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Abstract

Graphene (G) and ternary nanocomposites of Mn3 Oy, TiO,, and reduced graphene oxide(rGO) electrodes have been prepared for
supercapacitor applications. The as-synthesized samples were characterized using several techniques including XRD, SEM,
TEM, XPS, and Raman spectroscopy. Electrochemical characterizations were studied via cyclic voltammetry (CV), galvano-
static charge—discharge (GCD), and electrochemical impedance spectroscopy (EIS). XRD patterns of TiO, and Mn3;O,4 showed
the formation of anatase and hausmannite tetragonal nanoparticles, respectively, whereas GO and G showed an amorphous
structure. The TEM analysis showed spherical shaped particles with less than 50 nm sizes for Mn;O,, nanotube for TiO,, fiber
structure for rGO, and layered structure for graphene. The Mn;04/TiO,/rGO ternary nanocomposite electrode presented a much
higher specific capacitance than its single individual constituents. The ternary nanocomposite has a specific capacitance of
356 F g ' in 6 M KOH aqueous electrolyte and respectable cycling performance, with 91% capacitance retained over 3000 cycles
referring to its suitability for supercapacitor applications. An asymmetric supercapacitor (ASC) was constructed using a Mn;O4—
TiO,—rGO (MTrGO) as a positive electrode and G as a negative electrode. The organized (ASC) works steadily under the
potential window of 0-1.8 V and provides a high-energy density of 31.95 Wh kg ™' at a power density of 7188 W kg’
complemented by satisfactory cycle stability with 87% capacitance retention over 1000 cycles.

Keywords Mn;0,/Ti0,/rGO nanocomposite - Cyclic voltammetry - Galvanostatic charge—discharge impedance spectroscopy -
Asymmetric supercapacitor

Introduction

Highlights

* The Mn304/TiO,/reduced graphene oxide nanocomposite was
synthesized using a hydrothermal method.

* Nanotube TiO, and spherical Mn;O,4 nanoparticles were well-dispersed
on reduced graphene oxide.

* The Mn30,4/Ti0,/rGO ternary nanocomposite electrode showed a much
higher specific capacitance than its single individual constituents.

* An asymmetric supercapacitor (ASC) constructed using a Mn;O4—
Ti0,—rGO (MTrGO) as a positive electrode and G as a negative electrode
works steadily under a potential window of 0—1.8 V providing a high-
energy density of 31.95 Wh kg ' at a power density of 7188 W kg ' in
6 M KOH aqueous electrolyte.

» The ASC exhibits satisfactory cycle stability with 87% capacitance
retention over 1000 cycles.
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With the fast growth of the economy, the consumption, and
the diminishing supply of traditional fossil fuels, and with
rising expanding global warming conditions and the increas-
ing environmental pollution, there is a demanding require-
ment of looking for clean and renewable energy sources, be-
sides highly efficient and low-cost energy storage technolo-
gies. The electrochemical energy conversion and applications
as well as its compatibility with power generation from solar,
wind, and nuclear resources are considered as one of the
mounting interests in the improvement of low-cost, high-
power electrochemical energy storage devices [1, 2]. With
the developments of technology, several classes of valuable
technologies for energy storage have been researched, such as
batteries, fuel cells, capacitors, and supercapacitors. The ca-
pacitors and batteries as types of energy storage are limited by
the low-energy density and slow power output, respectively,
whereas the supercapacitors, as a new type of energy storage
elements, have a large capacity, robust lifetimes, wide
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working temperature range, high dynamic charge propaga-
tion, rapid charging capabilities, and low cost [3—8]. There
are two kinds of supercapacitors, double-layer capacitors
(EDLCs), and pseudocapacitors (or redox supercapacitors).
They are differentiated by their charge storage mechanisms.
The first class is based on electrostatic charge storage at the
interface between electrode and electrolyte, which are fre-
quently made of carbon-based materials. The second class of
supercapacitors depends on a fast and reversible redox reac-
tion to store charge and is usually noticeable in transition
metal oxides and conducting polymers [9, 10]. Generally,
supercapacitors in pseudocapacitance mode offer higher ener-
gy density than those in double-layer capacitance mode be-
cause a greater amount of charge is transported in the faradaic
process in pseudocapacitance mode. Atypically, this charge
transfer process produces physical and chemical modifica-
tions throughout the continued charge—discharge process,
consequently decreasing their durability as compared with
the supercapacitors in double-layer capacitance mode.

Nowadays, materials containing metals with different oxi-
dation states are broadly employed as electrode materials for
pseudocapacitors [2, 5-7]. In the middle of these transition
metal oxides, RuO, holds a high specific capacitance of
720 F g~ ' [11]. Despite this, it has not been as much consid-
eration because of its high price and poisonousness [12].
Therefore, in the present time, the manganese oxide—based
electrode materials, which are cheap and have various crystal-
lographic structures and several oxidation states as well as an
environmentally friendly nature, were used to replace the
RuO, for supercapacitor applications [2, 13]. Mn3O, as one
of the manganese oxide materials has a single hausmannite
structure at room temperature and considered as one of the
hopeful electrode materials owing to its environment-
friendly nature, low cost, good stability, and high theoretical
specific capacitance (~ 1400 F g~ ') [13]. But the application of
Mn;04-based electrodes in high power supercapacitors faces
restrictions because of its low electrical conductivity (~ 10—
10 S em ™) [14]. TiO, is also an interesting electrode mate-
rial for electrochemical energy storage systems due to its per-
fect double-layer capacitive response and its inexpensive, nat-
urally abundant, and environmentally safe properties [15-17].
The main challenge of using TiO, as an electrode material is
the relatively low theoretical capacity that limits advanced
practical applications due to its wide electronic band gap (~
3.2 eV) and its high resistivity that directs to the strong internal
resistance of the charge storage devices. In the present work,
we fabricate TiO, in the morphological structure of nanotubes
to overcome their high resistivity and harvest high charge
storage accumulation for energy storage applications.

Several researchers attempted to increase the electrical con-
ductivity of Mn3O,4 and TiO, to be respectable for electro-
chemical operation [18, 19]. This can be done by making
nanocomposites with highly conducting carbon
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nanostructures like carbon nanotubes, reduced graphene ox-
ide, and graphene. Among the carbonaceous materials, re-
duced graphene oxide (rGO) is one of the best choices for
supercapacitor applications due to its advantageous properties,
including porous structure with mesopores and micropores,
high surface area, high electrical conductivity, and good elec-
trochemical stability [20]. Thus, by using the advantages of
the properties of carbonaceous materials as well as the metal
oxides with different valence states, supercapacitors with high
capacitance can be constructed [21, 22].

Surface area, pore size, and size distribution play important
roles in determining the solid electrodes appropriate for
supercapacitor applications. The large surface area of solid
materials usually has been respected as a basic directing as-
sumption for larger capacity [23]. Above and beyond the basic
prerequisite of high surface area and large pore volume, it is
necessary to have a suitable pore structure for ideal
supercapacitor electrode material. The nitrogen adsorption
analysis is generally used to study the surface and structural
properties of porous solid materials. According to IUPAC
classification [24], pore size can be categorized in three clas-
ses: micropores with width <2 nm, mesopores with width 2—
50 nm, and macropores with width >50 nm. The physical
adsorption isotherms of these classes can be also classified
into six types [25]. Each of these six specific types is directly
linked to individual features of the pore structure and funda-
mental adsorption mechanism. A type I isotherm demon-
strates a noticeable increase in the adsorption at low relative
pressures and attains saturated adsorption, thereafter charac-
teristic for microporous materials and monolayer adsorption
on a macroporous solid. Type II or type III isotherms are
characteristic for multilayer adsorption on macroporous mate-
rials. Mesoporous materials have isotherms of type IV or V
[25]. In type IV, the initial part of the isotherm corresponds to
the formation of mono and multilayer of adsorbate on a sur-
face, which then is followed by instant capillary condensation
in mesopores. Type V isotherms show adsorption in micro-
and/or mesopores where the interactions between the adsor-
bent and the adsorptive are relatively weak. Isotherms of type
Vlare related to the adsorption on non-porous or macroporous
materials. Based on the shape, the hysteresis loops in types [V
and V are classified into another 4 types. In the case of type
H1, the adsorption/desorption branches in the hysteresis loop
are nearly vertical, which is understood to be characteristic for
materials with a high degree of pore-size uniformity. Types
H3 and H4 feature fairly narrow hysteresis loops, characteris-
tic for slit-like pores, where H3 type corresponds to the aggre-
gates of plate-like particles assembled into slit-like pores, and
the H4 type is associated with highly microporous materials
with slit-like pores. Mesoporous materials with numerous
structural defects can also give H4 loop [26].

Herein, we report the synthesis of graphene (G) as well as
single and ternary electrodes from Mn;04, TiO,, and rGO
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nanomaterials using simple chemical methods. The electro-
chemical properties of the prepared materials as well as their
uses as single and ternary composite electrodes in
supercapacitors were studied. The Mn3;04—TiO,—rGO
(MTrGO) electrode with the highest capacitance was
employed as a positive electrode for the assembling of asym-
metric supercapacitor (ASC) with G as a negative electrode,
and its electrochemical performances were determined using a
two-electrode configuration.

Experimental
Materials

All chemicals used in this work were analytical reagents.
Graphite (99.995%) was purchased from Fluke
Switzerland, hydrazine monohydrate (NH,-NH,-H,0)
99%, potassium permanganate (KMnO,) 97%, sodium ni-
trate (NaNO3) 95%, hydrogen peroxide (H,O,) 30%, eth-
anol (C,HsOH) 99%, and sulfuric acid (H,SO,) 98% were
purchased from Adwick Pharmaceutical and Chemicals
Company, Egypt.

Preparation of rGO

Graphene oxide (GO) was firstly synthesized from natural
graphite matching with a modification of the Hummers—
Offerman method [27]. Briefly, graphite powder (5 g) was
dispersed in concentrated sulfuric acid (H,SOy4, 115 ml,
98 wt%, in a dry ice bath). This is followed by adding
2.5 g of NaNOgy into the solution. and after that, 20 g of
KMnO, was gradually added with continuous strong stir-
ring for 2 h at temperatures below 10 °C, followed by 1 h
at 35 °C. Then, 250 ml of de-ionized water was inserted
into the reaction in an ice bath. When the effervescence
ended, we increased the temperature of the reaction to
98 °C and kept for 10 min before cooling it to room tem-
perature. Following, 50 ml of H,O, was inserted to the
solution and heating to 90 °C and kept for 30 min. The
produced mixture was centrifuged and washed five times
with boiling water until the pH of the supernatant turns out
to be neutral. Lastly, the produced solid was dried at 60 °C
for 24 h. To prepare rGO, 0.1 g of the previously prepared
GO was dispersed in 45 ml de-ionized water and sonicated
for 25 min, following by heating to 98 °C with adding
3 ml hydrazine hydrate and keeping at 98 °C for
24 h. The rGO was then gathered by filtration and
washed by distilled water five times to eliminate the
excess of hydrazine, following by vacuum filtration,
dried at 80 °C, and denoted as rGO.

Preparation of G

A modified chemical exfoliation method was used to prepare
G from the graphite source [28]. Five grams of graphite was
suspended in 100 ml of DMF for an hour; then, 0.5 mol of
NaOH was added to graphite and stirred slowly for 2 h and
then vigorously for 3 h. After settling the system for 1 day, G
was centrifuged and washed with water until pH reaches 7 and
dried at 80 °C for 1 day.

Preparation of Mn;0,

Mn;0,4 was prepared by the addition of 0.02 mol KMnOy to
100 ml distilled water followed by adding 20 ml ethylene
glycol with magnetically stirring for 1 h. The suspended solu-
tion was relocated to a 125-ml capacity Teflon-lined autoclave
and heated under pressure to 120 °C for 4 h. The autoclave
was then set aside to cool to 25 °C, and the obtained precip-
itate was washed five times with too much water, dried, and
denoted as M.

Preparation of nanotube TiO,

TiO, nanotubes were prepared by dynamic hydrothermal
treatment of 3 g from commercial TiO, particles in 75 ml
NaOH (10 M) aqueous solution in a Teflon (250 ml)-lined
autoclave at 130 °C for 5 h (heating rate 2 °C min ' from
room temp.). The product was washed with an excess amount
of de-ionized water, filtered, and washed several times until
the filtrate became neutral. The produced TiO, was then
dipped in 300 ml of 0.1 M HCI solution for 1 h, followed by
filtering and washing with distilled water until pH attains 7.
Lastly, the sample was dried in an oven at 95 °C for 5 h and
calcined at 400 °C for 2 h and denoted as T.

Preparation of Mn;0,@Ti0,@rGO nanocomposite

From previously prepared reduced graphene oxide (rGO),
1.05 g was introduced to 100 ml de-ionized water and dis-
persed by sonication for 1 h; then, 2 g Mn;O,4 was added to the
suspension with stirring for 1 h followed by inserting 0.7 g
TiO, and keeping stirring for 1 h. The suspended solution was
then relocated to a 250-ml Teflon-lined autoclave and heated
to 130 °C for 5 h. Finally, the autoclave was set aside
to cool to 25 °C and the obtained precipitate was even-
tually washed several times with a large amount of wa-
ter, dried, and denoted as MTrGO.

Characterization tools
The XRD analysis was conducted by a Philips diffractometer

(Model PW-3710) using Cu Kot (A = 0.154 nm) radiation. The
diffraction patterns were collected in the 26 range from 20 to
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80°. The Raman measurements were performed by a Raman
spectrometer (Renishaw brand—via Raman, with an excita-
tion laser line of 632.8 nm from a He—Ne laser). The surface
texturing properties were determined by using the N, adsorp-
tion isotherms technique measured at 77 K by a conventional
volumetric apparatus (Quantachrome NOVA automated). The
pore size distribution was decided from the desorption branch
of isotherm using BJH analysis. The elemental composition
was characterized by X-ray photoelectron spectroscopy (XPS;
PHOIBOS 100 hemispherical analyzer, SPECS GmbH), and
the excitation was Al K« radiation at 10 kV (100 W). The
survey spectra were collected with pass energy of 69 eV and
the particular lines with a pass energy of 20 eV. The surface
morphology and elemental analysis were done using a
scanning electron microscope (SEM) Quanta FEG 250
operated at 20 kV and energy-dispersive X-ray spec-
trometry (EDS) EDAXTSL. Particle size and morpholo-
gy were investigated by transmission electron micro-
scope (TEM) JEOL JEM-1400.

Electrochemical measurements

Electrodes were prepared by mixing based materials with
polyvinylidene fluoride (PVF) and carbon black with weight
percent ratio 85:10:5, respectively, with few drops of ethanol
to get a slurry form, then assembling on (FTO), and dried at
80 °C for 3 h to vaporize the solvent and achieve the best
adhesion on the surface of the substrate. The electrochemical
studies were carried out in three-electrode cell with the pre-
pared active material coated on FTO glass that works as a
working electrode and sheet Pt (2 cm?) and saturated calomel
electrode (SCE) as the counter and reference electrodes, re-
spectively. A 6-M KOH aqueous solution was used as an
electrolyte. The electrochemical characterization of the asym-
metric supercapacitor (ASC) was performed employing the
two-electrode system. PVA/KOH gel was employed as elec-
trolyte and separator. The PVA/KOH gel electrolyte was pre-
pared by heating 3 g of PVA powder in 50 ml of 6 M KOH
aqueous solution at 85 °C for 1 h with stirring and then left to
get the gelled electrolyte. The ASC was assigned by dipping
the MTrGO composite as a positive electrode and G as a
negative electrode into the electrolyte gel for 15 min and left
to solidify. The electrodes were then dipped again in the gelled
electrolyte and collected into a sandwich manner and left to
solidify at 25 °C.

Results and discussions

The XRD patterns of all the investigated samples are
shown in Fig. 1 and summarized in Table 1. In the case
of the individual single material, the patterns of the re-
duced graphene oxide (rGO) show wide reflections at 26
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~24° and 42° (equivalent to d spaces of 0.37 and
0.21 nm), signifying restacking to create a defectively or-
dered graphite-like material [29]. The XRD profile of the
pure TiO, (T) sample displays the existence of the anatase
phase with preferred orientation matches to the plane
(101). All the peaks are in good agreement with JCPDS
files no. 21-1272. The XRD of the Mn3;O4 (M) powdered
sample demonstrates peaks link well with the standard
pattern of hausmannite tetragonal Mn3;O, (JCPDS 24-
0734) with the space group I41/amd (JCPDS 24-0734,
a=b=5.762 A, ¢c=9.47 A). The absence of any impurity
peaks, revealing the purity of the Mn3Oy4, and the fine
sharp peaks verified that the prepared Mn;O, particles
are well crystallized. The XRD of graphene (G) shows a
diffraction angle (26) of 26.35°, which is highly specific
for the graphene sample [30]. The XRD of the ternary
system Mn;0,@TiO,@rGO (MTrGO) illustrates peaks
match with the standard diffraction data of all the constit-
uent materials. The peak appearing at 42.67° matching
with (100) plane of rGO confirms its existence in the triple
system. The intensity of XRD peaks of TiO, has been
decreased because there are some rGO and hausmannite
Mn;04 coated on it. The angles of the peaks characterized
for pure TiO, (211) and (215), as well as pure Mn;04
phases (101) and (112), are slightly shifted because of
the doping of each constituent into the other.

Crystallite sizes of the investigated samples (D) were de-
termined using the major diffraction peaks by applying the
Debye—Scherrer equation (Eq. 1) [31]:

/ o 09)\
~ Beosh

(1)

where )\ is the X-ray wavelength used and [ is the half peak
width of the diffraction peak. The results acquired are sum-
marized in Table 2, and they demonstrate that the particle sizes
are strongly dependent on the sample composition and lying
in the range of nanometer scale.

The morphological features of the synthesized pure and
composite samples were analyzed by SEM and TEM, and the
images obtained are shown in Figs. 2 and 3, respectively. The
SEM images of the G and rGO samples (Fig. 2a, b) and TEM
(Fig. 3b, c) exhibited plates with a flake-like structure for G
(Fig. 2a) and fibers with diameters of 10 nm for rGO. The
SEM and TEM images of TiO, (Figs. 2¢ and 3d) show nano-
tubes with an average diameter and length of 5 and 150 nm,
respectively. The images of Mn;O4 (Figs. 2d and 3e) show a
mixed morphology with the majority of deformed spheres. The
photographs of the ternary system MTrGO (Figs. 2e and 3f)
show mixed nanoparticles of the constituent materials accom-
panied by a significant decrease in the fiber lengths. It could be
seen that the Mn3O,4 particles were evenly distributed on the
periphery of TiO, and covered by the rGO nanofiber sheets.
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Fig. 1 XRD patterns of G, rGO,
M, T, and MTrGO Mn304
—Ti02
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The Raman spectra of rGO and MTrG nanocomposite are
illustrated in Fig. 3a. It shows a characteristic peak for Mn;O,
at 630 cm ', in addition to two other peaks detected at ~ 1603
and 1361 cm ' characterizing for the G and D bands of car-
bon, respectively [32, 33]. The G band is the outspread C—C
stretching mode of sp>-bonded carbon, whereas the D band is
associated with the defects present in the graphene [32]. The
intensity ratio (Ip/lg) of the D and G bands can be used to
qualitatively identification the defect density [33]. It should be
mentioned that the D band of MTrGO composite sample is
broadened and moved to 1352 cm™', and the G band is also
transferred to ~ 1604 ¢cm ', referring to the interaction occur-
ring between rGO and the metal oxides.

For assessing the bonding configuration in all samples, X-
ray photoelectron spectroscopy (XPS) studies were carried out
for rGO, TiO,, Mn;04, and MTrGO samples. The XPS data
of pure materials (rGO, TiO,, and Mn;0,) are shown in Fig. 4
and the MTrGO composite in Fig. 5. The XPS survey
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spectrum of rGO shows the presence of only two elements,
C and O (Fig. 4a). The deconvolutions of the C 1s peak were
analyzed by curve fitting (Fig. 4b) which showed four com-
ponents of the carbon bond: C—C (284.5 eV), C-O (286.5 eV),
0-C=0 (287.7 eV), and C=0 (288.6 ¢V), which agree well
with the literature values [34, 35]. The O 1s core-level spectra
for rGO (Fig. 4c) were deconvoluted into three peaks, ascribed
to quinone (530.8 eV), oxygen double-bonded to carbon
(531.7 V), and oxygen single-bonded to carbon (532.9 e¢V)
[36, 37]. XPS spectra of pure TiO, are shown in Fig. 4d—f.
The XPS survey spectrum of TiO, (Fig. 4d) shows the pres-
ence of only two elements, Ti and O. Figure 4 e shows the
high-resolution XPS spectra for Ti 2p. The two strong peaks
detected at binding energies of 458.48 and 464.23 eV can be
assigned to Ti** 2p>? and Ti** 2p'?, respectively [38]. In the
O 1s spectrum (Fig. 4f), the main peak at about 530.3 eV is
obtained [38]. XPS spectra of pure Mn;O, are given in Fig.
4g-i. The survey XPS spectrum of Mn;Oy, (Fig. 4g) shows

Table 1 XRD data of the

investigated samples TiO,  (hkl) Mn;04  (hkl) GO (hkl) MTrGO  (hkl) planes G (hkl) planes
26) planes  (26) planes  (20) planes  (20) 20)
2521 (101) 1791 (101) 24 (002) 17.97 (101)-Mn304  26.35  Amorphous
37.90 (103) 28.73 (112) 42 (100) 28.81 (112)-Mn304
4822  (200) 32.29 (103) 42.67 (100), rGO
50.02  (211) 36.02 (211) 54.96 (211)-TiO,
62.69 (213) 4442 (220)
69.01 (116) 50.65 (105)
75.06  (215) 58.42 (321) 74.94 (215)-TiO,
59.81 (400)
64.55 (224)
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Table 2 XRD and N, adsorption data of the investigated samples
Sample Particle size (nm) Surface area (m*> g ') Pore diameter (nm)
G 33 420 5.2

GO 3.1 309.9 4.1

TiO, 12.9 28.6 5.0

Mn;04 58.9 14.4 3.9

MTrGO 35.1 55.8 7.1

only two elements O 1s (528 eV) and Mn 2p (640 eV) without
any impurity. The high-resolution spectra of Mn (Fig. 4h)
show the binding energy value for Mn 2p*? at 641.4 eV,
and for Mn 2p'’? at 653.1 eV. The spin—orbit splitting between
the Mn 2p*? and Mn 2p"? levels is 11.7 eV, which agrees
well with the previously reported data of Hausmannite nano-
particles [39]. In the high-resolution XPS of'the O 1s (Fig. 4),
apeak located at 529.5 eV is observed, which agrees well with
the literature data to oxygen in the Mn;O, lattice [40].

The elemental information and the internal interaction in
MTrGO composite were also explored by XPS and the data
obtained are presented in Fig. Sa—e, which demonstrates the
presence of all elements in spectra according to their states in
the molecules. The survey XPS spectrum (Fig. 5a) of MTrGO
shows the peaks of O 15 (528 eV), C 1s (284 ¢V), Ti (530 eV),
and Mn 2p (640 eV) electrons without any impurity indicating
the coexistence of O, C, Ti, and Mn elements. The investiga-
tion of carbon states (Fig. 5b) shows the presence of four types
of carbon bonds, that is, C-Ti (282.1 eV), C—C (284.7 V), C—

0 (287.9 eV), and COO (288.7 eV). The presence of the C—Ti
bond revealed that the C atoms have substituted some of the Ti
atoms in the TiO, lattice during the preparation. Figure 5 ¢
shows the XPS Mn 2p spectra of the composite, in which the
peaks centered at 653.5 and 641.6 eV match to Mn 2p"”? and
Mn 2p*? peaks. The gap between these two peaks is 11.9 eV,
which agrees well with a previous report on Mn;Oy4 [41]. The
spectrum of the Ti 2p band for the pure TiO, (Fig. 4e) is
compared with that of the MTrGO composite (Fig. 5d). The
gap in MTrGO between the two Ti bands was about 5.78 eV,
while the gap in the pure sample was 5.71 eV. The fine par-
ticularity in the position of the two peaks may relate to the
interplay between TiO, and the rGO, which possibly points to
the existence of Ti-O—C bonds in the MTrGO nanocompos-
ite. There is a peak associated with Ti—C bonds at about
282 eV [42] in the MTrGO samples, which denoted the car-
bon doping into the lattice of TiO,. Figure Se shows the O 1s
core-level spectra of MTrGO, and all curves can be
deconvoluted into three peaks as Mn—O-Mn (530.3 eV) and
Mn—O—C (531.4 eV) and C-O (532.6 eV). The EDS spectrum
of the ternary system was analyzed and the data is shown in
Fig. 4f. It showed peaks related only to Ti, Mn, C, and O with
weight percentages of 11.1%, 37.9%, 17.1%, and 33.9%, re-
spectively. These results are consistent with the composition
of the initial feeding ratios of starting materials.

Because surface and pore-size distribution are two key pa-
rameters for electroactive materials in energy conversion/
storage applications [43], the N, adsorption analyses were
carried out and the results obtained are illustrated in Fig. 6.
From the figure, it is seen that all materials have hysteresis

Fig. 2 SEM of the investigated samples. a G. b 1GO. ¢ T. d M. e MTrGO composite
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(a)

Raman intensity (a.u.)

“'/4/’

]

loops with capillary condensation (P/P° >0.45) for G, rGO,
and TiO, and (P/P° > 0.85) for Mn3;0,4 and MTrGO. The ob-
served hysteresis loops of G, rGO, and TiO, correspond to
type V with H3 charact7eristics according to the [IUPAC clas-
sification and referring to the mesoporous structures, which
can be attributed to a weakly interaction between the adsor-
bate and the adsorbent materials with the aggregates of plate-
like particles assembled into slit-like pores. On the other hand,
the hysteresis loops of Mn;0,4 and MTrGO samples are better
describing by the type V with H1 characteristic for a high
degree of pore size uniformity. The large hysteresis loops,
between the adsorption and desorption curves, of G sample,
are considered to be connected either to the capillary conden-
sation associated with large pore channels or to the modula-
tion of the channel structure of G. The calculated specific
surface area (Sggr) by the BET (Brunauer—Emmett—Teller)
method [44] and the pore size distribution analyzed by the
Barrett—Joyner—Halenda (BJH) [44] using the desorption data
(given in the inset of Fig. 6) are summarized in Table 2. From
which, it can be seen that the specific surface area of the
studied samples increases in the following order:

G > rGO > MTrGO > TiO, > Mn30y4

Whereas the pore size diameter increases according to the
following:

MTrGO > G > TiO; > rGO > Mn3;0q4

Fig. 3 a Raman spectra of rGO and MTrGO and TEM images of b G, ¢ 1GO, d T, e M, and f MTrGO samples

Electrochemical properties of positive electrodes

Figure 7 a shows the CV curves of all investigated samples
recorded in 6 M KOH electrolyte at a scan rate of 10 mV s .
The CV voltammograms of TiO, show an almost rectangular
shape referring to a dielectric behavior, whereas the CV curve
of the pure Mn;0,4 shows a pair of redox peaks. These peaks
reveal to the presence of a reversible redox reaction, proposing
a pseudocapacitance manner that produced from the
reduction—oxidation switches of interfacial oxidation species
at numerous Mn oxidation states (i.e., Mn*>* and Mn>*"). The
specific capacitances (Cy,) were evaluated from CV voltam-
mograms using the following equation [45].

_ v
P 2myAV

(2)

where i is the current, AV is the potential window, m is the
loading mass of the active material, and v is the potential scan
rate. The obtained results are given in Table 3, which shows
that the Cg, of ternary material is higher than that of the indi-
vidual single material.

The CV of the rGO, TiO,, Mn;0,, and MTrGO are inves-
tigated at various scan rates, and the voltammograms obtained
are represented in Fig. 7b—e. It can be seen that, as expected,
the currents obtained increase with the increase in scan rate
[46]. However, the capacitance values were found to reduce
with increasing the scan rate, because of the diffusion
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Fig. 4 XPS of a survey spectrum
rGO, b high-resolution C 1s of
GO, ¢ high-resolution O 1s of
GO, d survey spectrum TiO,, e
high-resolution Ti 2p of TiO,, f
high-resolution O 1s of TiO,, g
survey spectrum Mn;Oy, h high-
resolution Mn 2p of Mn;30y, and i
high-resolution O 1s of Mn;0y4

restrictions in the surface pores of electrodes. At the lower
scan rate, the K* ions of the aqueous electrolyte can use all
the presented locations in the active electrode material, for the
reason that the K* has sufficient time to diffuse into all the
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places causing higher capacitance. Conversely, at the high-
scan rate, the K* ions face the problem to get into all
the accessible sites in the active electrode because of
their limited rate of progress in the electrolyte. The
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Fig. 5 XPS spectra of MTrGO
composite. a Survey spectrum. b .
High-resolution C 1s. ¢ High- (ﬂ) C1$ =
resolution Mn 2p. d High- - :
resolution Ti 2p. e High- : S
resolution O 1s. f EDX data s Ma2P OIS é

g

= =

HHL
: - ' ‘ 282 284 286 288 290
1000 800 600 400 200
Binding Energy (eV)
Binding Encrgy (cV)
Ma 2p?
. ° @ Ti2p

_ © Tizph?

s Ma 2P12 -

& 3

= &

£ Ti2pW?

2 g i

= s

= =

w5 s s o s T ED T as 453 456 459 462 465 466
inding Encrgy (¢V) Biesding ecieegy (V)
Cli

Intensity (a.u)

a0 0

Intcns1ty (sa.u.)

§3s 7 s33 7 s31

Binding Energy (eV)

mechanism of Mn;O,4 electrode capacitance can be elu-
cidated using the following relations [47]:

3Mn (OH), + 20H ©>Mn;04.2H,0 + 2¢"+ 2H,0  (3)
Mn;0, - 2H,0 + OH >2MnOOH + Mn (OH); + ¢~ (4)

The CV curves of rGO and TiO, (Fig. 7b, c) show nearly
rectangular cyclic voltammograms, which stands out as a sign
of an EDL supercapacitor. Inspection CV curves of Mn;O4
(Fig. 7d) show that still at a superior scan rate of 40 mV s
the CV voltammogram of Mn;0, electrode keeps its trend that
exposes the improved electrochemical reversibility of the fa-
radic redox process of the Mn;0, electrode. Moreover, a

s29 527

i Mo
/L-Jb,JL____
R 30

Dy ae)

perfect capacitive trend is marked by the growth in redox
current concerning the scan sweep that also confirms the sat-
isfactory rate ability of as prepared Mn;O,4 material [48]. Our
results also showed negative and positive shifts in the redox
peaks by raising the scan rate [49].

The capacitance value, obtained for rGO in the present
work at a scan rate of 1 mV s ' (52.8 F g '), is higher than
that reported by Du et al. [SO]. The rGO electrode demonstrat-
ed rapid charge storage and transportation kinetics confirming
by its rectangle shape and clear passing replies at both tips of
the CV curve. The mesoporous structure of the surface, high
electrical conductivity, and electrolyte accessibility of rGO are
accountable for the performed high-rate capability.
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Fig. 7 Electrochemical performance of the samples measured in 6 M KOH solution. a CV curves of rGO, T, M, and MTrGO at a scan rate 10 mV s L

b—e CV curves of 1GO, T, M, and MTrGO, respectively, at several scan rates

The CV curves of the MTrGO electrode (shown in Fig. 7e)  include both surface adsorption and incorporation of the cat-
illustrate poor symmetry with minor redox peaks, which  ions of electrolyte [51].

Table 3  Specific capacitance values of Mn3Oy, TiO,, rGO, and MTG electrodes in 6 M KOH at different CV scan rates and different discharging
current densities

Sample Cyp (F gﬁl) at different scan rates (mV sﬁl) Cy, (F gfl) at different 74 (A gfl)

1.0 2.0 4.0 10.0 20.0 40.0 1.0 2.0 3.0 5.0 8.0
M 130 122 120 112 98 88 139.0 137.0 131.0 129.0 122.0
T 19.5 18.0 17.7 17.0 16.3 14.5 16.1 15.9 14.8 14.3 13.9
GO 78.1 77.2 71.1 67.9 66.2 65.6 70.5 69.7 68.9 68.2 67.5
MTrGO 294.4 281.6 276.1 265.6 256.8 248.8 283.2 265.6 260.1 2479 243.8
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The performing in capacitance of ternary materials
(Table 3) may be ascribed to the existence of a visible quantity
of pleats on the reduced graphene surface intensifies the num-
ber of mesopores that can be accessible to K* of the electro-
lyte. Moreover, the high conducting net provided from rGO
leads to an improvement in the electron transportation for the
period of the charge and discharge progressions, consequently
amplifying the electrical properties and charge transfer paths
created in pure manganese oxide. The non-rectangular class of
the CV plots and the manifestation of peaks at higher scan
rates point to departure from the ideal trend and the significant
involvement of pseudocapacitance to the total specific capac-
itance. This performance may be ascribed to that the
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electrolyte ions do not have sufficient time to insert the deep
body of the electrode and created a collection of charge at the
interface.

Galvanostatic charging—discharging (GCD) is a corre-
sponding technique for determining the C, of electro-
chemical capacitors at constant current. Therefore, the
electrochemical presentations of the studied electrodes
were also examined by GCD technique at several cur-
rent densities. All discharge plots (Fig. 8a—d) displayed
an internal resistance drop (IR-drop) known as the
equivalent series resistance (ESR), which includes all
the resistances of the cell (electrode, electrolyte, contact
resistance) [52]. More looking at GCD plots shows that
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the IR-drop of the ternary electrode is less than those of
both TiO, and Mn;0, electrodes. This is because the
conducting rGO material could work as a speedy elec-
tron transportation track in the ternary electrode.

As opposite to rGO, the discharge plots of TiO,, Mn;0y,
and ternary composite electrodes reveal a departure from a
straight line owing to their pseudocapacitive class.

The specific capacitance values Cg, of the electrodes were
evaluated from the discharge cycles by using Eq. (5)

I X At
AV X m

Cop = (5)
where 7 is the response current, Az is the discharge time,
AV is the potential range during the charge—discharge
measurement, and m is the mass of the active materials
on the electrode. The results obtained are given in
Table 3, which indicates that all the electrode materials
showed a decrease in capacitance with rising in the
discharging current rates. This can be explained based on
the reduction occurring in the diffusion of electrolyte ions
with a time restriction at high scan rates. Just the external
active surface can be operated for charge storing, causing a
reduction in the electrochemical process of electroactive
materials [52, 53]. The results obtained also show that the
ternary electrode has the highest capacity value, which can
be accredited to the presence of the high conducting rGO in
the electrode material besides the synergistic effect pro-
duced from the individual materials.

The specific capacitances values obtained from the GCD
technique were found to be in good agreement with those
obtained from CV measurements. Moreover, the obtained
specific capacitance values of Mn;O4 are found to be compa-
rable with the previously reported values of nanostructured
Mn;0,4 samples [54, 55].

Long cycling stability is a significant parameter for
supercapacitor uses. Thus, the electrochemical stability of
the ternary composite electrode (highest Cy,) was exam-
ined at a current density of 1 A g”'. The outcomes obtained
are illustrated in Fig. 8e, which shows that the ternary
electrode retained about 91% of its initial capacitance after
3000 cycles and has widespread limited reversibility in
successive charge/discharge cycles. The high stability of
the composite electrode might be attached to the synergis-
tic effects among the constituents of the ternary system.
This could be attributed to that the rGO proceeds some
mechanical deformation throughout the redox manner of
Mn;0y, particles to become more stable by rGO, which
operates as a protecting layer; all of these together support
in improving the electrochemical stability.

The presence of carbon permitted higher conductivity from
carbon pi-electron bonds. Besides, the abundance of oxygen, a
highly electronegative element, makes sure that the material is
highly conductive. In conclusion, the presence of polar

Table4 Parameters values from the fitted impedance equivalent circuit
of the investigated electrodes

Sample RGO Mn;0,4 TiO, MTrGO
R, () 0.18 0.51 0.35 0.28

R () 5.6 35.6 315 5.7

W (Q) 23.1 9.8 54 27.5
Cyp(Fg™ 68 112 17 165

molecules both in rGO, Mn;O,4, and nanotubes of TiO, sup-
ported the material to be inertly bonded by strong intermolec-
ular dipole—dipole forces. As a consequence of these proper-
ties, improved specific capacitance and minimalized redox
reactions were achieved by MTrGO nanocomposite.

Electrochemical impedance study of positive
electrodes

To more understand the electrochemical properties of the in-
vestigated electrodes, electrochemical impedance spectrosco-
py (EIS) was studied. The data obtained helps to quantify
electronic and ionic involvements, interfacial capacitance,
and surface diffusive behavior in addition to deciding various
circuit elements in the bulk electrolyte at the electrode/
electrolyte interface. The Nyquist plots of the single and ter-
nary electrodes measured over a frequency range of 1072 to
10° Hz are given in Fig. 8f. The figure shows, for each plot, a
semicircle in the high-frequency region, Warburg line in the
intermediate frequency region, and nearly a vertical line in the
low-frequency region. In the high-frequency region, the inter-
cept of the semicircle on the real axis () of the Nyquist spec-
trum represents ESR which specifies the ohmic resistance of
the electrolyte, the interfacial contact resistance between cur-
rent collectors and active materials, and the intrinsic resistance
of active materials [56]. The middle-frequency range is related
to the electrolyte penetration inside the porous structure of the
high porosity electrodes, and this region is usually called the
Warburg curve [57]. The slope of the curve in the low-
frequency region signifies the resistance that appears during
ion diffusion and transport from the electrode to the electrode,
and the vertical shape denotes pure capacitive behavior. The
diameter of the semicircle represents the area of the reaction
site and the sum of the electrolyte resistance (R,) and the
charge transfer resistance (R,) at the electrode/electrolyte in-
terface. These results indicate that the high-frequency semicir-
cle can be attributed to the charging and discharging process
inside the material that corresponds to the charge transfer re-
sistance (R,) of the electrodes and electrolyte interface [58].
Figure 8 f also shows that the MTrGO electrode ex-
hibits the largest slope at very low frequency, demon-
strating that the ternary composite sample is appropriate
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to the fast ion diffusion. Thus, it is concluded that the
MTrGO supported the charge transfer and ion diffusion
due to upgraded electrical conductivity and increased
tunnels affected by RGO and the coexistence of Mn
and Ti atoms. The Nyquist plots in Fig. 8f were more
analyzed by a simulation method using the equivalent
circuit shown in the inset of Fig. 8f that composes of Rj
(contact resistance), R . (charge transfer resistance), W
(Warburg component), and C (specific capacitance). The
fit can perform with errors of less than 5%. The obtain-
ed values of fitting parameters of the equivalent circuit
are reported in Table 4, which shows that the capaci-
tance value of MTrGO composite is higher than those
acquired by their pure components, revealing the syner-
gism of the synthesis method.

To further study the electrochemical performance of the
investigated electrodes, the diffusion coefficient of potassium
ions in these electrodes is also calculated by the following
equation [59]:

D'= - (6)

where D represents the diffusion coefficient of K* ions, R
is the gas constant (8.314 ] mol ™! Kﬁl), T is the absolute
temperature (298.15 K), A is the surface area of the electrode,
n is the number of electrons transferred per molecule during
K* insertion, F is the Faraday constant (96,486 C molfl), C is
the potassium-ion concentration, and o is the Warburg factor,
which is associated with the intersection of the straight line on
the real axis and can be obtained by the following equation:

7/ =R+ Ry+0 ° (7)

R is the solution resistance, R is the charge transfer resis-
tance, and w is the angular frequency. The calculated potassi-
um ion diffusion coefficient for MTrGO is
3.124 x 107" cm? s!, whereas for TiO, and Mn;0, elec-
trodes are 2.21 x 10 '*and 1.65 x 10™'* cm? s, respectively.
The increase in the diffusion coefficient of the MTrGO com-
posite than that of its pure constituents may be attributed to its
relatively higher pore size and synergetic effect which
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facilitates the diffusion of electrolyte through the com-
posite electrode.

Electrochemical study of negative electrode

The CV plots of the G sample at different scan rates demon-
strate well rectangular shapes without any peaks even at
higher scan rates, signifying excellent EDL capacitance be-
havior (Fig. 9a). The charge—discharge plots at current densi-
ties between 1 and 20 A g_l, shown in Fig. 9b, confirm the
EDL behavior. The specific capacitances were calculated
using Egs. 2 and 5 and showing values ranging between 204
and 222 F g ' and decrease with increasing each of scan rate
and current density. This is due to the agglomeration and
restacking of graphene. Figure 7 c is the Nyquist plot of the
graphene electrode. The plot shows an arc in the high-
frequency section and a spike in the low-frequency region.
The small loop area in Fig. 9c represents the dominant resis-
tive nature of the supercapacitor system consisting of elec-
trode/electrolyte/current collector. The start of the arc (left
intercept of Z” at the Z' axis) signifies the resistance (Rs =
0.02 Q) of the electrolyte in contact with the current collector
and electrode. The end of the arc (right intercept of Z” at the Z'
axis) denotes the internal resistance (R, = 0.05 2) of the elec-
trode. The diameter of the arc (R, — R;=0.03 {2) is equal to the
ESR value. The spike in the low-frequency section character-
izes the domination of capacitive behavior from the formation
of ionic and electronic charges of the electric double-layer
system at the pore surfaces; in this region, the ions can more
easily diffuse into the pores of graphene [60].

Asymmetric supercapacitor

Because of the high performance of the Mn;O,@TiO, @rGO
(MTrGO) ternary composite electrode and in our target to
investigate its practical applications, an asymmetric
supercapacitor consists of the ternary composite as a positive
electrode and G as a negative electrode and PVA-KOH gel
electrolyte is studied. The positive electrode of the composite
material has oxidation—reduction behavior possessing a high
pseudocapacitance, which is useful for enlarging the energy
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Fig. 10 Electrochemical
performance of asymmetric
supercapacitor MTrGO//G
measured in 6 M KOH solution. a
The CV curves at different scan
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density of the asymmetric device, whereas graphene, as a
negative electrode, exhibits rich pore size and large specific
surface area, which can accumulate charges throughout
an electrostatic adsorbing—desorbing manner on the elec-
trode surface. This is favorable to the rapid insertion
and extraction of electrolyte ions for developing the
power density of the device.

Comparing the CV curves of the positive and negative (G)
electrodes in a three-clectrode system (Figs. 7e and 9a) shows
that the potential difference between the two electrodes is
1.8 V, and thus, the assembled ASC was tested throughout a
voltage window of 1.8 V. Moreover, to get maximal cell

Table5  Asymmetric cell capacitance of MTrGO/G cell in 6 M KOH at
different CV scan rates and different discharging current densities

Scan rate (mV s ') Ceen (F gfl) Current density (A gfl) Ceen (F gﬁl)

1.0 81.1 1.0 71.5
2.0 78.5 2.0 76.1
5.0 74.4 3.0 72.6
10.0 70.1 5.0 67.6
20.0 66.5 8.0 64.5
40.0 64.3
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operating voltage, the packing active mass of the positive
and negative electrodes was balanced. The packing mass ratio
between the two electrodes was evaluated according to the
following equation [61]:

m+/m— = (C— x AV=)/(C+ x AV+) in which m+/m—,
C+/C—, and V+/V— are the mass, specific capacitance, and
potential windows for the cathode (+)/anode (), respectively.

Figure 10 a shows the CV curves of the ASC device within
a potential window of 1.8 V and sweep rates of 1-40 mV s .
The figure shows that the assembled ASC revealed a stable
capacitive behavior and the CV curves do not show obvious
polarization even when the voltage window extended to
1.8 V. This refers to a high tolerance for quick charging/
discharging process.

The specific capacitance of the ASC cell is calculated from
a CV curve according to Eq. (8) [45, 62].

CVIwvyav

C
cell M~V

(8)
where Cq (in F gﬁl) is the specific capacitance of the cell
obtained by integrating the positive and negative sweeps in a
CV curve, M (in grams, g) is the mass of the active materials in
the two electrodes, v (in V s ') is the scan rate, and
V=V" -V s the potential window between the
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positive (V") and negative (V") electrodes. The results
obtained are listed in Table 5.

To more evaluate the functioning of the ASC, GCD under
different current densities were studied. The plots obtained are
represented in Fig. 10b. All curves exhibited small voltage
(IR) drop, signifying good reversibility with small internal
resistance. Capacitances were evaluated from each discharge
curve according to Eq. (9) [62].

1 dv

Ceell Zﬁ X ar

)
where [ is the discharge current, M is the whole mass of the
active materials in both electrodes, and dV/d¢ is the slope of
the discharge curve. The results obtained are given in Table 5.
It is seen that the ASC cells showed good rate performance
with not more than 88.5% of capacitance saved when the
current density enlarged from 1 to 8 A g~'. This can be attrib-
uted to the unique nanostructure with high surface area and
high electrical conductivity of G. Plentiful adsorption of ions
in addition to an effective ion intercalation/deintercalation and
charge transport promoted the good rate capability.

The long-term cycling stability of the ASC is examined at a
current density of 1 A g”', and the obtained results are illus-
trated in Fig. 10c. It shows high stability for the device, where-
as the cell only looses 12.6% of its initial capacitance value
after 1000 cycles.

To study the electron and ion diffusion behavior for the
duration of the charge—discharge process, EIS of the ASC
was measured at frequencies from 1072 to 10° Hz and the
Nyquist plot is shown in Fig. 10d. The plot demonstrates
a typical capacitive shape with a small arc at the high-
frequency section and a nearly vertical line in the low-
frequency area which demonstrates a pure capacitive be-
havior of the asymmetric device. The Nyquist plot was
analyzed by a simulation method using the equivalent
circuit shown in Fig. 8f. The obtained values of fitting
parameters of the equivalent circuit are found to be
1.125, 1.195, and 1.711 € for contact resistance (R),
charge transfer resistance (R.), and Warburg component
(W), respectively, and a capacitance of 289 F g~'. The
capacitance value of MTrGO composite is higher than
those obtained by their pure components, revealing the
synergism of the synthesis method.

The energy density (E4) and average power density (Py) are
two important parameters for the supercapacitor device. They
can be calculated from the GCD curve using Egs. (10) and
(11), respectively [63]:

C P
B — cell (AV) 10
G=—s (10)
3600 E
Pg= ——* (11)

At
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where C.q is the cell capacitance, AV is the voltage dur-
ing the discharge process, and At is the discharge time.
The energy densities of the ASC at various power densi-
ties (Ragon plots) of the investigated device are shown in
Fig. 10e. It shows an energy density of 31.95 Wh kg™ ' at
the power density of 7188 W kg '. This reveals that the
ternary (MTrGO) composite electrode is a very hopeful
material for the electrochemical capacitor with both
high-energy and power densities.

Conclusions

In summary, Mn;04, TiO,, rGO, G, and ternary Mn;04/
TiO,/rGO (MTrGO) nanocomposite are synthesized and
characterized via simple, eco-friendly, and low-cost
methods and investigated as potential materials for
supercapacitor electrodes. The physical characterizations
showed that the as-synthesized materials are formed in dif-
ferent morphological structures (fibers for G and rGO,
nanotubes for TiO,, and deformed spherical for Mn;O0,
and composite), and all of them possess the mesoporous
structure. In MTrGO, the rGO sheets act as the platform for
even distribution of TiO, and Mn;04 nanoparticles; the
metal oxides act as the spacer to prevent rGO sheets from
stacking. Such a structure offers a high electroactive sur-
face area in which develops the diffusion of the ions within
the MTrGO and contributes to huge diffusive charge stor-
age. The MTrGO composite electrode exhibits higher ca-
pacitance than its virgin constituent. It has a capacitance of
283.2 F g ' at the current density of 1 A g ' and displayed
remarkable cyclic stability. The ASC composing of G neg-
ative and MTrGO positive electrodes achieved a relatively
high-energy density of 31.95 Wh kg™' and a power density
of 7.19 kW kg ! with excellent cycle stability (keeps 87
capacitance retention after 1000 cycles). These results val-
idate that the ternary nanocomposite of MTrGO (cheap
material) with porous structure has a promising application
in energy storage devices.
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