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Abstract

The objective of this work is twofold: (1) to improve the electrochemical performance of reduced graphene oxide (RGO) by
decorating RGO sheets with magnetic nanoparticles (MNPs) and (2) to evaluate the electrochemical performance of RGO and
MNP-decorated RGO (MRGO) in various aqueous electrolyte solutions (phosphate buffer solution (PBS) containing ferricya-
nide, PBS containing ferricyanide and KCI, Na,SO4, and KOH). The morphological and structural characteristics of
solvothermal synthesized RGO and MRGO revealed the decoration of phase pure Fe;O,4 nanoparticles on RGO sheets. In FC-
PBS-KCI electrolyte solution, MRGO showed higher redox peak current (83.89 1A) and lower peak potential separation (0.11
V) at 50 mV s~ scan rate compared with that in FC-PBS electrolyte solution. MRGO showed 15.5% higher peak current than
that for the RGO in FC-PBS-KCl electrolyte solution. Moreover, the peak current for MRGO in FC-PBS-KCI was increased by
30% when compared with that in FC-PBS electrolyte solution. These results suggest that MRGO in FC-PBS-KCI electrolyte
solution can be a good electron pathway between electrode and electrolyte solution for sensing applications. On the other hand, in
both Na,SO, and KOH electrolyte solution, RGO and MRGO showed supercapacitive behavior. In KOH, MRGO exhibited
higher specific capacitance (180 Fg' at 3 A g™') and superior cyclic stability (87% after 2000 cycles) compared with that in
Na,SO4. MRGO showed 219% increase in specific capacitance than that of the RGO in KOH electrolyte solution. The superior
electrochemical performance of MRGO compared with that of RGO is attributed to the synergistic effect of conductivity of RGO
and redox activity of MNPs.

Keywords Reduced graphene oxide - Magnetic reduced graphene oxide - Electrolyte solutions - Electrochemical performance -
Electrochemical sensing - Supercapacitor

Introduction and reduced graphene oxide (RGO) [3] have become the cen-
ter of interest due to their astonishing physiochemical proper-

Recently, carbon and carbon-based nanostructures like ties. Carbon and its allotropes like RGO, CNTs, and nanofi-
graphene, carbon nanotubes (CNTs) [1], fullerene (Cgg) [2],  bers (NFs) are ideal materials for electrochemical biosensing
platforms [4], and for high power and energy storage applica-
tions [5]. Carbon can hybridize into sp, sp, and sp® configu-
>4 P. B. Patil rations with small gaps between their 2s and 2p electron
prashantphy @gmail.com shells, which is useful for the sensing of biological and phar-
. o maceutical analytes [6]. Carbon-based materials show a sig-
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extraordinary properties, such as high surface area, porosity,
and morphology [7]. The graphene oxide (GO) is a 2D carbon
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abundant functional groups on the GO surface, such as a —
COOH (Carboxyl), epoxy, and —OH (hydroxyl), making it
useful for diverse applications [9]. RGO is indeed a form of
graphene with similar properties. RGO produced directly from
graphite exhibits the superior electrochemical response owing
to residual oxygen functional groups and defects [10, 11].
RGO can be synthesized by numerous methods like chemical
reduction [12], thermal reduction [13], microwave-assisted
[14], photocatalytic reduction [10], and solvothermal/
hydrothermal method [15].

In comparison with carbaneous materials, metal oxide has
shorter cyclic lives due to volume changes arising from the
redox reaction. However, the incorporation of metal oxide
with carbaneous material improves the degree of reversibility
and cyclic stability [16, 17]. Recently, extensive research is
being carried out for the development of RGO/metal oxide
nanocomposites for improving electrochemical performance
[18, 19]. RGO sheets provide a highly conductive matrix and
support anchoring of metal oxide nanoparticles. The RGO has
been synthesized in various composite forms using polymers
[19], ceramics [20], metal oxides [21], and sulfides [22], etc.
RGO/metal oxide composite displays enhancement in electro-
chemical properties due to the synergistic effect of the two
components [23]. Various RGO/metal oxide nanocomposites
have been prepared for different applications viz. RGO/
Mn,05 [21], RGO/MnO, [24], RGO/Co304 [25], and RGO/
Fe;0,4 [26]. Among the various metal oxide nanoparticles
anchored on RGO, the magnetite (Fe;0,4) composed of F et
and Fe>* valance ions is of more interest. Fe;0, particles have
a large operational potential window, low cost, and biocom-
patibility [27]. Fe;O4 nanoparticles with surface step atoms
offer abundant electrochemical active sites [28]. However,
MNPs exhibit limitations such as poor electrical conductivity
and weak electrocatalytic activity [29, 30]. These issues with
MNPs can be addressed by anchoring the MNPs on the RGO
sheet.

Magnetic nanoparticle-decorated reduced graphene oxide
(MRGO) is a promising candidate in the energy storage [30],
electrochemical sensing [31], and metal ion removal applica-
tions [32] due to its superior electrochemical performance.
MRGO has been synthesized by various methods such as
coprecipitation method [33], the refluxing method [34], mi-
crowave thermal treatment [35], and solvothermal method
[36]. Generally, GO can be reduced by a solvothermal route
at low temperature and high pressure. The C/O ratio of RGO,
synthesized by the solvothermal method, is higher than that
produced by the chemical reduction at ambient pressure [37].
Thus, the solvothermal treatment more effectively removes
the oxygen-containing functional groups. Zhu et al. have pre-
pared o-Fe,O3/RGO for anode material in high-performance
lithium-ion batteries by the microwave-assisted method [35].
Mustafa et al. have fabricated Fe;04/RGO-starch nanocom-
posite by hydrothermal method with high capacitance [38].
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Zhang et al. have fabricated Fe,O3/RGO composite for
sodium-ion battery by solvothermal method, which has result-
ed in high stability and outstanding rate capability with high
current [39]. Yang et al. have synthesized Fe;04/RGO by
solvothermal method for improving electrochemical perfor-
mance in which they observed high current density up to
200 mA g ' [40]. Peik-See et al. have prepared Fe;04/RGO
by solvothermal method for simultaneous electrochemical de-
tection of dopamine and ascorbic acid [41]. Gao et al. have
synthesized quasi-hexagonal Fe,O; nanoplates/graphene
composite using a solvothermal method for high-
performance supercapacitor applications [42]. Based on these
previous reports, it can be said that the hydrothermal method
is a simple, inexpensive, and nontoxic method for synthesiz-
ing RGO and Fe;04-RGO and useful for obtaining
monodispersed uniformly distributed MNPs on RGO sheet.

In addition to the exposed surface area of the electrode, the
electrochemical behavior of the electrode also depends on the
electrolyte solutions. The nature of the electrolyte solutions
can influence the interfacial charge transfer, structural stabili-
ty, and the side reactions occurring on the surface of the elec-
trode materials. The properties of an electrolyte solution such
as ionic radius, molar conductivity, mobility of the ions, and
Gibbs free energy have a significant influence on the size and
migration speed of the solvated ions [43]. Therefore, the
choice of appropriate electrolyte solution for electrode mate-
rial is crucial. In the electrochemistry, organic and aqueous
electrolyte solutions are extensively used. However, aqueous
electrolyte solutions have advantages over organic electrolyte
solutions such as high conductivity and unique mechanism of
proton transport [44].

In this work, MRGO was prepared by a one-step
solvothermal method where the reduction of GO and anchor-
ing of MNPs on the RGO sheets simultaneously occurred. The
electrochemical performance of modified RGO/GCE and
MRGO/GCE electrodes in various electrolyte solutions (phos-
phate buffer solution (PBS) containing ferricyanide, PBS con-
taining ferricyanide and KCl, Na,SO,4, and KOH) was inves-
tigated. The results presented here provide valuable informa-
tion about electrolyte solution suitable for RGO and MRGO
electrode materials to explore it for sensing and
supercapacitive applications.

Materials and methods
Materials

All the chemicals used were of analytical grade and used
without further purification. Natural graphite flakes (NGF),
sodium nitrate (NaNOs3), potassium permanganate (KMnOQOy),
hydrogen peroxide (H,0,), sulfuric acid (H,SO,), N-N-di-
methyl formamide (DMF), potassium ferricyanide



J Solid State Electrochem

(K3[Fe(CN)g]), PBS, potassium chloride (KCl), potassium hy-
droxide (KOH), and sodium sulfate (Na,SO,) were procured
from Sisco Research Laboratories (SRL), India. Iron(III) ace-
tylacetonate (Fe(acac);) was procured from Sigma-Aldrich.
De-ionized (DI) water was used throughout the experiment.

Synthesis of reduced graphene oxide and magnetic
reduced graphene oxide

GO was synthesized using NGF via a modified Hummers’
method. The prepared GO was washed several times with
warm water by centrifugation to avoid precipitation of the
slightly soluble salt of mellitic acid formed as a side reaction
[37, 45]. To prepare RGO by the solvothermal method, GO
powder was added in DMF (30 mL, 1 mg mL™") with contin-
uous stirring, and the mixture was further stirred for 4 h. The
reaction mixture was then transferred into a Teflon-lined stain-
less steel autoclave and heated at 200 °C for 20 h. After com-
pletion of the reaction, the autoclave was allowed to cool
naturally. The obtained RGO was washed three times with
ethanol and DI water and dried overnight in an oven at 60
°C. MRGO was prepared by a similar procedure, but instead
of GO, Fe(acac); and GO in 1:1 ratio in DMF (30 mL, 1 mg
mL ") were used [45].

Preparation of modified electrodes

Glassy carbon electrode (GCE, 3 mm in diameter) was
polished sequentially with 1.0-um, 0.3-pum, and 0.05-pum-
sized alumina powder until a mirror-shine surface was obtain-
ed. The GCE was sonicated in DI water after each stage of
polishing. The 10 pL aliquot of RGO or MRGO dispersed in
DMF (1 mg mL ") was dropped on the polished GCE.
Modified electrodes were allowed to dry for 3 h at room tem-
perature. Electrodes modified with RGO and MRGO nano-
composite were named as RGO/GCE and MRGO/GCE,
respectively.

Characterizations

The crystallinity and phase of the samples were studied by X-
ray diffractometer (XRD X’pert PRO, Philips, Netherlands)
with Cu K« radiation (A = 1.54056 A). Microstructure and
particle size were investigated using a transmission electron
microscope (TEM, Tecnai G2 S-Twin). To analyze the
presence/absence of functional groups, infrared spectra were
recorded in KBr pellets in the range 4000-400 cm ™' using a
Fourier transform infrared spectrometer (FTIR,
Jascospectrometer). The elemental and chemical states of
samples were investigated by X-ray photoelectron spectrosco-
py (XPS, Thermo VG Scientific, UK) with a monochromatic
Mg K« (1253.6 eV) radiation source.

Electrochemical measurements

The electrochemical measurements such as cyclic voltamme-
try (CV), electrochemical impedance spectroscopy (EIS), and
galvanostatic charge—discharge (GCD) were carried out using
Metrohm Autolab PGSTAT204 electrochemical workstation.
In a conventional three-electrode system, platinum spiral wire
and Ag/AgCl electrodes were used as a counter electrode and
reference electrode, respectively. Either unmodified GCE or
modified RGO/GCE or MRGO/GCE were used as a working
electrode. To investigate the electrochemical performance of
modified electrodes, electrochemical measurements were car-
ried out in various electrolyte solutions, viz. (i) 0.1 M PBS
(pH 7.0) containing 2 mM K3Fe(CN)g (FC-PBS), (ii) 0.1 M
PBS (pH 7.0) containing 2 mM K;3Fe(CN)g and 0.1 M KCI
(FC-PBS-KCI), (iii) 1 M Na,SOy, and (iv) 1 M KOH.

Results and discussion
Characterizations of RGO and MRGO

Figure 1 shows the XRD patterns of GO, RGO, and MRGO.
In Fig. 1a, the peak at 10.1° corresponds to (001) orientation
of GO. The peak observed at 42.1° is indicative of a
turbostratic disorder due to incomplete oxidation [46]. In the
XRD pattern of RGO shown in Fig. 1b, peak at 10.1° was
disappeared while an intense peak around 24.1° correspond-
ing to (002) planes of RGO was observed [47]. In the case of
the MRGO pattern shown in Fig. 1¢, along with (002) peak of
RGO, several peaks corresponding to the cubic structure of
Fe;0,4 (JCPDS file no. 19-0629) were observed. The presence
of characteristic peaks of RGO as well as peaks of Fe;04
demonstrates the coexistence of MNPs and RGO in the
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Fig. 1 XRD patterns of a GO, b RGO, and ¢ MRGO
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MRGO nanocomposite. The crystallite size of MNPs was
estimated by the Debye Sherrer’s formula using the most in-
tense peak of Fe;0y, and it was found to be around 6.3 nm.
When a permanent magnet was placed near the vial containing
dispersed MRGO, it was attracted to the magnet, and within
few seconds, the solution became clear (see Fig. S1 of the
supporting information).

TEM micrographs of RGO and MRGO are shown in Fig. 2
a and b, respectively, along with corresponding selected area
electron diffraction (SAED) pattern in the inset. Both images
display the RGO sheets of few layers stacked over each other
with nominal wrinkled basal planes [48]. For MRGO, deco-
ration of MNPs on RGO sheets can be observed. The average
size of MNPs anchored on the RGO sheet was found to be
around 30 nm, and size distribution is shown in the supporting
information (Fig. S2). Random size distribution was observed
due to an agglomeration of nanoparticles. Both the images
display RGO sheets of few layers stacked over each other with
nominal wrinkled basal planes. Decoration of MNPs on the
graphene sheets has not changed the morphology of RGO.
Indexing of SAED patterns corroborates well with XRD re-
sults confirming the coexistence of RGO and Fe;0,4 phases in
MRGO.

The FTIR spectra of GO, RGO, and MRGO are shown
in Fig. S3 of the supporting information. The spectrum of
GO (Fig. S3(a)) displays the oxidation of graphite through
the presence of oxygen-containing functional groups like
C=0, C-OH, and C-O [49]. The peak around 1624 cm '
is due to the C=C stretching of unoxidized domains of
graphite. The broad absorption at 3422 ¢cm™ ' in all three
spectra of Fig. S3 is due to the stretching of the O—H
group of adsorbed water molecules. In the spectra of
RGO and MRGO, the intensities of oxygen-containing
functional groups are substantially reduced as compared
with that for GO, indicating the successful reduction of
GO by DMF. However, these peaks did not disappear
entirely, suggesting the partial reduction of GO. An addi-
tional absorption peak at 435 cm™' in MRGO spectra

Fig. 2 TEM micrographs of a
RGO and b MRGO (inset shows
corresponding SAED pattern)
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corresponding to Fe—O vibrations gives further evidence
of the presence of magnetic oxides onto RGO [50].

The chemical states of the elements of GO, RGO, and
MRGO were investigated by XPS. The survey spectra of
GO, RGO, and MRGO are shown in Fig. 3a implying the
presence of C 1s, O 1s, and Fe 2p (for MRGO) at 285, 530,
and 711 eV, respectively [51]. Compared with GO, the de-
clined O 1s peak and the enhanced C 1s peak indicate the
existence of RGO [52]. Deconvolution spectra of C 1s and
O Is for RGO are shown in Fig. S4(a) and (b) of the
supporting information, respectively. The deconvolution of
the C 1s peak for MRGO (Fig. 3b) mainly displays
nonoxygenated carbon C—C/C=C (284.7 eV) along with mod-
erate contributions from C-O (286.4 ¢V) and O-C=0 (289.3
eV) functional groups. This shows a good partial reduction of
GO. In Fig. 3c, the O 1s spectrum deconvoluted into three
peaks is presented. The three peaks at 530.2, 532.2, and
534.5 eV are attributed to oxygen in Fe;O,4 lattice (Fe-O), a
surface hydroxyl group (O—H), and lattice (C—O), respectively
[53]. Figure 3 d shows the Fe 2p core-level XPS spectrum for
MRGO. Peaks at 710.7 eV (Fe 2p3,) and 724.1 eV (Fe 2p; )
are assigned to F ¢”* state, and other two peaks at 712.5 eV (Fe
2ps2) and 726.4 eV (Fe 2p, ) are assigned to Fe** state in
Fe;0,4 [51]. Also, no peaks corresponding to Fe,O5 phases are
observed, which confirms that MNPs decorated on RGO are
pure magnetite.

Electrochemical behavior of RGO and MRGO in
various electrolyte solutions

Different electrolyte solutions can show different electro-
chemical behavior for the same modified electrode depending
on the chemical nature of electrolyte solutions. To establish
various electrolyte solutions applicability in sensing and/or
supercapacitive applications, the electrochemical performance
of RGO and MRGO-modified electrodes were evaluated in
various aqueous electrolyte solutions.
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Fig. 3 a XPS survey spectra of GO, RGO, and MRGO. Deconvoluted XPS spectra of b C 1s, ¢ O 1s, and d Fe 2p of MRGO

Electrochemical behavior of modified electrodes was in-
vestigated using CV in FC-PBS electrolyte solution in poten-
tial window — 0.1 to 0.7 V. The presence of 2 mM
K3[Fe(CN)g] in the 0.1 M PBS offers an extra complementary
redox couple. This provides an electron buffer source for the
reaction at the electrode—electrolyte solution interface [54].
Figure 4 a and b show the CV curves of RGO/GCE and

Fig.4 CV curves of a RGO/GCE a

MRGO/GCE electrodes, respectively, measured at scan rate
of 10-100mVs . InF ig. 4 a, it can be seen that for RGO, the
peak current has been negligibly increased with the scan rate.
On the other hand, for MRGO (Fig. 4b), peak current has been
significantly increased with the scan rate. This implies that the
oxidation of K;5[Fe(CN)4] on the RGO/GCE electrode is very
fast and is not limited by the scan rate. The current for MRGO

and b MRGO/GCE at scan rate of 604  RGO/GCE
10-100 mV s~ for MRGO in FC- 40
PBS electrolyte solution 20

Current /pA
AN
o
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0.2 00 0.2 0.4
E/V vs. Ag/AgCI
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E/V vs. Ag/AgCI
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increases rapidly at higher scan rate implying that redox reac-
tion of K5[Fe(CN)g] on the MRGO electrode is relatively slow
and highly limited by the scan rate [55]. It can also be seen
from Fig. 4 that, for both the RGO/GCE and MRGO/GCE
electrodes, the scan rate affects the redox peak potentials.
The oxidation peak potentials were shifted toward the positive
direction, and the cathodic peak potentials were slightly
shifted toward the negative direction with increasing scan
rates. Shifting of peak potentials with scan rate may be attrib-
uted to the development of overpotential, which limits the
faradic reaction [56, 57]. The magnitude of the anodic peak
current (/,,) for RGO/GCE is 57.29 uA, and it was increased
to 64.33 pA for the MRGO/GCE measured at a scan rate of
50 mV s . Using the anodic peak current values and surface
area of the electrode, peak current density value for RGO/
GCE and MRGO/GCE was found to be 1037.14 pA cm >
and 1198.42 pA cm 2. Liu et al. have obtained 861.9 pA
cm 2 I,, for Fe;04/C/GCE in the electrolyte solution of
0.1 M PBS containing 0.5 mM K;[Fe(CN);] [58]. In a similar
electrolyte solution, Caiet et al. have obtained 42.43 pA cm >
1, for Fe;03/GO/GCE [59]. Radhakrishnan et al. have obtain-
ed 350 pA cm 2 I, value for Fe;O3-RGO/GCE in 1 mM
Fe(CN)g in 0.1 M KCI [60]. Peak potential separation for
MRGO (AEmrGo/gee = 0.24 V) was lower than that for
RGO (AERrGosgee = 0.34 V). The observed lower AE for
MRGO reveals that the MRGO facilitates faster electron trans-
fer towards the electrode in bulk solution [54]. Higher values
ofredox peak currents and lower magnitude of AE for MRGO
imply that MRGO/GCE in PBS containing 2 mM K;3Fe(CN)g
is suitable for electrochemical sensing application [61]. To
further evaluate the reaction mechanism of MRGO/GCE, the
peak current (/,) is plotted against the square root of the scan
rate (v'?) (see Fig. S5(a) of the supporting information). The
high linearity of the I, vs. 0" plot indicates that the electro-
oxidation reaction is controlled by diffusion in the electrolyte
solution. Fig. S5(b) shows the linear regression line for In 1,
and In v plot for MRGO, which can give the information of
the ion transfer process. The slope near one is attributed to the
adsorption-controlled electrode process, and slope near 0.5
indicates a diffusion-controlled process [62]. For MRGO/
GCE in FC-PBS electrolyte solution, linear relationship be-
tween In(Z,) and In(v) can be expressed by the following equa-
tions:

Infy, =2.5240.42 - In(v) (R =0.999), (1)

Infpe =2.93+0.40 - In(v) (R* = 0.998), (2)

The slope of In(/,) vs. In(v) plots for MRGO/GCE in the
FC-PBS electrolyte solution is close to 0.5, indicating that the
redox process on the modified electrode is controlled by the
diffusion. The electrochemical active surface area of the
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modified electrodes was determined by the Randles—Sevcik
equation at a scan rate of 50 mV s ' [61, 62].

Ipa = (2.69%10%) i3 AcD?v (3)

Here, I, is anodic peak current (A), n is number of elec-
trons in the reaction (1 for K3Fe(CN)g), A is the electrochem-
ically effective surface area of the working electrode (cm?), ¢
is the concentration of the reactant (mol cm ), D is the diffu-
sion coefficient for KsFe(CN)g, and v is the scan rate (V s ).
Using the anodic peak current of bare GCE, D may be calcu-
lated where the diameter of the bare electrode is 3 mm. Then
using the anodic peak currents, the electrochemical active sur-
face area of RGO/GCE and MRGO/GCE was calculated. The
active electrochemical surface area was found to be 0.066 cm®
and 0.075 cm? for RGO/GCE and MRGO/GCE, respectively,
in FC-PBS electrolyte solution.

KCl is an ionic conducting solution, with K* and CI” ions
having molar conductivity 73.5 cm®> Q' and 76.4 cm® Q ',
respectively, which may be useful to increase the electrochem-
ical performance. The value of the peak current (/,) depends
on the nature and concentration of the chloride cation [63]. In
further experiments, 0.1 M KCI was used as supporting elec-
trolyte solution in addition to PBS and K;Fe(CN)g. The elec-
trochemical behavior of modified electrodes was investigated
in the FC-PBS-KCI electrolyte solution in potential window —
0.1 to 0.7 V. Figure 5 a and b show the CV curves of RGO/
GCE and MRGO/GCE electrodes, respectively, measured at
scan rates 10-100 mV s '. For both the RGO/GCE and
MRGO/GCE electrodes with the increasing scan rate, redox
peak potential separation and peak current were increased.
The magnitude of the anodic peak current (,,) for RGO/
GCE is 72.60 pA, and it was increased to 83.89 puA for the
MRGO/GCE at a scan rate of 50 mV s '. Peak potential sep-
aration for RGO and MRGO was found to be the same
(AERrGo/gee ® AEMrGo/gee = 0.11 V). To evaluate the reac-
tion mechanism of MRGO/GCE, the peak current (/) is plot-
ted against the square root of the scan rate (©"?) (see Fig. S6(a)
in the supporting information). The high linearity of the , vs.
0" plot indicates that the electro-oxidation reaction is con-
trolled by diffusion in the electrolyte solution [62].
Figure S6(b) displays a linear relationship between In(/,)
and In(v) expressed by equations,

InZ,, =1.7440.68 - In(v) (R* =0.994), (4)

Inlp = 1.74+0.69-In(v) (R* =1.0), (5)

The slope of In(Z,,) vs. In(v) plots for MRGO/GCE in FC-
PBS-KCl electrolyte solutions are close to 0.5, indicating that
the redox process on the modified electrode is controlled by
the diffusion. The electrochemical surface area was calculated
by the Randles—Sevcik equation given in Eq. 3, and it was
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Fig.5 CV curvesofaRGO/GCE  a b
and b MRGO/GCE at scan rate of 120 RGOIGCE o Fe-pBs-Kel 150
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found to be 0.085 cm? and 0.1 cm? for RGO/GCE and
MRGO/GCE, respectively, in FC-PBS-KCI electrolyte solu-
tion. Zhiyong Xie et al. has obtained 0.148 cm? electrochem-
ical active surface area for MRGO/SPCE [64].

In both the electrolyte solutions, with the increasing scan
rate, peak current (£,) was found to be increased for RGO and
MRGO. This is due to the migration and diffusion of electro-
lyte ions into the electrode. For low scan rates, the growth of a
thick diffusion layer on the electrode restricts the drift of elec-
trolyte ions towards the electrode. This results in the lower
current. At higher scan rates, diffusion layer does not grow
much on the electrode surface. Hence at a high scan rate,
electrolytic ions drift increases towards the electrode, which
facilitates the increase in the current [56]. Compared with pure
RGO/GCE, the higher peak current for MRGO/GCE in both
the electrolyte solutions is due to the synergistic effect of
magnetic nanoparticles and RGO arising from the high redox
activity of MNPs and good conductivity of RGO which leads
to the fast electron transfer [29, 54]. The different electro-
chemical performance of modified electrodes in different elec-
trolyte solutions arises from different physical properties of
the ions of electrolyte solutions [65]. These properties include
the ionic radius, radius of ionic hydration sphere, molar con-
ductivity, and ionic mobility. The well-defined quasi-revers-
ible peaks could be observed at the RGO/GCE and MRGO/
GCE CV curves. Anodic peak current of MRGO/GCE in the
FC-PBS-KCI electrolyte solutions is greater than that in the
FC-PBS electrolyte solution. Increased I, may be due to in-
creased electrical conductivity of the electrolyte solution ow-
ing to the presence of 0.1 M KClI as a supporting electrolyte
solution to PBS and K3Fe(CN)s. Kiryushov et al. have ob-
served an increase in the reduction peak current of a
K;3Fe(CN)g solution on a deactivated graphite-epoxy electrode
with the increasing concentration of KCI1 [63]. Morris et al.
have also observed an increase in peak current as KCI con-
centration was increased in ferri and ferrocyanide solutions for
graphite electrode [66]. It is well-known that some oxygen-
containing functional groups, such as -OH, -COOH present
on RGO, can lead to the sp>-hybridized carbon atoms. The

E/V vs. Ag/AgCI

process of electrochemical reduction in 0.1 M KCl solution in
the range of — 0.1 to 0.7 V may remove these oxygen func-
tional groups and restore sp>-hybridized carbon atoms [67].
Restoration of sp>~hybridized carbon atoms results in superior
electron transport property, which can accelerate the electron
transfer at the interface of the MRGO electrode/electrolyte
solutions. Also, AEyrGo/Gek 1S lower in an electrolyte solu-
tion containing KCl1 (0.11 V) than that in an electrolyte solu-
tion without KCI1 (0.22 V). Pooja Devi et al. have reported
0.22 V AEmrcosgeg in 5 mM ferri/ferro solution in the pres-
ence of 0.1 M KCI [54]. Moreover, the electrochemical sur-
face area of MRGO/GCE in FC-PBS-KCI electrolyte solution
(0.2240 cm?) was found to be higher than that in the FC-PBS
electrolyte solution (0.09 cm?). Higher peak current, lower
peak potential separation, and higher electrochemical surface
area of MRGO/GCE in the FC-PBS-KCI electrolyte solution
show that this electrolyte solution is a suitable candidate for
the electrochemical sensing application. Next, is discussed to
study the electron transfer properties at the surface of the
modified electrodes in both the FC-PBS and FC-PBS-KCI
electrolyte solution, EIS investigations are carried out and
are presented in the supporting information (Fig. S7).
Aqueous electrolyte solutions of Na,SO,4 and KOH with
Na*, SO,*", K*, and OH  ions having ionic mobility (1) 5.2,
83,7.6,20.6x10° m?s ' v I, respectively, can be useful for
capacitive performance [68]. These electrolyte solutions have
lower cost, environment-friendly, high operating stability,
high ionic conductivity, and proton transport compared with
organic electrolyte solutions [44]. Electrochemical perfor-
mance of RGO/GCE and MRGO/GCE was investigated by
CV, GCD, and EIS measurements in 1 M Na,SO, and 1 M
KOH electrolyte solutions. Figure 6 a and b show the CV
curves of RGO/GCE and MRGO/GCE electrodes, respective-
ly, at scan rates 10-100 mV s 'in 1 M Na,SO, within the
potential range of — 0.1 to 0.7 V. Figure 6 ¢ and d show the CV
curves of RGO/GCE and MRGO/GCE electrodes, respective-
ly, at scan rates 10-100 mV s 'in 1 M KOH within the
potential range of — 0.1 to 0.7 V. In both the electrolyte solu-
tions, the CV curves of RGO/GCE and MRGO/GCE
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electrodes show nearly rectangular shape, without redox
peaks, which is typical behavior of capacitor. Kumar et al.
have observed rectangular shape CV for RGO indicating
EDLC behavior and CV curves of Fe;O,4 with redox peaks
indicating pseudocapacitance [53]. For MRGO
nanocomposite-modified electrodes, the rectangular and sym-
metric CV curves are due to the combination of both the
contributions, viz. significant contribution of EDLC from
RGO and minor contribution of faradic pseudocapacitance
corresponding to the reversible reaction of Fe** to Fe** in
Fe;04 MNPs [69]. The absence of redox peaks in MRGO
CV may be attributed to the depression of the Fe;04
pseudocapacitance feature due to the lower content of Fe;O4
in the composite [70]. The rectangular and symmetrical shape
of CV curves does not change even at a higher scan rate which
can be attributed to the lower resistance and excellent revers-
ibility [53].

Capacitive behaviors of modified electrodes were studied
using the GCD technique. The charge—discharge measure-
ments of RGO/GCE and MRGO/GCE were carried out in
1 M Na,SO4 and 1 M KOH electrolyte solution between 0
and 0.7 V potential range (vs. Ag/AgCl) at various applied
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current densities (Fig. 7a—d). Modified electrodes show mod-
erately symmetric and triangular charge—discharge curves in
Na,S0, and KOH electrolyte solutions without any noticeable
IR drop, which shows good stability during the cyclic test. The
slight curvature in charge—discharge curves indicates that the
supercapacitive behavior is influenced by both electric double
layer and pseudocapacitance [71]. The specific capacitance
from GCD was calculated by the equation

1t
mdv

Cop = (6)

where Cg, is specific capacitance (Fg ™), I'is the discharge
current (A), dt is discharge time (s), m is the mass of the active
material on the surface (g), and dv is the potential window
during the discharge process. It is apparent that the discharge
time for MRGO is longer than that of RGO for the same
current density. Specific capacitance values for MRGO and
RGO at various current densities are given in Table S1 of the
supporting information. In both the Na,SO4 and KOH elec-
trolyte solutions, capacitance of MRGO is higher than that of
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RGO. In this study, we focused on the electrochemical behav-
ior of synthesized materials in different electrolyte solutions
instead of improving its supercapacitive behavior.
Comparison of the capacitance values with the relevant liter-
ature is presented in Table S2 of the supporting information.

At higher current density, the capacitance is reduced
due to weaker interaction between the ions and electrode
[9]. In both the electrolyte solutions, the specific capaci-
tance of MRGO nanocomposite is higher than that of
RGO. This can be ascribed to the synergetic effect of
Fe;04 nanoparticles and RGO. RGO provides a highly
conductive path for electron transport during the redox
processes. The incorporation of magnetic nanoparticles
on RGO may avoid the restacking of RGO sheets which
improves electronic and ionic pathways resulting in high
double-layer capacitance [72]. In addition,
pseudocapacitance of MNPs also contributes to the ob-
served capacitance. The comparison of GCD curves of
MRGO/GCE in Na,SO,4 and KOH electrolyte solutions
at 3 A g ! discharge current density presented in the
supporting information (Fig. S8(a)). The specific capaci-
tance for MRGO nanocomposite in KOH (180 F gfl) is
greater than in the Na,SO,4 (114 F gfl) electrolyte solu-
tion at 3 A g ' discharge current density. Higher Cyp in
KOH electrolyte solution than that in Na,SO, electrolyte
solution can be attributed to the unique properties of KOH
aqueous electrolyte solution such as crystal radius, ionic

Time/s

mobility, molar conductivity, and Gibbs free energy [68].
Moreover, in alkaline electrolyte solutions, Fe;O,4 has
good stability and also the residual functional groups of
RGO become more active [72]. The specific capacitance
depends on hydration radius and molar conductivity. The
smaller hydrated ionic radius of K* ions (3.31 A) than the
Na* ions (3.58 A) results in easier diffusion of K* ions
into the inner pores of the modified electrode [43]. Higher
molar conductivity of K* and OH™ ions in KOH than that
of Na* and SO427 ions in Na,SOy, is also responsible for
larger specific capacitance in K™ ion-based aqueous elec-
trolyte solution than that in Na* ion-based aqueous elec-
trolyte solution [65]. Cyclic stability is an important pa-
rameter for estimating the supercapacitive performance.
To investigate the cyclic stability of MRGO, GCD mea-
surements were repeated for 2000 consecutive cycles at 3
A g ! in KOH and Na,SO, electrolyte solutions (Fig.
S8(b) of the supporting information). MRGO retain 64%
and 87% specific capacitance after 2000 cycles in Na,SO4
and KOH, respectively. Good cyclic life of MRGO is due
to the carbon matrix which buffers the possible volume
change in the continuous charge—discharge process [73].
The long-term cycling stability strongly depends on the
cationic species. Na* ions have a larger hydrated ionic
radius (3.58 A) than the K* ions (3.31 A). Hence after
2000 cycles, the specific capacitance of MRGO in
Na,S0,4 is less stable compared with that in KOH
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electrolyte solution, maybe due to the significant compo-
sition damage caused by the insertion/de-insertion of large
ionic radius of Na* during the charging—discharging cy-
cles [74]. To get more insight into the charge transfer
mechanism of the supercapacitor at the electrode/
electrolyte solution interface, the impedance measure-
ments were carried out in Na,SO, and KOH electrolyte
solutions and are demonstrated in the supporting informa-
tion (Fig. S9).

Conclusions

MRGO nanocomposite was successfully synthesized by
the one-pot solvothermal method. Structural and micro-
structural investigations done by XRD and TEM showed
the formation of RGO and anchoring of MNPs on RGO
sheets. The intensities of bands corresponding to the dif-
ferent functional groups in FTIR spectra demonstrated the
reduction of GO to RGO and the presence of magnetic
oxide in MRGO spectra. XPS study confirmed the good
partial reduction of GO and the presence of Fe** and Fe**
states in the pure magnetite phase in MRGO. RGO and
MRGO-modified electrodes were found to be useful for
sensing applications in FC-PBS and FC-PBS-KCI electro-
lyte solutions. Redox peak current (/,) and peak potential
separation (AE) for RGO/GCE at 50 mV s ' in FC-PBS
was observed to be 57.29 nA and 0.35 V, respectively, and
that in FC-PBS-KCl was 72.6 nA and 0.11 V, respectively.
On the other hand, /, and AE for MRGO/GCE at 50 mV
s~! scan rate in FC-PBS was 64.33 pA and 0.24 V, respec-
tively, and that in FC-PBS-KCI was 83.89 pA and 0.11 V,
respectively. These findings demonstrate that MRGO in
FC-PBS-KCI electrolyte solution can be a good electron
pathway between electrode and electrolyte solution, desir-
able for sensing applications. Specific capacitance and R,
of RGO/GCE in KOH was foundtobe 82 F g ' at3 A g™
and 9 €, respectively. Interestingly, MRGO/GCE in KOH
showed good supercapacitive properties in terms of specif-
ic capacitance (180 F g 'at3 A g 1), Ry (6 ), and cycling
performance (87% after 2000 cycles) compared with RGO/
GCE. In conclusion, the FC-PBS-KCI electrolyte solution
is suitable for electrochemical sensing application and
KOH electrolyte solution is suitable for supercapacitor ap-
plications. The overall superior electrochemical perfor-
mance of MRGO compared with RGO is attributed to the
synergistic effect of RGO and MNPs.
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material available at https://doi.org/10.1007/s10008-020-04866-x.
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