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Abstract: A two-step process was applied to synthesize the cobalt ferrite-graphene composite
materials in a one-pot hydrothermal reaction process. Graphene Oxide (GO) was synthesized by
a modified Hummer’s method. The synthesized composite materials were characterized by X-ray
diffraction (XRD), thermogravimetric analysis (TGA), field emission scanning electron microscopy
(FE-SEM), transmission electron microscopy (TEM), and Fourier-transform infrared spectroscopy
(FTIR). The XRD and FTIR results were in good agreement with the TGA /DTG observations. SEM
and TEM disclosed the spherical shape of the nanoparticles in 4-10 nm. The optimized CoFe;O4-G (1-
5 wt.%) composite materials samples were tried for their conductivity, supercapacity, and corrosion
properties. The CV results demonstrated a distinctive behavior of the supercapacitor, while the
modified CoFe;O4-G (5 wt.%) electrode demonstrated a strong reduction in the Rt value (~94 )).
The highest corrosion current density valves and corrosion rates were attained in the CoFe,O4-G
(5 wt.%) composite materials as 5.53 and 0.20, respectively. The high conductivity of graphene that
initiated the poor corrosion rate of the CoFe,O4-graphene composite materials could be accredited to
the high conductivity and reactivity.

Keywords: nanocomposite; hydrothermal process; CoFe,O4 nanoparticles; graphene; electrochemi-
cal properties

1. Introduction

Nanostructured materials have caught the attention of the materials’ community over
the past few decades. It was discovered that materials could be involved in multiple
applications, specifically the ones related to batteries and sensors [1,2]. Nanostructured
materials can be found in many forms, such as metal oxides. Metal oxide is known to be a
common nanomaterial that is considered a powerful option as a catalyst or an enhancer to
another material [3]. Multiple studies have been done on metal oxides due to their superior
properties that they exhibit in more than one application. Therefore, the focus of this study
was on a metal oxide, namely, the cobalt ferrite nanostructured material.

Cobalt ferrite is known for its magnetic properties, in addition to its outstanding
stability, both structurally and chemically [4]. Because it is a ferrite material, it is assumed
to exhibit a high hardness [5,6]. However, it can go through thorough mechanical testing
to prove if its hardness is high or low. Cobalt ferrite is an interesting material for electro-
chemical experimentation because of the conductivity it poses. Nevertheless, a thorough
electrochemical characterization on cobalt ferrite has not yet been investigated. Therefore,
cobalt ferrite is one of those materials that is capable to be in the biosensors field because of
its properties. It was used in an application for detecting mercury ions, which are known
for their toxicity on human bodies [7].
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Recently, the field of research in materials has involved graphene as a secret component
in the fabrication of composites to produce them with outstanding properties for various
applications, such as energy storage and sensors [8,9]. Graphene can be the key component
in a composite to turn a non-conductive matrix into a conductive material [10,11]. It can
also be utilized as a magnetism enhancer for some composites [8,12]. Researchers believe
that graphene is a promising composite ingredient due to its conductivity, even though it is
a nonmetallic material, in addition to its mechanical, thermal, and structural properties. Itis
not surprising to see it combined with polymeric materials to supply them with the needed
conductivity property so they can be used in electrical applications, such as biosensors.
Graphene can play a major role in increasing the performance of a polymeric matrix when
it comes to the mechanical properties of the matrix. Moreover, it can improve the thermal
stability of the polymer composite due to its high melting point [13,14].

In this work, a two-step process was used to synthesize the cobalt ferrite-graphene
composite materials. The first step was to fabricate the graphene oxide by a modified
Hummer’s method, and the second step was to combine GO as a raw material with cobalt
and iron salt after proper mixing in a one-pot hydrothermal reaction process. The composite
materials were characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Fourier-transform infrared spectroscopy
(FTIR), and thermogravimetric analysis (TGA). The outcome of the results revealed that
the effect of graphene oxide ratio in the CoFe,O4 composites had a great impact in terms of
morphology and structural and electronical performance.

2. Experimental Procedure
2.1. Synthesis of Nanoparticles

The synthesis of the cobalt ferrite nanoparticles was accomplished through the hydrother-
mal technique. Typically, a ratio of 2:1 of Cobalt (II) nitrate hexahydrate (Co(NO3),e6H,0)
and iron (III) nitrate nonahydrate (Fe(NO3)309H,0) were dissolved in 100 mL of double-
distilled water. The mixture was kept under continuous stirring for an hour. Afterwards,
sodium hydroxide (NaOH) was added to the mixture above dropwise until the pH reached
~12, and stirring was continued for an hour. Finally, the solution was transferred into
two hydrothermal vessels (with 100-mL capacity), and they were placed in the furnace
at around 200 °C for 5 h. The vessels were taken out of the furnace after cooling down
naturally. The resulting product appeared to be a dark-colored solution. The solution
was washed several times for 10 min each by double-distilled water and ethanol using a
centrifugation process at 3000 rpm to remove the byproducts. The resulting precipitate
was finally dried at 80 °C in an electric oven overnight.

2.2. Synthesis of Graphene Sheets

Initially, graphite flakes were used to synthesize graphene oxide chemically by an
optimized Hummer’s method [15]. In the synthesis, 8 g of the graphite flakes were placed
in an ice bath. Graphite flakes were stirred in a beaker with 200 mL concentrated sulfuric
acid for one hour. Sixteen g of KMnO, were added into the stirring mixture dropwise
after 10 min. The mixture was left to be stirred and heated at 3540 °C for roughly 6 h.
Afterwards, double-distilled water was added into the mixture dropwise (an amount of
200 mL). Twenty mL of 30% H,O, were added into the mixture to remove the excess
KMnOjy in the mixture. To remove the manganese salt in the mixture, 250 mL of 5% HCl
(34 mL of HCI with 216 mL of H,O) was added into the mixture. After obtaining the final
product of this chemical synthesis, graphene oxide needed to be purified continuously
by double-distilled water until the pH reached to ~7. A one-hour sonication step was
performed to separate the graphene oxide sheets, which produced excellent dispersed
graphene oxide sheets. Finally, the graphene oxide sheets were dried overnight in an
electric oven.
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2.3. Fabrication of Nanocomposites

The CoFepO4/graphene nanocomposites were synthesized by a one-pot hydrother-
mal route. Usually, 1% of GO was dispersed in 100 mL of double-distilled water and
sonicated for an hour using UIP 1000hdT (1000 W, 20 kHz). In the meantime, 3.96 g of
Co(NO3),e6H,0 and 1.98 g of Fe(NO3)3;e9H,0 were dissolved in 80 mL of double-distilled
water under continuous stirring. The dispersed GO sheets were added slowly in the
solution under stirring. The NaOH (10 M) solution was added dropwise until the pH
reached to 12 in the above solution under continuous stirring for 5 h. The basic conditions
uphold a decline in the defects present in the resulted nanocomposite materials, while
acidic conditions lead to higher number of defects in the resultant materials [16]. The
final solution was transferred into hydrothermal vessels for 5 h at 200 °C. The hydrother-
mal vessels were cooled naturally. The resultant precipitate was washed several times at
3000 rpm for 10 min to remove the byproducts and finally a couple of times with ethanol.
The resulting slurry was dried at 80 °C overnight. The 3% and 5% composite materials
were synthesized while varying the composition of cobalt nitrate, iron nitrate, and GO
(Table 1) in the above process. The percentages of the samples were calculated on a weight
percent basis (Table 1).

Table 1. Compositions of the samples.

Sample (Co(NO3),06H,0) (Fe(NO3)3¢9H,0) Graphene
CoFe,Qy (reference) 4.005¢g 19% g Og
CoFeyO4/graphene?%l 39%g¢g 198 ¢ 0.06 g
CoFepO4/graphene%3 3.88¢g 194 ¢ 0.18 g
CoFepO4/graphene%b 38¢g 19¢g 03g

2.4. Preparation of Electrodes

Glassy carbon electrodes (GCE) were cleaned and polished very well to have a reflec-
tive surface first with a 0.1-um polishing diamond solution and then a 0.05-um polishing
alumina solution to remove the absorbed species on the surface of the electrode. The
working electrodes for the electrochemical investigations were prepared. To prepare an ink
of the active materials, it was done by mixing active materials and binder (PVDF) in a ratio
of 9:1 using a few drops of n-methyl 2-pyrrolidone (NMP) in a mortar. An appropriate
amount of materials were placed on the surface of an electrode using a digital micropipette.
The prepared electrode was placed in the oven at 80 °C overnight.

2.5. Sample Characterization Techniques
2.5.1. X-ray Diffraction (XRD)

To understand the quality, phase, and crystallinity of the synthesized materials, the
X-ray diffraction technique was utilized. X-ray diffraction studies were carried out by
Shimadzu PXRD-7000, (Tokyo, Japan) with Cu K« (1.54 A) as a radiation source. The
samples were scanned from 10-80°.

2.5.2. Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) studies were carried out to understand
the structural and bonding features of synthesized composite materials. FTIR spectra on
the synthesized composited materials were collected on a Nicolet iS50 FTIR spectrometer
using the KBr pellet technique with a spectral resolution of 4 cm~! and 200 scans (Thermo
scientific, Waltham, MA, USA). FTIR spectra were recorded in the range of 500-4000 em L.

2.5.3. Thermogravimetric Analysis (TGA)

The thermal stability of the synthesized composite materials was characterized by
Thermogravimetric Analysis (TGA). The TGA analysis was scrutinized using an SDT
Q600 instrument (TA Instruments, New Castle, PA, USA), and the spectra were recorded
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from room temperature to 900 °C at a constant heating rate of 5 °C/min in a nitrogen
atmosphere.

2.5.4. Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Analysis (EDX), and
Transmission Electron Microscopy (TEM)

Field emission scanning electron microscopy (FE-SEM), model JSM-7600F (JEOL,
Tokyo, Japan), was used to investigate the microstructures of the samples. In addition,
the elemental compositions of the samples were checked through energy-dispersive X-ray
analysis (EDX, JEOL, Tokyo, Japan). Furthermore, transmission electron microscopy (TEM),
model JEM-2100F (JEOL, Tokyo, Japan), was utilized to understand the morphological
information and size of the synthesized materials.

2.6. Electrochemical Measurements

The electrochemical measurements were carried out on a multi-channel electrochemi-
cal analyzer (IVIUMnSTAT-N27146, Wuhan, China) with PBS solution as the electrolyte. A
three-electrode cell system was immersed in PBS (0.1 M, pH = 7). The synthesized mate-
rials (Cobalt ferrite nanoparticles and cobalt ferrite nanoparticles/graphene composites
with 1%, 3%, and 5% of graphene) were used as working electrodes, whereas Ag/AgCl
and Pt wire were used as a reference and as counter-electrodes. Cyclic voltammograms
(CVs) were recorded at different scan rates (10-100 mV/s) within a potential range of
—1.1-0.1 (Vs. Ag/AgCl) for cobalt nanoparticles and composite materials. Electrochemical
impedance spectroscopy (EIS) investigations were conducted with the frequency range
of 0.01 Hz~1 MHz at an amplitude potential of 0.1 V. Potentiodynamic polarization (PD)
was performed to investigate the corrosion stability of cobalt ferrite nanoparticles and
cobalt ferrite/graphene nanocomposites with different graphene ratios (graphene 1, 3, and
5 wt.%) in a 3.5 wt.% NaCl solution, where the electrodes were immersed in the solution
for 18 h.

3. Results and Discussion

Figure 1 displays the phase and crystallinity facts on as-synthesized nanoparticles
and nanocomposites samples. The XRD spectrum of cobalt ferrite nanoparticles and
cobalt ferrite/graphene nanocomposites with different graphene ratios (graphene 1, 3, and
5 wt%) displays a clear diffraction pattern of CoFe,O4. The peak positions and relative
intensities match well with the standard XRD data for cubic spinel structures [17]. The
diffraction peaks were observed at 30°, 34.54°, 35.64°, 39.56°,52.86°, 56.42°, and 61.26°,
which can be attributed with the lattice planes (220), (311), (222), (400), (422), and (511)
and the (440) crystal planes of the FCC structure of CoFe,O4, which is in good agreement
with the JCPDS card no. 01-1121 [18]. One indexed peak was observed at 23° (002)
in the XRD patterns of the nanocomposites of 3% and 5%, which could be related to
the percentage of graphene [19-23]. The peak at 32° (110) in the nanocomposites of
the 3% and 5% samples appeared to be a confirming peak of the cubic structure of the
nanocomposites’ crystal structure that could be shifting around its initial position in the
XRD spectroscopy of the sample [24]. No other impurities were observed in the prepared
materials. Figure 2 discloses the FTIR patterns of the four samples, which were held in the
range of 500-4000 cm 1. Six vibration bonds were observed in the spectrum at 552 cm ™!,
647 cm~1 1055 cm™1, 1407 cm™1, 1563 cm ™1, and 2934 cm~!. The peaks at 552 cm~! and
647 cm~! had a cobalt ferrite spinel structure related to the stretching vibrations of metal
oxide (Fe**~0O?") bonds [25]. The peaks in the range of 1407 cm~! would indicate the
vibration of COO-, either in symmetric or asymmetric bond groups [25], while the presence
of 1055 cm~! would indicate the stretching vibration of C-O [26,27]. However, in the
nanocomposite samples, the peak at 1563 cm~! revealed the rebuilding of 7-7t conjugation
of graphene sheets [28,29].
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Figure 1. XRD patterns of CoFe,O4 nanoparticles and CoFe;O4-G (1 wt.%), CoFe;O4-G (3 wt.%),
and CoFe;O4-G (5 wt.%) nanocomposites.

}

2934 /

CoFe, O, nanoparticles 1563

CoFe,0,-G (1 wt.%)

Transmission (%)

Bt P
CoFe,0,-G (3 wt.%)
—

CoFe,0,-G (Swt.%)

: —_— — —_—
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2. FTIR spectra of CoFe,O4 nanoparticles and CoFe;O4-G (1 wt.%), CoFe;O4-G (3 wt.%), and
CoFe;04-G (5 wt.%) nanocomposites.
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Figure 3 depicts the TGA /DTG plots of cobalt ferrite nanoparticles and cobalt fer-
rite/graphene nanocomposites with different graphene ratios (graphene 1, 3, and 5 wt%).
The mass loss was distributed into three temperature zones: the 1st zone below 250 °C,
the 2nd zone ~301-354 °C, and the 3rd zone ~795-855 °C. The total weight loss of the
presented samples were 10.30%, 10.86%, 15.25%, and 29.72%. The mild weight loss be-
tween 301400 °C was attributed to the removal of labile oxygen-containing functional
groups [30]. Significant weight loss occurred in the temperature region of 800-900 °C,
which might be assigned to the intrinsic magnetic transformation of CoFe;Oy4 [31].

80

95 4

90 +

85 4

80 4

754

t0.09
100
(@) | 1 (b)
t 0.06
Los
0.3 o $
e 95 1 Loz =
Lo2 § % 2
) 4 T
0] & =
z b Looo 7
01 o o0 2
& 390 3
= 3 P
PSP o | Loo & F-0.03 %
~ il ]
[ Ny A
J/  314°C / Foa 85 - I--0.06
” 833°C
241°C
CoFe,0  nanoparticles F-0.2 CoFe,0,G (1 wt.%) 808.83°C— - -0.09
T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)
03 03
0.2 0.2
B S
- F0.l +=
+0.1 i 2 En
3 3 ;
% = Loo o
Loo 2 > Z
£ 8
i ¢ z
= [ F-01 %
L-0.1 5 ’.’ 5
\ 60 | N loa
f
. L-0.2 < f
CoFe,04-G (3 wt.%) 884.63°C CoFey04-G (5 wt.%) “"m\v
T T T T T T T T 50 T T T T T T T T -0.3
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)

Figure 3. TGA/DTG curves of (a) CoFe;O4 nanoparticles and (b) CoFe;O4-G (1 wt.%), (¢) CoFe;04-G (3 wt.%), and
(d) CoFepO4-G (5 wt.%) nanocomposites.

The mass loss of the nanocomposite samples with different graphene ratios (i.e., 1,
3, and 5 wt%) was found to be increased when it was compared with the mass loss of
pure nanoparticles. Therefore, the increase in mass loss of the nanocomposites happened
due to the existence of graphene in the composition of the nanocomposites. Moreover,
this goes to the decomposition of the carboxylic that occurred from the graphene oxide,
which resulted in the release of carbon dioxide [32]. Due to the thermal stability of the
graphene [33], it could be analyzed how the thermal stability of the nanocomposites
decreased. Therefore, it can be concluded from this study as the percentage of graphene in
a composite increases, its thermal stability decreases, and its mass loss increases [34]. These
results are in good agreement with the XRD and FTIR spectroscopy studies. Moreover, the
differential thermogravimetric (DTG) studies of the samples were also presented. In the
plot, decomposition of the samples can be compared among themselves. A major peak
was shown for each plot of the samples, which aligns with the trend of the weight loss that
was seen in the TGA studies. Graphene was concluded to be the main reason behind the
major decomposition in the nanocomposites [35]. Figure 4a—e displays the morphological
studies on (a) graphene oxide, (b) cobalt ferrite nanoparticles, (c) cobalt ferrite nanoparticles
nanocomposite with 1% of graphene, (d) cobalt ferrite nanoparticles nanocomposite with
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3% of graphene, and (e) cobalt ferrite nanoparticles nanocomposite with 5% of graphene.
Figure 4a depicts the thin flakes of GO with a wrinkled-like layered structure. The stacks
of graphene oxide sheets were observed. Figure 4b shows the morphological information
on the cobalt ferrite nanoparticles, which reveals spherical-type particles with an average
diameter of 5-10 nm. Figure 4c shows the graphene sheets (graphene 1 wt%) decorated
with the cobalt ferrite nanoparticles. The SEM micrographs revealed that the particles seem
to be agglomerated on the graphene sheets. Figure 4d,e depicts the SEM micrographs on the
graphene sheets (graphene 3 and 5 wt%) with well-dispersed cobalt ferrite nanoparticles,
and the estimated size of the synthesized nanoparticles were in the range of 5-10 nm. In
addition, the elemental analysis was carried out using EDX. The elemental composition of
(a) graphene, (b) cobalt ferrite nanoparticles, (c) cobalt ferrite nanoparticles nanocomposite
with 1% of graphene, (d) cobalt ferrite nanoparticles nanocomposite with 3% of graphene,
and (e) cobalt ferrite nanoparticles nanocomposite with 5% of graphene were confirmed
by EDX analysis. Figure S1 reveals the presence of Co, Fe, O, and C atoms, while no other
impurities element were detected.

Figure 4. SEM images of (a) graphene oxide; (b) CoFe;O4 nanoparticles; and (c¢) CoFe;O4-G (1 wt.%), (d) CoFe,04-G
(83 wt.%), and (e) CoFe;04-G (5 wt.%) nanocomposites.

A high-resolution transmission electron microscopy investigation was executed to un-
derstand the distribution of decorated CoFe,O4 nanoparticles on graphene sheets. Figure 5
illustrates the TEM images of (a) graphene oxide, (b) cobalt ferrite nanoparticles, (c) cobalt
ferrite nanoparticles nanocomposite with 1% of graphene, (d) cobalt ferrite nanoparticles
nanocomposite with 3% of graphene, and (e) cobalt ferrite nanoparticles nanocomposite
with 5% of graphene. Figure 5a displays the TEM image of GO sheets with a layered
folded wrinkle look, while Figure 5b reveals the low-magnification image on the synthe-
sized CoFe;O4 nanoparticles. The studies exposed that the particles were spherical and
in the range of 4-8 nm. Figure 5c—e morphological images provide the comprehensive
information on the composites materials where the graphene ratio was 1, 3, and 5 wt%,
respectively. Figure 5c—e displays the decorated graphene sheets with the uniform CoFe;O4
nanoparticles with average sizes ~4-8 nm. The agglomeration of the nanoparticles can
be seen in the images of the TEM. It occurred in the nanocomposites, as it is shown in
the images below. It happened due to the nature of the nanoparticles according to work
of Montoya et al. [36]. Moreover, the magnetic nature of the cobalt ferrite nanoparticles
played a role in the agglomeration behavior shown in the images of the nanoparticles,
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where the surface energy between the cobalt ferrite nanoparticles was high, in addition
to the magnetic interactions. This behavior occurred in the nanocomposites due to the
existence of the magnetic nanoparticles in them. It also confirms the crystallinity of the
nanoparticles in this study [36].

Figure 5. TEM images of (a) graphene oxide; (b) CoFe,O4 nanoparticles; and (c) CoFe,O4-G (1 wt.%), (d) CoFe,04-G
(3 wt.%), and (e) CoFe;O4-G (5 wt.%) nanocomposites.

Figure 6a demonstrates the CV curves of CoFe;O4 nanoparticles and CoFe;O4-G
(1 wt.%), CoFeyO4-G (3 wt.%), and CoFe,O4-G (5 wt.%) modified electrodes. The CV plots
were recorded at a constant scan rate of 30 mV /s in the potential range of —1.0 to 0.0 V.
It can be seen from the results that CV curve of CoFe;Oy4-G (5 wt.%) occupies the largest
area in a rectangular shape as compared to CoFe;O4 nanoparticles, CoFe;O4-G (1 wt.%),
and CoFe;O4-G (3 wt.%). The modified electrode with the higher graphene wt.% reveals
the characteristic electrical double-layer (EDL) capacitive behavior [37]. Moreover, this
confirms that achieving the outstanding electrocatalytic effect for the seen oxidation was
accomplished with the nanocomposite of (CoFe;O4-G (5 wt.%) [38].

1.2 1 Scan rate 10 - 100 mV/s
04 () (b)
0.8
0.2 - CoFe204 nanopafticles
CoFe204-G (3 wt.%
_ 0Fe204-G (3 Wt.%) 04
< <
E 00 E
= o
= CoFer04-G (1 wt.%) g O
£ £
3 5
o 024 0.4 -
-0.8
-0.4 4 CoFe204-G (5 wt.%)
-127 CoFe,0,-G (5 wt.%)
-0.6 T T T T T T . . . | . °
1.0 0.8 0.6 0.4 0.2 0.0 10 08 0.6 re P i

Voltage (V) Voltage (V)

Figure 6. (a) Cyclic voltammogram of CoFe,O4 nanoparticles and CoFe;O4-G (1 wt.%), CoFe;O4-G (3 wt.%), and CoFe;Oy-

G (5 wt.%) nanocomposite electrodes in 0.1 M PBS at a scan rate of 30 mV/s. (b) Cyclic voltammogram curves of CoFe;O4-G

(5 wt.%) nanocomposite electrode at different scan rates from 10-100 mV /s.
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Figure 6b validated the CV plots of the CoFe204-G (5 wt.%) modified composite
electrode at numerous scan rates from 10 to 100 mV/s. It can be noticed that the CV curves
on the composite material displayed a semi-rectangular shape without any peaks, which
was a distinctive behavior of the supercapacitor. Moreover, it shows that the shapes of the
CV plots are relatively similar, which indicates that the formation kinetics of the electrical
double layer (EDL) was quick, confirming the rapid Faradic reaction in carbon-based
composite-material electrodes [39,40].

EIS measurements were carried out to understand the electrical conductivity and the
effect of graphene-decorated cobalt ferrite nanoparticles. Figure 7 displays the electrochem-
ical impedance of cobalt ferrite nanoparticles and cobalt ferrite/graphene nanocomposites
with different graphene ratios (graphene 1, 3, and 5 wt.%). The semicircle of each sam-
ple shown in Figure 7 has different diameters, which can be used to identify the lower
or higher electrical resistance of the fabricated material [41]. The semicircle in EIS plots
validated the electron transfer resistance (R¢t). The Rt of CoFe;O4 nanoparticle-coated
GCE electrodes demonstrated, comparatively, the largest semicircle (396 (}), whereas the
Rt valves of CoFey,O4-G (1 wt.%), CoFerO4-G (3 wit.%), and CoFe,O4-G (5 wt.%) modified
electrodes were recoded as 123 (), 111 ), and 94 (), respectively. The modified CoFe,O4-G
(5 wt.%) electrode demonstrated a strong reduction in Rt value (~94 ) and a sharper line.
However, a smaller semicircle in EIS plots discloses the lower electrical resistance of the
synthesized material [42]. The data on CoFe;O4-G modified GCE electrodes proved their
excellent electron transfer property and their status as excellent electronic conductivity
materials [43]. A notable decline in the charge transfer resistance of the composite materials
could be credited to the reduction in graphene oxide in the hydrothermal process [44]. This
result further reveals that the lower the resistance of the material the higher the electrical
conductivity [45,46]. Therefore, EIS data reveal that the decrease in electrical resistance of
the materials was proportional to the incorporated graphene percentage, which were in
good agreement with the previous reports [46].

300 -
250 -
—~ 200 -
£
=
e
=150
N
1
100
50 H [
.@ RCT W il CoFe,0, nanoparticles
/ =@~ CoFe,0,-G (1 wt.%)
(== CoFe,0,-G (3 wt.%)
0 - W~ CoFe,0,-G (5 wt.%)
L I = I = I I
0 200 400 600 800
Z' (Ohm)

Figure 7. Nyquist plot from the electrochemical impedance investigation for CoFe,O4 nanoparticles
and CoFe;O4-G (1 wt.%), CoFepO4-G (3 wt.%), and CoFe;O4-G (5 wt.%) nanocomposites. (Inset:
equivalent circuit mode).
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Figure 8 shows the potentiodynamic polarization (PD) of CoFe,;O4 nanoparticles and
CoFe;04-G (1 wt.%), CoFe;O4-G (3 wt.%), and CoFe,O4-G (5 wt.%) nanocomposites. The
above-labeled samples were immersed in a 3.5 wt.% NaCl solution for 18 h prior to the
corrosion experiment. A potential window of —1.2 V-—0.2 V was applied at the scan rate
of 1 mV/s. Corrosion studies were recorded and are displayed in Figure 8. In Figure 8, the
highest corrosion current density valves and corrosion rates were attained in the CoFe;Oy-
G (5 wt.%) composite materials as 5.53 and 0.20, respectively. Table 2 recorded the values of
jeorrs Ecorr, Ba, Be, Rp, and Reorr, which were calculated by Tafel plots. The potentiodynamic
polarization results showed that CoFe,O4 nanoparticles demonstrated higher corrosion
resistance due to their lower icor Values as compared to CoFe;O4-G (1 wt.%), CoFepOy-
G (3 wt.%), and CoFe;O4-G (5 wt.%) composite materials [47,48]. In these studies, the
corrosion resistance decreased while increasing the wt.% of graphene, which were in
good agreement with the previous reports [49,50]. The high conductivity of graphene
that initiated the poor corrosion rate of the CoFe,O4-graphene composite materials could
be accredited to the high conductivity and reactivity. Figure S2 demonstrated the SEM
micrographs on the specimens after potentiodynamic polarization studies. The SEM
images clearly display the surface morphology of cobalt ferrite nanoparticles and cobalt
ferrite/graphene nanocomposites with different graphene ratios (graphene 1, 3, and 5
wt.%). In the micrographic images, the surface of CoFe,O4 nanoparticles appeared with
nominal cracks, while cobalt ferrite/graphene nanocomposites with different graphene
ratios (graphene 1, 3, and 5 wt.%) demonstrated the deformations in the composite as a
function of graphene wt.%. The image of composite materials with graphene 5 wt.% in the
CoFe;O4 showed the highest number of deformations. The SEM morphological studies are
in good agreement with the potentiodynamic polarization results (Figure 8).
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Figure 8. PD polarization graph of CoFe,O4 nanoparticles and CoFe;O4-G (1 wt.%), CoFe;O4-G
(8 wt.%), and CoFe,O4-G (5 wt.%) nanocomposites.
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Table 2. Corrosion parameters for (a) CoFe,O,4 nanoparticles and (b) CoFeyO4-G (1 wt.%), (c) CoFe;O4-G (3 wt.%), and (d)
CoFe;04-G (5 wt.%) nanocomposites immersed in a 3.5 wt.% NaCl solution.

Sample Name

Parameter

Ba/V-dec1 Bc/V-dec1 Ecor/V jcorr/HA-cm—2 Rp/kQ Rcor/mmpy

(a)
(b)
(©
(d)

0.368
0.515
0.160
0.304

0.237 —0.6858 0.2844 312.7 0.01046
0.182 —0.8295 3.528 23.52 0.1297
0.133 —0.7763 3.844 11.69 0.1413
0.108 —0.8686 5.539 8.864 0.2036

References

4. Conclusions

A one-pot hydrothermal reaction process was utilized to successfully synthesize
composite materials with different ratios of GO. SEM and TEM disclosed the spherical
shape of the nanoparticles in 4-10 nm. The CV results on CoFe,;O4-G(5 wt.%) composite
demonstrated a distinctive behavior of the supercapacitor, while the modified CoFe;O4-
G (5 wt.%) electrode demonstrated a strong reduction in the R¢ value (~94 (3). The
Rt of CoFe;O4 nanoparticle-coated GCE electrodes demonstrated a comparatively large
semicircle (396 2). The highest corrosion current density valves and corrosion rates were
attained in the CoFe;O4-G (5 wt.%) composite materials as 5.53 and 0.20, respectively.
The high conductivity of graphene that initiated the poor corrosion rate of the CoFe,Oy—
graphene composite materials could be accredited to the high conductivity and reactivity.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/nano11102523/s1, Figure S1. EDX Analysis of (a) Graphene, (b) CoFe,O4 nanoparticles,
(c) CoFeyO4-G (1 wit%), (d) CoFeyO4-G (3 wt%) and (e) CoFepO4-G (5 wt%) nanocomposite. Figure S2.
SEM images of (a) CoFe;O4 nanoparticles, (b) CoFe;O4-G (1 wt.%), (c) CoFe;O4-G (3 wt.%) and
(d) CoFepO4-G (5 wt.%) nanocomposite after corrosion studies.

Author Contributions: Conceptualization, M.A.D. and ES.A.; methodology, M.A.D., ES.A. and
H.S.A.; software, M.A.D., ES.A. and H.S.A.; validation, M.A.D., ES.A. and H.S.A.; formal anal-
ysis, M.A.D. and ES.A ; investigation, M.A.D., ES.A. and H.S.A.; resources, M.A.D. and N.H.A;
data curation, M.A.D., FS.A. and N.H.A.; writing—original draft preparation, M.A.D. and ES.A.;
writing—review and editing, M.A.D.; visualization, M.A.D. and ES.A.; supervision, N.H.A.; project
administration, M.A.D. and N.H.A.; funding acquisition, M.A.D. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by DEANSHIP OF SCIENTIFIC RESEARCH, KING SAUD
UNIVERSITY, grant number RG#1440-115.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article or Supplementary Materials.

Acknowledgments: The authors would like to acknowledge the Deanship of Scientific Research at
King Saud University for funding research grant no RG#1440-115.

Conflicts of Interest: The authors declare no conflict of interest in this manuscript.

1. Dar, AM.; Nam, S.H.; Abdo, H.S.; Almajid, A.A.; Kim, D.W,; Qurashi, A.; Kim, W.B. Self-assembled Co30, nanoplatelets into
micro-spheres via a simple solvothermal route: Structural and electrochemical properties. J. Alloys Compd. 2017, 695, 329-336.

[CrossRef]

2. Dar, AM,; Kim, Y,; Kim, W.; Sohn, J.; Shin, H. Structural and magnetic properties of CuO nanoneedles synthesized by hydrother-
mal method. Appl. Surf. Sci. 2008, 254, 7477-7481. [CrossRef]

3.  Dar, M,; Ahsanulhaq, Q.; Kim, Y.; Sohn, J.; Kim, W.; Shin, H. Versatile synthesis of rectangular shaped nanobat-like CuO
nanostructures by hydrothermal method; structural properties and growth mechanism. Appl. Surf. Sci. 2009, 255, 6279-6284.

[CrossRef]


https://www.mdpi.com/article/10.3390/nano11102523/s1
https://www.mdpi.com/article/10.3390/nano11102523/s1
http://doi.org/10.1016/j.jallcom.2016.10.174
http://doi.org/10.1016/j.apsusc.2008.06.004
http://doi.org/10.1016/j.apsusc.2009.02.002

Nanomaterials 2021, 11, 2523 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Rana, S.; Philip, J.; Raj, B. Micelle based synthesis of cobalt ferrite nanoparticles and its characterization using Fourier Transform
Infrared Transmission Spectrometry and Thermogravimetry. Mater. Chem. Phys. 2010, 124, 264-269. [CrossRef]
Asadpour-Zeynali, K.; Mollarasouli, F. Novel electrochemical biosensor based on PVP capped CoFe,O4 @CdSe core-shell nanopar-
ticles modified electrode for ultra-trace level determination of rifampicin by square wave adsorptive stripping voltammetry.
Biosens. Bioelectron. 2017, 92, 509-516. [CrossRef]

Vemuri, R.; Raju, G.; Gnana Kiran, M.; Prasad, M.S.N.A.; Rajesh, E.; Pavan Kumar, G.; Murali, N. Effect on structural and
magnetic properties of Mg?* substituted cobalt nano ferrite. Results Phys. 2019, 12, 947-952. [CrossRef]

Yang, X.; He, Y.; Wang, X.; Yuan, R. A SERS biosensor with magnetic substrate CoFe;O4 @Ag for sensitive detection of Hg2+.
Appl. Surf. Sci. 2017, 416, 581-586. [CrossRef]

Yanik, M.; Yigit, E.; Akansu, Y.; Sahmetlioglu, E. Magnetic conductive polymer-graphene nanocomposites based supercapacitors
for energy storage. Energy 2017, 138, 883-889. [CrossRef]

Ain, Q.; Haq, S.; Alshammari, A.; Al-Mutlaq, M.; Anjum, M. The systemic effect of PEG-nGO-induced oxidative stress in vivo in
a rodent model. Beilstein ]. Nanotechnol. 2019, 10, 901-911. [CrossRef] [PubMed]

Phiri, J.; Gane, P.; Maloney, T. General overview of graphene: Production, properties and application in polymer composites.
Mater. Sci. Eng. B 2017, 215, 9-28. [CrossRef]

Barstugan, R.; Barstugan, M.; Ozaytekin, I. PBO/graphene added 3-PVDF piezoelectric composite nanofiber production. Compos.
Part B Eng. 2019, 158, 141-148. [CrossRef]

Li, N,; Jiang, H.-L.; Wang, X.; Wang, X.; Xu, G.; Zhang, B.; Wang, L.; Zhao, R.; Lin, ]J.-M. Recent advances in graphene-based
magnetic composites for magnetic solid-phase extraction. TrAC Trends Anal. Chem. 2018, 102, 60-74. [CrossRef]

Kuilla, T.; Bhadra, S.; Yao, D.; Kim, N.; Bose, S.; Lee, J. Recent advances in graphene based polymer composites. Prog. Polym. Sci.
2010, 35, 1350-1375. [CrossRef]

Shu, R.; Zhang, G.; Zhang, ].; Wang, X. Fabrication of reduced graphene oxide/multi-walled carbon nanotubes/zinc ferrite
hybrid composites as high-performance microwave absorbers. . Alloys Compd. 2018, 736, 1-11. [CrossRef]

Zhang, H.; Kuila, T.; Kim, N.; Yu, D.; Lee, J. Simultaneous reduction, exfoliation, and nitrogen doping of graphene oxide via a
hydrothermal reaction for energy storage electrode materials. Carbon 2014, 69, 66-78. [CrossRef]

Bosch-Navarro, C.; Coronado, E.; Marti-Gastaldo, C.; Sanchez-Royo, J.; Gémez, M. Influence of the pH on the synthesis of
reduced graphene oxide under hydrothermal conditions. Nanoscale 2012, 4, 3977. [CrossRef] [PubMed]

Sanpo, N.; Berndt, C.; Wen, C.; Wang, J. Transition metal-substituted cobalt ferrite nanoparticles for biomedical applications. Acta
Biomater. 2013, 9, 5830-5837. [CrossRef]

Feng, X.; Huang, Y.; Chen, X.; Wei, C.; Zhang, X.; Chen, M. Hierarchical CoFe,O4/NiFe,O4 nanocomposites with enhanced
electrochemical capacitive properties. J. Mater. Sci. 2017, 53, 2648-2657. [CrossRef]

Siburian, R.; Sihotang, H.; Raja, S.L.; Supeno, M.; Simanjuntak, C. New Route to Synthesize of Graphene Nano Sheets. Orient. |.
Chem. 2018, 34, 182-187. [CrossRef]

Jabbar, A.; Yasin, G.; Khan, W.; Anwar, M.; Korai, R.; Nizam, M.; Muhyodin, G. Electrochemical deposition of nickel graphene
composite coatings: Effect of deposition temperature on its surface morphology and corrosion resistance. RSC Adv. 2017, 7,
31100-31109. [CrossRef]

Anasdass, J.; Kannaiyan, P.; Raghavachary, R.; Gopinath, S.; Chen, Y. Palladium nanoparticle-decorated reduced graphene oxide
sheets synthesized using Ficus carica fruit extract: A catalyst for Suzuki cross-coupling reactions. PLoS ONE 2018, 13, e0193281.
[CrossRef]

Siburian, R.; Sari, D.; Gultom, J.; Sihotang, H.; Raja, S.; Gultom, ].; Supeno, M. Performance of graphite and graphene as electrodes
in primary cell battery. |. Phys. Conf. Ser. 2018, 1116, 042034. [CrossRef]

Strankowski, M.; Wlodarczyk, D.; Piszczyk, L.; Strankowska, J. Polyurethane Nanocomposites Containing Reduced Graphene
Oxide, FTIR, Raman, and XRD Studies. J. Spectrosc. 2016, 2016, 7520741. [CrossRef]

Selvaraj, M.; Venkatachalapathy, V.; Mayandi, J.; Karazhanov, S.; Pearce, J. Preparation of meta-stable phases of barium titanate by
Sol-hydrothermal method. AIP Adv. 2015, 5, 117119. [CrossRef]

Yuliantika, D.; Taufig, A.; Hidayat, A.; Sunaryono; Hidayat, N.; Soontaranon, S. Exploring Structural Properties of Cobalt Ferrite
Nanoparticles from Natural Sand. IOP Conf. Ser. Mater. Sci. Eng. 2019, 515, 012047. [CrossRef]

Yao, Y.; Yang, Z.; Zhang, D.; Peng, W.; Sun, H.; Wang, S. Magnetic CoFe,O4—Graphene Hybrids: Facile Synthesis, Characterization,
and Catalytic Properties. Ind. Eng. Chem. Res. 2012, 51, 6044-6051. [CrossRef]

Rouhani, A.; Esmaeil-Khanian, A.; Davar, F,; Hasani, S. The effect of agarose content on the morphology, phase evolution, and
magnetic properties of CoFe,O, nanoparticles prepared by sol-gel autocombustion method. Int. J. Appl. Ceram. Technol. 2017, 15,
758-765. [CrossRef]

Chen, T; Du, P; Jiang, W,; Liu, J.; Hao, G.; Gao, H.; Xiao, L.; Ke, X.; Zhao, F.; Xuan, C. A facile one-pot solvothermal synthesis
of CoFe204/RGO and its excellent catalytic activity on thermal decomposition of ammonium perchlorate. RSC Adv. 2016, 6,
83838-83847. [CrossRef]

Ji, Z.; Shen, X.; Song, Y.; Zhu, G. In situ synthesis of graphene/cobalt nanocomposites and their magnetic properties. Mater. Sci.
Eng. B 2011, 176, 711-715. [CrossRef]

Zong, M.; Huang, Y.; Zhang, N. Reduced graphene oxide-CoFe,O4 composite: Synthesis and electromagnetic absorption
properties. Appl. Surf. Sci. 2015, 345, 272-278. [CrossRef]


http://doi.org/10.1016/j.matchemphys.2010.06.029
http://doi.org/10.1016/j.bios.2016.10.071
http://doi.org/10.1016/j.rinp.2018.12.032
http://doi.org/10.1016/j.apsusc.2017.04.106
http://doi.org/10.1016/j.energy.2017.07.022
http://doi.org/10.3762/bjnano.10.91
http://www.ncbi.nlm.nih.gov/pubmed/31165017
http://doi.org/10.1016/j.mseb.2016.10.004
http://doi.org/10.1016/j.compositesb.2018.09.059
http://doi.org/10.1016/j.trac.2018.01.009
http://doi.org/10.1016/j.progpolymsci.2010.07.005
http://doi.org/10.1016/j.jallcom.2017.11.084
http://doi.org/10.1016/j.carbon.2013.11.059
http://doi.org/10.1039/c2nr30605k
http://www.ncbi.nlm.nih.gov/pubmed/22653666
http://doi.org/10.1016/j.actbio.2012.10.037
http://doi.org/10.1007/s10853-017-1735-9
http://doi.org/10.13005/ojc/340120
http://doi.org/10.1039/C6RA28755G
http://doi.org/10.1371/journal.pone.0193281
http://doi.org/10.1088/1742-6596/1116/4/042034
http://doi.org/10.1155/2016/7520741
http://doi.org/10.1063/1.4935645
http://doi.org/10.1088/1757-899X/515/1/012047
http://doi.org/10.1021/ie300271p
http://doi.org/10.1111/ijac.12832
http://doi.org/10.1039/C6RA16448J
http://doi.org/10.1016/j.mseb.2011.02.026
http://doi.org/10.1016/j.apsusc.2015.03.203

Nanomaterials 2021, 11, 2523 13 of 13

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Hu, L.; Li, M,; Cheng, L.; Jiang, B.; Ai, J. Solvothermal synthesis of octahedral and magnetic CoFe,O4-reduced graphene oxide
hybrids and their photo-Fenton-like behavior under visible-light irradiation. RSC Adv. 2021, 11, 22250-22263. [CrossRef]
Najafi, F.; Rajabi, M. Thermal gravity analysis for the study of stability of graphene oxide—glycine nanocomposites. Int. Nano Lett.
2015, 5, 187-190. [CrossRef]

Kumar, R.; Kumar, M.; Kumar, A.; Singh, R.; Kashyap, R.; Rani, S.; Kumar, D. Surface modification of Graphene Oxide using
Esterification. Mater. Today Proc. 2019, 18, 1556-1561. [CrossRef]

Kuila, T.; Mishra, A.; Khanra, P; Kim, N.; Lee, ]. Recent advances in the efficient reduction of graphene oxide and its application
as energy storage electrode materials. Nanoscale 2013, 5, 52-71. [CrossRef]

Liu, H.; Huang, W.; Yang, X.; Dai, K.; Zheng, G.; Liu, C.; Shen, C.; Yan, C.; Yan, X.; Guo, J.; et al. Organic vapor sensing behaviors
of conductive thermoplastic polyurethane-graphene nanocomposites. J. Mater. Chem. C 2016, 4, 4459—-4469. [CrossRef]
Montoya, E.d.; Guinel, M.; Rinaldi, C. Preparation of magnetic polymer colloids with Brownian magnetic relaxation. Colloid
Polym. Sci. 2014, 292, 1191-1198. [CrossRef]

Kumar, A.; Kumar, N.; Sharma, Y.; Leu, J.; Tseng, T. Synthesis of Free-Standing Flexible rGO/MWCNT Films for Symmetric
Supercapacitor Application. Nanoscale Res. Lett. 2019, 14, 266. [CrossRef]

Darwish, M.S.A; Kim, H.; Lee, H.; Ryu, C.; Lee, ].Y.; Yoon, J. Synthesis of Magnetic Ferrite Nanoparticles with High Hyperthermia
Performance via a Controlled Co-Precipitation Method. Nanomaterials 2019, 9, 1176. [CrossRef]

Shaterian, M.; Aghaei, A.; Koohi, M.; Teymouri, M.; Mohammadi-Ganjgah, A. Synthesis, characterization and electrochemical
sensing application of CoFe,O,/graphene magnetic nanocomposite for analysis of atenolol. Polyhedron 2020, 182, 114479.
[CrossRef]

Mousa, M.; Khairy, M.; Shehab, M. Nanostructured ferrite/graphene/polyaniline using for supercapacitor to enhance the
capacitive behavior. J. Solid State Electrochem. 2016, 21, 995-1005. [CrossRef]

Rather, J.; Pilehvar, S.; de Wael, K. A biosensor fabricated by incorporation of a redox mediator into a carbon nanotube /nafion
composite for tyrosinase immobilization: Detection of matairesinol, an endocrine disruptor. Analyst 2013, 138, 204-210. [CrossRef]
[PubMed]

Song, J.; Li, G.; Xiong, F; Gao, X. Synergistic effect of molybdenum nitride and carbon nanotubes on electrocatalysis for
dye-sensitized solar cells. J. Mater. Chem. 2012, 22, 20580. [CrossRef]

Sangili, A.; Kalyani, T.; Chen, S.; Nanda, A ; Jana, S. Label-Free Electrochemical Immunosensor Based on One-Step Electrochemical
Deposition of AuNP-RGO Nanocomposites for Detection of Endometriosis Marker CA 125. ACS Appl. Bio Mater. 2020, 3, 7620—
7630. [CrossRef]

Fu, Y;; Chen, H.; Sun, X.; Wang, X. Combination of cobalt ferrite and graphene: High-performance and recyclable visible-light
photocatalysis. Appl. Catal. B Environ. 2012, 111-112, 280-287. [CrossRef]

Razalli, R.; Abdi, M.; Tahir, P; Moradbak, A.; Sulaiman, Y.; Heng, L. Polyaniline-modified nanocellulose prepared from Semantan
bamboo by chemical polymerization: Preparation and characterization. RSC Adv. 2017, 7, 25191-25198. [CrossRef]

Xia, H.; Zhu, D.; Fu, Y.; Wang, X. CoFe,O4-graphene nanocomposite as a high-capacity anode material for lithium-ion batteries.
Electrochim. Acta 2012, 83, 166-174. [CrossRef]

Xu, Y.; Zhang, B.; Wu, S.; Liu, Y.; Suo, X.; Li, H. Enhanced lubricant property of flame-sprayed aluminum coatings additivated by
reduced graphene oxide nanosheets. J. Therm. Spray Technol. 2018, 27, 1643-1651. [CrossRef]

Amin, M.; Khaled, K.; Fadl-Allah, S. Testing validity of the Tafel extrapolation method for monitoring corrosion of cold rolled
steel in HCl solutions—Experimental and theoretical studies. Corros. Sci. 2010, 52, 140-151. [CrossRef]

Rashad, M.; Pan, E; Yu, Z.; Asif, M,; Lin, H.; Pan, R. Investigation on microstructural, mechanical and electrochemical properties
of aluminum composites reinforced with graphene nanoplatelets. Prog. Nat. Sci. Mater. Int. 2015, 25, 460-470. [CrossRef]

Guler, O,; Say, Y.; Dikici, B. The effect of graphene nano-sheet (GNS) weight percentage on mechanical and corrosion properties
of AZ61 and AZ91 based magnesium matrix composites. J. Compos. Mater. 2020, 54, 4473-4485. [CrossRef]


http://doi.org/10.1039/D1RA03103A
http://doi.org/10.1007/s40089-015-0154-7
http://doi.org/10.1016/j.matpr.2019.06.626
http://doi.org/10.1039/C2NR32703A
http://doi.org/10.1039/C6TC00987E
http://doi.org/10.1007/s00396-014-3163-6
http://doi.org/10.1186/s11671-019-3100-1
http://doi.org/10.3390/nano9081176
http://doi.org/10.1016/j.poly.2020.114479
http://doi.org/10.1007/s10008-016-3446-6
http://doi.org/10.1039/C2AN35959F
http://www.ncbi.nlm.nih.gov/pubmed/23152952
http://doi.org/10.1039/c2jm34878k
http://doi.org/10.1021/acsabm.0c00821
http://doi.org/10.1016/j.apcatb.2011.10.009
http://doi.org/10.1039/C7RA03379F
http://doi.org/10.1016/j.electacta.2012.08.027
http://doi.org/10.1007/s11666-018-0771-6
http://doi.org/10.1016/j.corsci.2009.08.055
http://doi.org/10.1016/j.pnsc.2015.09.005
http://doi.org/10.1177/0021998320933345

	Introduction 
	Experimental Procedure 
	Synthesis of Nanoparticles 
	Synthesis of Graphene Sheets 
	Fabrication of Nanocomposites 
	Preparation of Electrodes 
	Sample Characterization Techniques 
	X-ray Diffraction (XRD) 
	Fourier-Transform Infrared Spectroscopy (FTIR) 
	Thermogravimetric Analysis (TGA) 
	Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Analysis (EDX), and Transmission Electron Microscopy (TEM) 

	Electrochemical Measurements 

	Results and Discussion 
	Conclusions 
	References

