and NiFe304/CNT-3
in 1.0 M EG and 1.0 M NaOH at AC potential equal +0.450 V. Nevertheless, the impedance value aligns with the data found in the CV
analysis. Additionally, it is worth noting that the electrode with the highest activity, NiFesO4/CNT-2, demonstrates the lowest charge
transfer resistance (R2). Furthermore, the high R2 value of NiFes04/CNT-3 corresponded to the lowest observed activity. Table 3
presents the values of the fitting parameters for Nyquist data. These parameters include the solution resistance (Rs), outer layer
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Table 2

Representation of D, and k for NiFe,O4/CNT-2 at different EG concentrations.
EG Conc. (M) 0.05 0.1 0.2 0.3 0.4 0.5 0.8 1.0
D x 1079 (cm?s™1) 19 14 8.2 4.92 2.4 1.62 0.84 0.42
ks (mol ' Ls™) 13 8.56 8.43 5.25 4.53 4.02 3.85 2.18

resistance (R1), outer layer capacitance (C1), inner layer resistance (R2), and inner layer capacitance (C2), all of which are connected
to the inner layer in the circuit. Moreover, the electrochemical behavior is influenced synergistically by the fluctuation in fuel con-
centration. In contrast, an electrochemical impedance spectroscopy (EIS) analysis was conducted on the electrode (NiFe;04/CNT-2)
with the highest electrochemical oxidation value for EG in a solution containing 1.0 M NaOH and a potential of +0.45 V. Nyquist plots
for different EG concentrations, ranging from 0.05 to 1.0 M, were shown in Fig. 8b. The data for the fitted equivalent electric circuit
was shown in Table 4. As the EG content increases, the surface’s resistance related to charge transfer decreases due to the electro-
chemical oxidation process. Nevertheless, the rise in fuel concentrations results in a reduction in the charge transfer resistance and
impedance of the electrode. This is attributed to the heightened resultant current of the ethylene glycol (EG) oxidation process.

4. Conclusions

The study of the activity of nickel iron functionalized carbon nanotube was performed in the alkaline medium. Thus, synergistic
effect between nickel iron and carbon nanotube was observed as the presence of CNT enhanced the performance of the spinel oxide for
EG electrooxidation. The reason for enhancement of oxidation power is regarding the higher electrical conductivity of CNT which
promotes the charge transfer step. Also, the high surface area of CNT could enhance the adsorption step. The ratio of NiF;04: CNT
(75:25 %) showed the highest activity as the lower nickel content led to decrease the available active sites for oxidation. NiFe;04/CNT-
2 has the highest surface coverage among the others (3.81 x 10~8 mol cm?). Additionally, the modified electrode showed high activity
through EG concentrations (0.05-1.0 M). The electrode showed low diffusion coefficient due to the interaction between EG with each
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Fig. 8. a) Nyquist plot for different modified electrode NiFe,04/CNT-1, NiFe;04/CNT-2, and NiFe,0,4/CNT-3, b) Nyquist plot for modified NiFe,0,4/
CNT-2 at various EG concentrations.

Table 3

Nyquist fitting parameters for different electrode surface.
Electrode R, (Q cm?) R; (Q em?) C1 (F) R; (Q em?) Ca(F)
NiFe04/CNT-1 14.3 23.4 0.0004354 624 0.000778
NiFe;04/CNT-2 15.7 21.7 0.0007248 562 0.000954
NiFe;04/CNT-3 14.9 27.1 0.0001854 662 0.000359

Table 4

Nyquist fitting parameters for different concentration for NiFe;04/CNT-2 electrode.
EG conc. (M) R, (Q cm?) R; (Q cm?) C (F) R; (Q cm?) C, (F)
0.05 15.1 26.4 0.0004182 658 0.000471
0.1 14.3 25.9 0.0004281 649 0.000484
0.2 16.5 25.64 0.0004357 637 0.000506
0.3 12.5 24.9 0.0004783 634 0.000727
0.4 14.6 23.8 0.0004851 615 0.000762
0.5 13.9 24.6 0.0005019 603 0.000807
0.8 14.8 23.1 0.0006187 589 0.000841
1.0 15.7 21.7 0.0007248 562 0.000954

other and solvent molecules (by strong hydrogen bond). The high percentage of CNT in NiFe;04/CNT-3 sample showed lower activity
due to the lower available nickel active sites in the electrode surface.
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