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incredibly promising electrochemical devices for both storing
and releasing energy [1-5]. RuO, is a noble oxide with excep-
tional chemical and electrical characteristics, as well as a high
theoretical capacitance value (2000 F g™ [6]. However, it was
never used for storing or releasing material due to some dis-
advantages, most importantly its high cost and toxicity [7].
Accordingly, researchers have made an extensive search for

1. Introduction

The demand for a renewable energy storage system has risen
dramatically as a result of the fast development of various
electronic gadgets such as electric automobiles and mobile
batteries. EDLCS and pseudocapacitor supercapacitors are
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alternative materials, for instance MnO, and Fe;04 and others
[8—16]. Because of their high reliability, high theoretical
capacitance, long cycle lifetime, and environmentally friendly
character, they have been carefully investigated as electrode
materials for use in redox-based pseudocapacitors. Their en-
ergy storage capabilities for practical applications have been
limited by their high electrical resistance and low electro-
chemical reversibility [17—19]. Due to the various mixed
oxidation states of manganese, we were very much drawn to
one of the most stable tetragonal forms, named Mn30, of Mn>*
and Mn?" possible transitions and their magnificent applica-
tions [20—22]. Expectedly, based on such multiple electro-
active cations, a high specific capacitance is expected, as
shown previously for the mixed valence Mn**/Mn " cations
[22]. However, the work done using Mn;0O, was uncommon
and rather indicates very low capacitance values due to
lowering the electrical conductivity value [6]. Designing
polyhedral and/or octahedral structures with electroactive
spots capable of enhancing electrochemical capacitive per-
formance [23,24] is one technique to overcome such an
intrinsic defect. On the other hand, forming a composite or
hybrid with carbon-containing materials and specifically
carbon nanotubes and activated carbons has improved the
conductivity and thus enhanced the specific capacitance
values. Liu et al., for example, used a solvothermal approach
to successfully manufacture Mn;O;—MWCNTs composite
with a specific capacitance value of 330 F g, which is 18
times higher than a pristine MWCNT [25]. Yuan et al. also
devised a simple microwave process for synthesizing Mn;0y4-
mesoporous carbon, which produced a specific capacitance
of 266 F g'* at a sweep rate of 1 mV s™ but lost 25.8% of its
capacitance after 1000 cycles [26]. Chen et al. recently pub-
lished a paper describing a new dip-casting approach for
producing Mn;04 nanoparticles on a millimetre-long carbon
nanotube with a specific capacitance of 143 Fg* [27]. Previous
nanocomposites have high contact resistance at the elec-
trode/current collector, as well as complicated synthetic
techniques and high costs, which limit their production and
applications. The recommendation of graphene, which has
magnificent qualities such as its enormous specific surface
area, great chemical stability, and exceptional electrical
conductivity, was made in search of more realistic support
other than those discussed previously for deploying Mn;0,
on its surface [28,29]. Accordingly, researchers have focused
on hybrid materials based ‘on graphene for the aforemen-
tioned synergistic advantages. In this sense, graphene/Mn;0,
composites prepared by a simple hydrothermal process
showed higher capacitance consisting of four times the
power density of individual analogue as well as high reten-
tion cycling [30]. Nanosized Mn3;0, distributed over graphene
produced by combining MnO, organosol with ethylene glycol
in 6 M KOH and 1 M Na,SO, electrolytes has a specific
capacitance of 256 F g* and 175 F g™ [31], respectively. 6.9%
Mn;O4/reduced graphene oxide hydrogel with three-
dimensional (3D) networks was created through a hydro-
thermal self-assembly process and demonstrated
outstanding cycling stability with no deterioration after 1200
cycles [32]. The close amalgamation of Mn;O4-graphene
nanocomposites generated via a feasible solution-based
synthetic method demonstrated pseudocapacitive activity

with a high specific capacitance (236.7 F g* at 1 A g'*) and
excellent cyclability [33]. On the other hand, the Mn;0,—RGO
nanocomposite created via a chemical degradation method
has a specific capacitance of 131 F g in Na,SO, electrolyte
(1 M) at 0.5 A g’*. However, numerous disadvantages, such as
limited electrolyte accessibility, high concentrations of irre-
versible structural flaws in the lattices of GO and RGO, un-
predictable particle sizes, and effective loading of the
nanoparticles, hampered the ability of such hybrids to act as
supercapacitors [34—36].

Accordingly, for improving the potential of the energy
storage capacity of supercapacitors based on increasing the
intrinsic conductivity and surface texturing, we designed a
polyhedral Mn;0, nanostructure capable of providing exces-
sive electroactive centers. That upon hybridization with low
crystallographic defect graphene oxides showed unprece-
dented enhancement in the electrochemical capacitance
performances. Accordingly, these nanocomposites formed via
a deposition-solvothermal process were thoroughly charac-
terized using XRD, TEM-SAED, N, sorptiometry, FT-IR and
Raman techniques to stand on the reasons behind enhancing
their supercapacitive values.

2. Experimental section

All the materials used were analytical grade. H,SO, NaNO;
KMnO, H,0, hydrazine hydrate [99%, purchased from SDFCL
India] NH3.H,0 (27 wt%) [Obtained from Adwic pharmaceu-
tical and chemicals company Egypt], manganese acetate
Mn(CH5COO),-4H,0 [98% was purchased from BDH], DMF
[N,N" dimethylformamide (DMF) were purchased from SDFCL
India],

3. Preparation of materials
3.1. Preparation of reduced graphene oxide

The modified Hummers' method was used to prepare gra-
phene oxide from graphite [37]. 5 g of graphite powder was
mixed with concentrated sulphuric acid (H,SO,, 115 ml, 98 wt
%, in a dry ice bath). Then add 2.5 g of sodium nitrate (NaNO3)
to the solution, followed by 15 g of potassium permanganate
(KMnOy), stirring constantly for 2h at roughly 10°C, then 1 h at
35°C.In anice bath, 250 ml de-ionized (DI) water was added to
the paste. This causes the temperature to rise to 98 °C for
10 min, changing the color of the paste to an orange-yellow
hue. After allowing the mixture to cool to room temperature,
50 ml of H,0, was mixed and heated to for 30 min at 90 °C. The
resulting mixture was centrifuged and rinsed with hot water
numerous times until the pH of the filtrate was neutral. After
sonicating the obtained graphene oxide for 30 min in 30 ml
distilled water, the reduced graphene oxide was obtained. The
obtained mixture was heated at 100 °C and then 3 ml hydra-
zine hydrate was added to it. The temperature was kept at
100 °C for 24 h and the obtained black reduced graphene was
filtrated and then washed several times with distilled water.
Vacuum filtration was used to collect the final product, which
was then dried at 80 °C.
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3.2. Synthesis of Mnz04

Ammonia solution (40 ml) and 100 ml of a 20 mmol ethanolic
solution of manganese acetate were mixed under stirring,
forming a light red solution. The solution was heated up for
5 min to 50 °C. During this process, deep black suspension was
obtained and finally decomposed to form a colloidal solution.
The nano-sized Mn;0, crystals were centrifuged and dried at
50 °C.

3.3. Synthesis of RGO/Mn304

The solvothermal method was used for the preparation of
RGO/Mn3;0, composites by sonication of 200 ml DMF con-
taining 20 mg RGO, heated to 80 °C for 30 min 20 ml of 2 0.2 M
manganese acetate solution was added to the above solution
and stirred for 1 h to prepare different composites. The ob-
tained precipitate was centrifuged and severally washed with
distilled water. Then the final precipitate was added to 200 ml
of distilled water and transferred to an autoclave for 10 h at
180 °C. The obtained products were centrifuged using ethanol.
Finally, the precipitate dried for 48 h at 60 °C. The obtained
precipitates were symbolized as M1G1, M1G3 and M3G1 where
M and G are equivalent to M;04 and graphene, respectively;
e.g., M3Gl1 signifies a sample with a weight ratio of 3:1 of
Mn3;04/reduced graphene oxide.

34. Characterization

The resulting nanocomposites were characterized by XRD
that measured on Philips 321/00 equipment employing Ni-
filtered Cu-Ka radiation (A = 1.541 A) at 36 kV in 26 ranges of
5-80°. Average radius of pore, total volume of pore (V,), and
surface area (BET), were calculated using nitrogen adsorption
isotherms recorded by means of traditional volumetric appa-
ratus (r) at —196 °C. BJH analysis of the desorption branch of
the isotherm was also used to derive the pore size distribution.
With a resolution of 2 cm™ a PerkinElmer Spectrometer with a
double beam was used to analyze the Fourier transform
infrared (FT-IR) spectra using the KBr method. A Raman
spectrometer (U-1000 laser) was utilized to record the Raman
spectra using the excitation beam of Ar + emission line at
514.5 nm. TEM-SAED photoimages were recorded by means of
a FEI Tecnai G2 F20, Super Twin, at 200 KV accelerating
voltage.

3.5. Electrochemical measurements

The electrochemical behavior of free Mn;04 and the Mn304/
graphene nanocomposites (MxGy) were thoroughly explored;
at room temperature, using PGSTAT204 equipped with Nova
1.11 software for data calculation. Three electrode cell in the
presence of 1.0 M of Na,SO, as electrolyte was used, which
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Fig. 1 — XRD patterns of RGO, Mn3;0,4, M1G3, M1G1 and M3G1.
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consists of a counter electrode made of platinum, the refer-
ence electrode, a saturated calomel electrode (Hg/Hg,Cl,), and
the working electrode. The working electrode was made by
combining the produced nanomaterials (85 wt%) with a binder
of 5 wt% Poly (vinylidene fluoride) and a black carbon (10 wt%)
with a mass loading of 20 mg/cm?. The Fluorine tin oxide (FTO)
conductive glass sheets [which were purchased from Sigma-
Aldrich USA] with an electrical resistance of 14 Q cm~2 and
dimensions equal to 1 cm? were cleaned and dried. The above-
prepared paste was then distributed with a doctor blade and
uniformly rolled over FTO glass. Finally, the paste applied to
FTO was dried for 3 h at 200 °C. CVs were performed between
—0.85 and + 0.65 V with scan rates of 10, 20, 50, and 100 mV s™*.
Electrochemical impedance spectroscopy was used to deter-
mine the charge transfer efficiency of electrodes (EIS). The
electrochemical impedance was measured with the
PGSTAT204 in the frequency range of 0.1 Hz—140 kHz, with a
constant potential of 10 mV and currents ranging from 10 to
100 mA. The impedance spectra were confirmed using the
Kramers-Kronig transformation. The specific capacitance was
determined using galvanostatic charge-discharge and chrono-
potentiometry using a Digi-Ivy 2116 B-USA equipped with
DY2100B software for data computation. Working electrodes

were made at potentials ranging from —0.85 to +0.65 V and
current densities of 0.25, 0.5, and 1 mA g'l.

4, Results and discussion
4.1.  XRD and TEM-SAED analysis

Fig. 1 depicts the diffraction patterns using X-ray (XRD) of pure
Mn3;0, nanoparticles, graphene oxide, reduced graphene
oxide (RG), and Mn3;04/RG nanocomposites. The appearance of
RG diffraction peaks related to (002) and (100) reflections at
longer angles of 260 = 24.5° and 43.8° characteristic of graphite
carbon, as well as the disappearance of the diffraction peak of
graphene oxide at 12.5°, indicate that graphene oxide was
reduced at an average interlayer distance of 3.63 A during the
hydrazine-thermal process. Reduced graphene (RG) stacking
is indicated by broadening the peaks of graphene oxide
following reduction. The Mn;0, sample shows XRD pattern
with lots of sharp peaks attributed to the (101), (112), (200),
(103), (211), (004), (220), (204), (105), (312), (303), (321), (224) and
(400) planes that are corresponding to the tetrahedral Haus-
mannite Mn;0, with space group I[41/amd well matched with

200 kV1 X30000

Fig. 2 — TEM Images of (a) Mn30,4 (b) M1G1 and (C) M3G1 and M1G3 (D) together with their corresponding magnified HRTEM

images and SAED patterns, as insets.
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JCPDS No. 24—0734. The average crystallite size of Mn30, is
15 nm which is determined from Sherrer's equation [38].

The XRD pattern of Mn;04/RG nanocomposites reveals the
peaks related to each of RG and Mn30, phase. It was observed
that all nanocomposites reveal disappearance of the peak of
RG related to (100) pljane, indicating in-plane crystallite site
activity. As the ratio of Mn30, increases relative to RG as in
M1G1 and M3G1 samples as the order of graphene sheets de-
creases, causing splitting and deterioration of the (002) peak.
The XRD patterns of M1G3 and M1G1 displayed enhanced
crystallinity in the Mn;O, Hausmannite whereas M3G1 shows
a noteworthy decline of crystallinity indicating the high
dispersion of Mn30, in the latter sample. M1G1 composite
reveal appearance at 20 = 28.7° of new peak; correlated to the
(110) plane, attributed to the a-MnO, phase [16,39]. M1G1 and
M3G1 patterns shows another peak at 20 = 75° related to the
(413) plane of Mn304; which are not detected in the pure forms
of them. The crystallite sizes of M1G3, M1G1, M3G1 estimated
by the Debye-Scherer formula were 23, 65 and 12 nm,
respectively.

HR-TEM and SAED analyses were examined to determine
the morphology of nanoparticle surfaces on the prepared
composites compared to pure Mn3O, (Fig. 2). Pure Mn;0, re-
veals spherical nanoparticles with diameter average of 12 nm

(Fig. 2a). The crystal structure of pure Mn;0, was confirmed by
the selected-area electron diffraction pattern (SAED) where it
reveals strong rings related to (101), (103), (211) and (220)
planes characteristic of the Hausmannite Mn3;0, phase. It was
observed a well dispersion of these spherical nanoparticles
with a slight aggregation creating clusters due to high surface
energy of nanoparticles. M1G1 nanocomposite has nano-
particles with two different morphological shapes: spheres
with an average diameter of 10 nm and squares with an
average diameter of 44 nm dispersed on graphene nanosheets
(Fig. 2b).

The selected area electron diffraction (SAED) pattern given
in the inset Fig. 2b indicates the creation of the Hausmannite
Mn;0, phase owing to the existence of rings correlated to
(101), (103) and (211) planes. Furthermore, the appearance of
another diffraction ring characteristic of graphene's (002)
plane suggests a strong bond between graphene nanosheets
and Mn30,. The TEM picture of the M3G1l nanocomposite
(Fig. 2c) shows a variety of morphologies, including regular
tetrahedrons, rectangular, and spherical structures with an
average diameter of 10—12 nm. From exterior to interior, the
SAED pattern specifies strong rings that correspond to (101),
(103), (211), (220), and (002) planes that are associated with the
Hausmannite Mn;0, phase and graphene, respectively (002).
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Fig. 3 — (a) Survey XPS spectrum of M3G1, (b) Mn 2p spectra of M3G1, (c) C 1s spectra of M3G1, (d) O 1s spectra of M3G1.
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The significant interaction between graphene and Mn3;O,
nanoarchitectures is confirmed by this pattern. The contact
and distribution of Mn;0, nanoparticles on graphene play an
important role in preventing Mn;0, nanoparticle aggregation,
as evidenced by the alteration in shape after connection with
graphene nanosheets. The small particle size enhances the
interface surface area between graphene and Mns;O4 nano-
particles. On the other hand, the TEM images of M1G3 (Fig. 2d)
reveal square and spherical nanoparticles with diameters of
50 nm and 12 nm, respectively.

4.2. X-ray photoelectron spectroscopy (XPS) study

The chemical composition of the Mn;04/RGO nanocomposite
was analyzed via X-ray photoelectron spectroscopy (XPS)-
Fig. 3 displayed the XPS of the Mn3;04/RGO nanocomposite.
Clearly visible elements in the MG, XPS survey spectrum were
Mn, O, and C. The energy gap between Mn 2p1/2 and the Mn
mother sample is greater in the Mn 2p XPS spectrum, indi-
cating a significant interaction with RGO. This energy gap
difference between Mn 2p3/2 and Mn 2p1/2 was 11.8 eV,
evidencing the exposure of Mn;0,4. The Mn—0—C, Mn—OH, and
the physisorbed or chemisorbed water bonds, respectively, are

responsible for the decomposition of the high-resolution Ols
spectra into three peaks at 529.82, 531.32, and 532.3 eV [40,41].
Three peaks at 284.4, 285.85, and 289.3 eV, which are attributed
to C—C, C—OH, and C—O in rGO, respectively, deconstructed
the high-resolution C1s spectra [42,43]. Consequently, the XPS
results demonstrate that MnO—Mn;0,@rGO was prepared
successfully.

4.3. FTIR and Raman spectroscopy

Fig. 4 represents the FTIR spectra of the obtained samples. It
was observed that the spectrum of RG reveals small bands at
1039, 1112, 1383, 1415, 1581, 1632, and 1710 cm™* approving the
existence of remaining oxygen functional groups on its sur-
face. Stretching vibrations of water-absorbed molecules and
C=0 were assigned via bands at 1632 cm™ and 1710 cm™,
respectively [19,44]. Whereas the bands at 1039, 1112, 1383 and
1415 cm™ are indexed to C—OH and C—O stretching vibrations
of the epoxy groups [35,36], carboxyl group bending vibration
[45], and O—H bending vibrations of tertiary C—OH [46],
respectively. The band at 1580 cm™ is due to the aromatic C=C
of unoxidized graphitic carbon that contribute to the reduc-
tion of GO [35,36,45]. Furthermore, the bands observed in the
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Fig. 4 — FTIR spectra of RGO, Mn30,4, M1G3, M1G1 and M3G1.
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Mn;04 spectrum at 1632 cm™ assigned to water adsorbed,
1495 cm™ due to OH deformation vibrations, and 1383, 1112
and 1039 cm™* assigned to C—OH vibrations. These bands are
suggestive of the notable presence of the acetate species. In
addition, there are two bands at 614 and 498 cm™® character-
istics of Mn—O bending mode at tetrahedral sites and the
distortion vibrations of Mn—O at octahedral sites, respec-
tively. The M1G3 spectrum reveals the same band character-
istics of both RG and Mn30,4 with a lower intensity for bands
related to pure Mn;0,. This indicates the strong interaction
and connection between graphene and Mn;0,. Furthermore, it
was observed that there is redshift in the bands at 624 and
524 cm™ related to Mn—O vibrations in the latter sample
compared to the bands at 613 and 490 cm ™ for the pure MnsOy,
which reflects significantly the strong interaction revealed
between Mn3;0,4 and GO. The ratio of the area of tetrahedral to
that of octahedral bands in M1G3 is larger than in the pure,
which exhibited the opposite tendency. The bands observed
on M1G1 are similar to those observed on M1G3, with modest
shifts in the bands appearing at 624 and 524 cm™; on M1G3,
the bands appear at 631 and 527 cm™, respectively, with the
evolution of a new, minuscule one at 405 cm™X. The Mn—O
vibrations of MnOg seen in «-MnO, species are more analo-
gous to this band, supporting the M1G1 XRD results [47]. The
M1G1 sample had the same intensity ratio for tetrahedral and
octahedral band structures, which was unusual. It also dis-
plays that the band at 1627 cm™ splits to offer a doublet in
M1G1 and M1G3 samples, exposing a band at 1580 cm™ in the
process. Even with such high Mn;O, loadings, this could

indicate a probable reduction in GO. The spectra of M3G1
composites with a high Mn3;0, to GO ratio, on the other hand,
reveal bands at 610 and 488 cm™!, as well as minor bands at 444
and 400 cm™ attributable to Mn®* in octahedral sites [48,49].
Raising the contents of Mn3;0, phase (M3G1) in comparison to
other nanocomposites specifies the altered structure geome-
try of Mn3;04, and reduced strength with RGO. The emergence
of bands at 1050-1400 cm* associated with the C—OH area, as
well as a band at 3420 cm™ due to OH stretching, with disap-
pearance at 1580 cm™ reflecting the oxidation action of Mn;0,
on RGO, at such high concentrations of Mn;0,. The existence
of bands associated with MnO, in M1G1 and Mn,03 in M3G1
could be attributed to thermodynamic surface energy fluctu-
ations that permitted MnO, and Mn,05; moieties to be exposed
together with the most prominent Mn;0, under wet condi-
tions; this was substantially achieved under dry conditions
[50,51]. This was validated by growing the width of the
stretching of the O—H band as well as the C—OH stretching
bands in M3G1. The disappearance in the XRD pattern of the
Mn,0; species of M3G1 reveals its modest amounts and
actually improves the FTIR technique's sensitivity.

Raman spectra were tested to obtain more confirmation on
the interaction and structure of the prepared composites.
Raman spectra were measured for the GM nanocomposites
compared to the Mn,03; sample and given in Fig. 6. A promi-
nent peak at 641 cm™ in the Raman spectra of pure Mn3;0, is
associated to the A;; mode, which is indexed to the vibrations
of oxygen in the MnOg unit [52]. The M1G1 Raman spectrum
shows G and D peaks at 1570 cm™* and 1347 cm™, respectively.
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Fig. 5 — Raman spectra of RGO, Mn30,4, M1G3, M1G1 and M3G1.
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The E,g mode, which is connected with ordered sp2 bound
carbon, is related to the G band. Disordered layers or edges are
responsible for the D peak [53]. To better comprehend the
reported weak contact among the GO and Mn;0O,, the in-
tensities of tiny peaks in the 200-400 cm™* range attributed to
Mn;0, modes were raised in the M1G1 spectra compared to
pure Mn3O4 [54]. The Mn3O, mode was also retained in the
composite M3G1 comparable to its free form except that it
shows a marked decrease in intensity for D and G modes
configured at 1347 and 1570 cm™?, respectively. This could give
an indication of the rigorous overlaying of Mn species on
graphene surfaces. The M1G3 spectra, on the other hand,
comprises D and G peaks as well as a very minor peak at
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641 cm! ascribed to free Mn;O, that is 0.2 of its strength in
M1G1 and 0.25 of that in pure Mn3;0,4. The contact between
graphene and Mn3;0,4 was stronger in M1G3 compared to the
other nanocomposites, based on the Mn/GO ratio. Strong
contact of graphene with Mn;0,4 was achieved via shifting the
G band from 1570 cm™ in M1G1 and M3G1 to 1580 cm™ in
M1G3, as well as a reduction in the thickness of the graphene
layers in this latter sample. The nanocomposites M1G1 and
M1G3 display the 2D band extending from 2550 to 2850 cm™
related to the two phonon lattice vibration with the same
position and shape [55]. The crystallite size and disorder of the
graphitic layers can be determined from the intensity ratio of
D and G peaks (Ip/Ig). In comparison to M1G3 (1.31), M1G1
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(1.26), and M3G1 (1.12), RG exhibits a high Ip/I; intensity ratio
of (1.34), indicating a reduced density of imperfection in RG
after Mn30, insertion. However, this ratio is not straightfor-
ward in the M3G1 sample that showed great diminishing in D
and G bands intensities. This may not involve the disruption
of graphene ordering but is presumably correlated to the
presence of plenty of Mn3;0, groups between graphene sheets,
masking the proper appearance of both D and G bands.

4.4. Surface texturing

Fig. 6a displays the N, adsorption-desorption isotherms of
some of the nanocomposites that were prepared, as well as
their PSD curves (Fig. 5b). They revealed an isotherm of type IV
with hysteresis loop H3 representing slit-shaped or plate-like
pore aggregation [56]. After mixing Mn;0, with RG, the sur-
face area (Sppr) declined from 142.6 m? g in pure RG to
116 m? g* in M1G1, 130 m? g* in M3G1, and 105.6 m? g in
M1G3. It was revealed that the hysteresis loops of RG close at P/
P° value of 0.46, M3G1 close at 10.46, and M1G3 close at 10.45.
This implies that all of the samples have similar big pores, with
the exception of RG, which has an extra hysteresis loop at P/
P° = 0.84, suggesting the envelopment of mesopores. After the
addition of Mn30,, the hysteresis vanishes, suggesting that the
latter is fully inserted between the RG sheets. It was found that
the pore volume values of RG (0.1124 cm® g?), M3G1
(0.0941 cm® g'*), M1G1 (0.0912 cm® g™%), and M1G3 (0.0818 cm® g~
1) followed the similar tendency as their surface area values.
These results explain a narrowing of the pore radius only for
M1G1 (27.67 A) and M3G1 (26.3 A) samples and it was reluctant
in M1G3 (28.9 A), which was typical to the value of RG, which
leads to a reduction in pore volume of composites. The pres-
ence of three types of pores (4.3 nm, 2.8 nm, and 2.1 nm) in the
mesopores of low range can be seen in the curves of the dis-
tribution of pore size (PSD) of all samples. M1G3>M1G1>RG was
the sequence in which the relative intensity of the peaks con-
nected to distinct kinds of pores decreased. This explains why
Mn30, is inserted well among RG sheets in M1G3 and M1G1
samples, resulting in a sturdy contact between the moieties.
Furthermore, lowering the pore radius of M3G1l without
significantly changing the pore volume reveals that the ma-
jority of Mn species are close to the surface. The M1G3 sample,
on the other hand, had the smallest pore volume compared to
the other samples while maintaining the same pore radius,
which suggests Mn;0, dispersion deep within the RG pores.

4.5. Supercapacitive characteristics

The capacitive behavior of electrode materials can be studied
using cyclic voltammetry (CV). In comparison to pure MnsOy,
Fig. 7 depicts CV curves of Mn;O, integrated graphenes
recorded in the potential window of —0.85 — 0.65 V, performed
in 1.0 M Na,S0,, and at a scan rate of 50 mVs™ (inset Fig. 7). All
of the CV curves have a pair of redox peaks that correspond to
the reversible Mn?" < Mn>" reactions [25,57]. The redox re-
action peaks on the rectangular and asymmetric CV curves
imply a combination of electric double-layer capacitances
from rGO and Faradic pseudocapacitive behavior from Mn30,.
The specific capacitance Cgp, of the investigated electrodes was
estimated using the CV curves and the equation below [57,58].

Current density (A g")
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—M1G1
—M1G3
—Mn304
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Fig. 7 — The CV curves of a) M3G1, b) M1G1, c) M1G3 and d)
Mn30, electrodes measured in the potential window of
—0.85:0.65 V; performed in 1.0 M Na,SO,, and at scan rate
of 50 mVs™, Inset Fig. relates the corresponding CV curves
of M3G1 at the scan rates of a) 100 mV/s, b) 50 mV/s, c)
20 mV/s and d) 10 mV/s in 1.0 M Na,SO,.

Ve

Csp= W | / vav (1)

Va

Where AV (V) is the potential drop, v (mV s7%) is the scan rate,
and w (g) is the active material mass. The results are pre-
sented in Table 1. When compared to pure Mn;0, and other
composite samples, the results demonstrate that M1G3 has
the highest specific capacitance. At a scan rate of 50 mV s,
the specific capacitance values of Mn3;04, M1G1, M1G3, and
M3G1 are 45, 77, 40, and 148 F g%, respectively. The beneficial
synergistic effects between graphene and Mn3;0, may explain
the capacitive performance of the Mn;04/graphene composite
electrode. As seen in SEM photos, graphene in composite
samples serves as a 2D support material that uniformly an-
chors or disperses the micro Mns;0O, particles. At the same
time, incorporating Mn;0, particles into graphene can pre-
vent graphene sheets from stacking and agglomerating,
making them accessible to electrical and ionic transport
channels. Furthermore, graphene provides a highly conduc-
tive net for electron transport throughout the charge and
discharge courses, overcoming the pure Mn;O,4's poor elec-
trical characteristics and charge transfer pathways.

Table 1 — Specific capacitance values of synthesized
samples at different scan rates.

Scan rate (mVs™) Specific capacitance Csp, (F g7)

MnsO, M3Gl1 MI1GL  MIG3
100 25 88 51 32
50 45 148 77 40
20 56 332 104 64
10 B 440 134 87



https://doi.org/10.1016/j.jmrt.2022.10.066
https://doi.org/10.1016/j.jmrt.2022.10.066

2564

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;21:2555-2570

Under the same experimental condition, our specific
capacitance value of Mn;O,4 is higher than that found by
porous nanostructured Mn;0, synthesized by a hydrothermal
method using the CTAB surfactant (22.5 F g'%) [59]. Our value
also exceeded different Mn;0, architectures or CNT-supported
Mn;0O, composites reported recently [60,61]. Among the
nanocomposites, M3G1 showed the highest current density
and CV area and thus the highest specific capacitance value.
Indeed, the open pore design and size distribution observed in
M3G1 together with high Sger, as determined by N, sorptiom-
etry measurements, dictate easy ion transport and thus
increased ionic conductivity. Undeniably, the expected rapid
transformation between Mn®*' and Mn?" moieties as well as
the residual oxygen moieties; those intrinsically controlled
partially oxidized graphene sheets, affected markedly the
performance of this sample and indeed increases the con-
ductivity and the pseudocapacitance behavior. Conversely,
lowering the Mn;0, active sites (as in M1G3) will announce the
restacking of graphene nanosheets and thus restrict the elec-
tron/ion transfer processes in a facile way.

CV characterizations were accomplished at sweep rates of
100, 50, 20, and 10 mV s! to obtain more information on the
electrochemical behavior of the M3G1 electrode (greater
capacitance electrode) (inset in Fig. 7). As a result, the CV
curves produced exhibit essentially no significant change
when the scan rates increase. This refers to the electrode's
excellent electron conduction and low equivalent series
resistance. Furthermore, as the scan rate is increased, the
specific capacitance decreases, giving a Cg, value of 440 at 10
mV s, indicating good rate property and an outstanding
capacitance trend. The behaviour of the M1G3 CV curve was
comparable to the one devoted for M3G1 and Mn;0,4 (not
shown). This highlights that the ion transport is not amenable
to diffusing into the electrode/electrolyte interface with
increasing scan rates in the electrode samples. Because of the
time constraint, the diffusion of electrolyte ions is limited at
high scan rates.

Itis significant notifying that the specific capacitance of the
as-synthesized M3G1 (at 10 mV s, C, = 440 F g'") composite
exceeds that of Mn3;04/graphene nanocomposites in 1.0 M
Na,S0, electrolyte 130 F g'*) as well as Mn3;0,/graphene pre-
pared via ethylene glycol route (at 5 mV s, Cgp = 159 F g')
[31,62]. Also, it exceeds the value supplied from GO/Mn;O4
thin films synthesized using a successive ionic layer adsorp-
tion (344 F g% [31].

GCD measurements were used to study the electrode ma-
terials' electrochemical characteristics. At 250 mA/g current
density, Fig. 8 depicts potential vs. time curves for pristine
Mn30, (inset) and Mns;O./graphene nanocomposites. The
faradaic response (Pseudocapacitance) is related to the devi-
ation (distorted) observed in the charge-discharge curves,
which is compatible with the stated CV curves [62,63]. From
the discharge cycles, the below relation was used to estimate
the specific capacitances of the investigated electrodes [4,5]:

Cop =It/mV @)

Where I, t, m, and V represent the current loading, the
discharge time, the mass of the active material in working
electrode, and the potential window, respectively [58,62,64]. It
was found that the specific capacitances of the M3G1, M1G1,
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Fig. 8 — The potential vs. time curves for a) M1G3, b) M1G1,
c) M3G1 nanocomposites and d) Mn;O, (inset) performed in
1.0 M Na,S0, at a current density 0.25 A/g.

M1G3 and Mn30, electrodes are 490, 416, 333, and 187 F g'1 at
250 mA g, respectively (Table 2). The values obtained refer to
the M3G1 sample having the highest capacitance, which is
consistent with those found by CV measurements. When
using a supercapacitor in a power application, rate capability
is critical. As a result, we analyzed the charge/discharge
behavior of the electrodes under investigation at various
current densities (25—-100 mA g™). The specific capacitance
values indicate diminution behaviour in the following order:
M3G1> M1G1> M1G3> Mn304 (Table 2). Indeed, decreasing the
capacitance values while increasing the current density con-
firms the aforementioned CVs results, in which an increase in
capacitance was achieved as a decrease in scan rate. The IRy,
decline of the charge-discharge curves decreases with
increasing the charging currents for all the samples (Table S1)
from 0.25 to 1.0 mAg™.

Table 3 summarizes the specific capacitance of Mns;04/
Graphene composites compared with other composites. M3G1
nanocomposite shows higher capacitance values than previ-
ously reported values for other Mn;0./G composites
[62,63,65—72].

Because life cycle is such a critical factor in applications of
supercapacitor, a life cycling test was performed for the inves-
tigated electrodes using the galvanostatic charge—discharge
technique at a constant current density of 0.25 A g* for 1000
cycles in the potential range of —0.85 to 0.65 V. The results

Table 2 — Specific capacitance values of synthesized
samples at different current densities.

Current density (A g?)  Csp, Specific capacitance (F g™)

Mn;0, M3G1 M1G1 M1G3
0.25 187 490 416 333
0.5 142 325 196 154
1 129 226 153 128
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Table 3 — Summary of electrochemical performance reported in literature for Mn;0,/Graphene composites as a

supercapacitor electrode material.

System Synthesis method Electrolyte, current capacitance retention Specific capacitance Ref.
collector Cs (F/g)

GM composite one-step solvothermal = 1.0 M Na,SOy, stainless foil =~ 88% after 500 cycles 130 (i=1A/g) [62]
process

GM composite precipitation from MnO, Na,SOy4, platinum foil - 175 (v = 5 mV/s) [63]
organosol

GO/Mn3z0, facile low temperature 1 M Na,SO,, glass/stainless ~ 87% over 3000 cycles 300 (v = 10 mV/s) [65]
solid reaction method steel substrate

Graphene/Mn3;0,4 simple and 0.5 M Nacl, nickel foam 87% over 2000 cycles 239.6 (v = 10 mV/s) [66]
environmentally
friendly chemical
process

GMn80 microwave-assisted 0.5 M Na,SO4 = 193 (v = 25 mV/s) [67]
hydrothermal synthesis

1-GM composite Polyol process along stainless steel 91% after 1500 cycles 293 (v =5 mV/s), [68]
with annealing 2304 (i=1A/g)

GM composite hydrothermal self- 1 M Na,S0,, Carbon flake 148 (i=1A/g) F/g [69]
assembly

Nitrogen-doped hydrothermal 0.5 M Na,SO4 + 5 mM 206 (i=1A/g) [70]

graphene— NaHCOs, nickel foam
Mn30, nanohybrids
RGM-0.5 chemical decomposition 1 M Na,SO,, Stainless steel 131 (i= 0.5 A/g) [71]
mesh
GM composite hydrothermal Na,S0, solution, nickel 100% after 10,000 cycles 114 (v = 5 mV/s), [72]
foam, 121 (i=0.5 A/g)

M3G1 deposition- 1.0 M of Na,SO,4, FTO 100% after 10,000 cycles 440 (v = 10 mV/s), This work

solvothermal process conductive glass 226 (i=1A/g)

obtained are shown in Fig. 9. The variation in the capacitance
retention as a function of the cycle number for M3G1 was
consistent during the 1000 cycles giving ~100% retention.
Whereas, for M1G3 a continuous decrease in the specific
capacitance with retention equal to 82% was perceived at the
end of the 1000 cycles. On line, the M1G1 electrode exhibits a
decrease during the first 760 cycles retaining a 92% capacitance
value that goes up afterward, reaching 98% at the end of the
1000 cycle. The Mn;0, electrode exhibits a stability for the first
140 cycles (giving 100%) followed by a narrow decrease reaching

40

Capacitance retention (%)
3

20 A

0+ T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Cycle number

Fig. 9 — The galvanostatic charge—discharge curves at a
constant current density of 0.25 A g* in the potential range
from —0.85 to 0.65 for 1000 cycles for a) M1G3, b) Mn;0y,, c)
M1G1 and d) M3G1 samples.

93% after completing the 1000 cycles, contrasting other types of
Mn;0, those used to present marked diminish in the capaci-
tance in 400—1000 cycles [25,73,74]. This exceptional perfor-
mance and the high rate capability do indeed depend on the
synergism between Mn;0, and graphene as well as their pro-
portions. As a result, the M3G1 electrode's stability over capac-
itance retention cycles may be connected to the connections
between the moieties that make up the electrode, even though
its not quite high as compared to other nanocomposites but
was enough to assist electronic and ionic transitions from
active sites into the charge collectors. Particularly, exposing
Mns0, close to the surface; as established via the surface
texturing results is expected to reduce the charges diffusion
paths within the electrode surface that indeed maximized via
the exhibited high surface area and decreased crystallites sizes.
Definitely, the latter characteristics enhanced the active sites;
compared to other nanocomposites, in which rapid charge
transitions are exhibited and improved via the 3D network
polyhedral structure of Mn;O,4. That designed 3D structure has a
large number of accumulated active sites as well as a high
porosity capable of tailoring mass transport [72].

Despite M1G1 presenting other species other than Mn;O4
as M3G1 did, such as MnO,, it presented lower capacitance
and stability due to decreasing surface area as well as
increasing the crystallite size. This could also give a hint about
phase change and the possibility of inducing side reactions in
active materials and thus instability [74]. The dielectric con-
stants of M1G1 and M1G3 samples were expected to exceed
those of M3G1 based on increasing the graphene ratio, a well-
known high conductivity value. However, their decreased
supercapacitor values are probably due to the fact that the
heterojunction formed between the moieties of the former
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samples was not as strong as in the latter, i.e., the CV and V-t
curves approved the action of M3G1. The presence of residual
oxygens on graphene surfaces of M3Gl was found to be
effective in imparting electrostatic interactions (RG-O-Mn)
that prevented restacking and thus facilitated electron-proton
transitions. Nevertheless, the presence of individual graphene
sheets in M1G1 and M1G3; as exhibited in TEM images, makes
the graphene electrode is inaccessible due to restacking via
the strong w—m interaction and the consequences thereof
concerning the delay of electron transition. The rate capability
of super-capacitors is critical for their use in power applica-
tions. To supply high energy density at a high charge/
discharge rate, an appropriate electrochemical energy storage
technology is required. Because the power density (P, W kg™
and energy density (E, Wh kg!) are two critical parameters in
practical applications, the Ragone plots of Mn;O, and its
nanocomposites with RGO were analyzed using the equations
below [8,9,15,75,76]:

E=0.5 Cs (AV)? 3)

P=E/t 4

Where Cgp,, AV, and t represent the specific capacitance of the
supercapacitor (F g~?), the voltage changes after the IR drop in
V during the discharge process, and the time for a sweep
segment (h). The estimated values of E and P are represented
in Fig. 10, as Ragone plots (E vs. P). Mn30,4 reveals an energy
density of 12.5 Wh Kg'* at a power density equal to 998 W kg™
and maintains the lowest energy density of 6 Wh Kg™* at the
highest power density of 3096 W kg ™. Such a line plateau is a
feature of redox processes of the Mn;0, moieties. Albeit, M1G1
indicates an energy density comprises of 33 Wh Kg* with
power density equal 618 W kg%, it shows a great decrease with
scan speed into 18 Wh Kg*' at an enormously high power
density of 2713 W kg®. An equivalent behaviour to the latter
samples was also depicted for the M1G3 sample via visualizing
an energy density as high as 28 Wh Kg™* at a power density of
232 W kg and maintaining 8 Wh Kg™ at a high power density
of 2489 W kg'*. Increasing the propensity of the specific power

of our nanocomposites discloses that the discharging capacity
of such supercapacitors is directly proportional to the dis-
charging current. Whereas, the decreasing behavior of the
specific energy recommends that parts of the electrode sur-
faces are even attainable at high charging-discharging cur-
rent. It's clarified that the nanocomposite M3G1 indicates a
high-quality electrochemical reversibility and signifies the
highest energy, superior stability and highest specific capaci-
tance value of 490 F g'. The electrochemical properties of the
studied samples were further assessed with electrochemical
impedance spectroscopy (EIS). The EIS were examined to not
only affirm the above results obtained via CVs and charge-
discharges but also to acquire information concerning the
facile transport of ions and electrons and their conductivities.
The EIS was performed at an open potential over the fre-
quency margin of 0.1-140 Hz with an amplitude equal to 5 mV
(Fig. 11).

The Nyquist plots indicate precise semicircles at high fre-
quencies for all nanocomposites and linear parts at low fre-
quencies. The charge transfer resistance of the electrode,
which is related to the faradaic redox process in the system,
causes the semicircular loop at high frequencies. The diam-
eter of this semicircle can be used to determine the charge-
transfer resistances Rct. R, was found to decrease in the
order: M3G1<M1G1<M1G3< Mn30,. On the contrary, the slope
of the straight line was much steeper in the order:
M3G1 > M1G1 > M1G3> Mn;0, indicating that M3G1 has the
least interfacial charge-transfer resistance and lowest diffu-
sion resistances and thus revealed the highest specific
capacitance, compared to the rest of the nanocomposites.

Bode plots (not shown) are further confirmed EIS analyses
via illustrating that the change in the frequency peak position
related to the charge transfer at the M3G1 electrode was the
lowest comprehending longer charges lifetime, compara-
tively. An equivalent circuit is provided from the electro-
chemical impedance (EIS) of the nanocomposites data that
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Fig. 10 — Ragone plots of a) Mn30,4, b) M1G3, ¢) M1G1 and d)
M3G1 samples.
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Fig. 11 — Electrochemical impedance spectra of a) M3G1, b)
M1G1, c) M1G3 and d) Mn;0, samples, performed at an

open potential in the frequency margin of 0.1-140 Hz with
an amplitude equal 5 mV, and the inset is the M3G1 circuit.
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Table 4 — The values of R;, R.; and the time constant for
pure Mn3z0, and its nanocomposites with RGO.

Sample 7 (s) [ x 107 Rs (Q) Ret (Q)
Mns0, 3.38 21 47
M3G1 0.201 17 5
M1G1 0.354 18 10
M1G3 1.093 20 25

includes a resistance of bulk solution (Rs), a resistance of
charge-transfer (Rct), an element of pseudocapacitive (C) from
the Mn;0,4/GO redox process, and resistance of Warburg (W)
due to diffusion of ions. As seen in the inset of Fig. 10, this was
in parallel with another element Cdl of the double layer
capacitance. This M3G1 inset circuit demonstrates the cir-
cuit's close resemblance to the original data gathered from
CVs and charge-discharge phenomena, as well as the
concurrence of the pseudocapacitive and double layer
capacitance. Using the following equation, 7 = 1/2afmax. the
time constant of the capacitor (r, s) may be evaluated from the
frequency (fmax, Hz) commensurate with the maximum of

Fig. 12 — TEM Images of the electrodes after 1000 cycle
M3G1 and M1G3.

imaginary impedance (Z") of the semicircle in the impedance
spectra [77,78]. The time constants with other impedance
parameters are given in Table 3. The time constant was found
to be the lowest for M3G1 in comparison to the other mate-
rials. The M3G1 electrode took the least time to charge the
capacitor. In comparison to Mn3O, electrode, the other pa-
rameters mentioned in Table 4 clearly illustrate that the
hybrid composite electrodes allow simpler access (reduced
resistance) for charge intercalation and deintercalation via
elaborating R, Rt and the time constant values.

The good fit between the simulated and experimental data
was established by mathematical modelling of generated
impedance spectra (using software by Boukamp [79]). The
average error of regression, denoted by y2, was used to
describe the fit quality [79,80]. The proposed circuit given in
Fig. 11 is similar for all samples with ? values of 0.0396, 0.0552
and 0.632 for samples M3G1, M1G1 and M1G3, respectively.

After the stability test, we also carried out TEM study, as
shown in Fig. 12. It appears that no substantial alterations
are displayed for the M3G1 sample, with the exception of a
few alterations concerning the size increase from 12 nm to
20 nm; however, it is still in contact with the graphene
moieties. The consistency of the electrode was unaffected by
such changes. Similar to the M3G1, the M1G3 did not show
any significant alterations, although its reduced activity is
primarily due to charge transfer resistance and its longer
path. In addition, surface texturing metrics like pore volume,
radius, and surface area were far lower than in the M3G1
sample.

5. Conclusion

The adoption of deposition—solvothermal technique for syn-
thesizing RG-Mn3;O; nanocomposites has stimulated the
innovation of supercapacitors of unprecedented perfor-
mances and at most the nanocomposite M3G1 has exhibited a
Csp value of 490 F g at current density 0.25 A g*. This
remarkable performance is attributed to the unique 3D Mn3;O4
array that cooperated in increasing the electrode surface area
as well as facilitating electrolyte access due to its hybridiza-
tion with graphene sheets. This indeed has a high impact on
shortening the electron/ion diffusion processes in the active
materials. It seems that reduced graphene oxide moieties
(oxygen content ratio) played a unique role in enhancing the
ionic diffusion coefficient in M3G1 unlike other nano-
composites that suffer the shielding effect of the reduced
graphene. M3G1 has shown the property of the pseudo-
capacitance and achieved high-energy density, high-power
density, and long-term life for supercapacitor electrode ap-
plications. Increasing the disordering in M1G1 and M1G3 was
one of the factors that seriously affected the electric diffusion
and thus their specific capacitance values.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jmrt.2022.10.066.
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