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Abstract

A green chemistry approach (Hydrothermal Microwave Irradiation) has been used to deposit
manganese oxide on nickel foam-graphene. The 3D graphene was synthesized using nickel foam
template by chemical vapour deposition (CVD) technique. Raman spectroscopy, X-ray diffraction
(XRD), scanning electron and transmission electron microscopies (SEM and TEM); have been used
to characterize structure and surface morphology of the composite respectively. The Raman
spectroscopy measurements on the samples reveal that 3D graphene consists of mostly few layers
with low defect density. The composite was tested in a three electrode configuration for
electrochemical capacitor, and exhibited a specific capacitance of 305 F g™ at a current density of 1
A g' and showed excellent cycling stability. The obtained results demonstrate that microwave
irradiation technique could be a promising approach to synthesis graphene based functional
materials for electrochemical applications.

Keywords: Nickel foam-Graphene (NF-G), CVD, Microwave irradiation, Nanostructure MnO,, Electrochemical

capacitor.

1 Introduction

Supercapacitors are electrochemical double layer capacitors that have attracted much attention due
to their high power density, long cycle life, low temperature sensitivity, low maintenance cost and
environmentally friendly nature [1-3]. They fill the gap between batteries (high energy density) and

electrolytic capacitors (high power density) [4]. However, the energy stored in supercapacitor
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devices (<10 W h kg ") is low compared to batteries (>100 W h kg "). This has imposed significant
and difficult challenges in employing supercapacitors as primary power source for battery
replacement [5,6]. It has also restricted the use of supercapacitors for possible applications such as
memory back-up equipment, hybrid vehicles, cordless electric tools, cellular phones and
entertainment instruments [7]. Carbon materials such as activated carbon have been used as
electrode material for supercapacitors. However, their poor electrochemical performance has
limited them for practical applications [8]. Conducting polymers, transition metal oxide and
different composite materials are all being considered as alternatives to carbonaceous materials with
limited performance [9—11].

Graphene, a two-dimensional honeycomb lattice of sp>-bonded carbon atoms, has emerged to be an
exciting material with numerous potential applications. An exciting feature of graphene is its unique
electronic structure that exhibits linear dispersion at a high symmetry point in the reciprocal space,
resulting in effective dynamics of electrons thereby behaving like a Dirac solid [12,13]. More
recently, the development of supercapacitors device has been concentrated on graphene due to its
theoretical high surface area (2630 m’g™), high electrical conductivity, chemical stability and
excellent mechanical properties [14-19]. Graphene also offers a suitable platform for
accommodating metal oxide materials or conducting polymers for energy storage applications
[20,21]. This is usually attributed to the large surface area of graphene which allows for uniform
loading and incorporation of these materials.

Recently, several groups have demonstrated the integration of manganese oxide (MnO,) on
graphene as electrode for capacitive storage application. MnO; is a transition metal oxide that has
attracted much attention as electrode due to its multiple reversible electrochemical reaction, natural
abundance, low cost, and environmental compatibility [22—-24]. For example, Yong-Qing Zhao et a/
recently reported a composite of MnO,/graphene/nickel foam using a facile electrochemical
deposition strategy [25]. Several studies have attempted to synthesize various graphene/MnO,
nanocomposite using techniques such as chemical [26 27], microwave irradiation [28],
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electrodeposition [29-31], redox deposition [32] and polymer-assisted chemical reduction [33].
However, most of the synthesis routes make use of concentrated acid, strong reducing agents such
as hydrazine (N,H,) and sodium borohydride (NaBH,) which distort the sp® honey comb lattice of
the graphene leading to very high defective samples and inferior electronic properties. Synthesizing
a three dimensional defect free composite of graphene-MnO, with very good porosity and
conductivity would be considered a step forward in the development of composite materials for
electrochemical energy storage technology.

In this work, we present a simple green and very efficient approach to fabricate novel nickel foam-
Graphene/Manganese oxide (NF-G/MnQO;) composite. We also explore the potential of the NF-
G/MnO;, composite as an electrode for high performance supercapacitor applications. The NF-
G/MnO; composite has a high electrochemical surface area and 3D porous interconnected network.
The MnO, deposited by the microwave technique exhibited a flower-like structure uniformly
anchored on 3D porous nickel foam-Graphene. The unique electrode structure not only boosted ion
and electron exchange in electrochemical processes but also serve as a 3D platform for combination
and integration of MnO; on the NF-G. The composites (NF-G/MnQO,) displayed good
electrochemical behavior with good capacitance retention at high current density. Our results
showed that NF-G provides a suitable platform for developing functional materials with enhanced

electrochemical performance.

2. Experimental

Synthesis of Graphene on nickel foam was done using chemical vapour deposition (CVD). The
nickel foam serves as a template for the growth [34]. Nickel foams (Alantum innovation in alloy
foam Munich Germany, 420 g m™ in area density and 1.6 mm in thickness) were used as the
template. The nickel foam was annealed at 800 °C in the presence of Ar and H, for 20 min to
remove any form of impurities present in the foam, before the introduction of the CH4 gas at the
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temperature of 1000 °C. The flow rates of the gases CH4:H,: Ar were 10 scem: 200 sccm: 300 sccm.
After 10 minutes of deposition, the sample was rapidly cooled by pushing the quartz tube to a lower
temperature region. NF-G/MnO, composite was synthesized by in-situ hydrothermal reduction
method using microwave irradiation. Originally, NF-G was immersed in 10 c¢m’ of 0.02 M of
KMnO4 (Merck). The mixture was then transferred into a quartz vessel in a microwave reactor
(Anton Paar Synthos 3000 multimode reactor, 1400 W magnetron power) equipped with a wireless
pressure and temperature sensor. The reactor was operated in the pressure mode using a power of
400 W; the sample temperature was ramped at 10 °C/min to 110 °C and kept constant at this
temperature for 2 hours, ramp/hold time was 11/120 minutes while the pressure was maintained at
80 bars throughout the hold period. After cooling the reaction chamber to room temperature, the
sample was repeatedly washed with deionized water to remove traces or excess of undeposited
MnO,. Finally, samples were dried at 60 °C in an electric oven. After drying, the NF-G/MnO,
composite was tested as electrode for electrochemical capacitor. To estimate the mass of graphene
and MnO; in the composite, we take note of the mass of materials after each step of the experiment
to obtain the NF-G/MnO,. Typical the NF-G/MnO, composite contains 72 wt.% MnO, and 28 wt.%
graphene.

2.1. Characterization of the samples

The Raman spectra of NF-G and NF-G/MnO, composite were recorded using a WITEC-alpha
300R+ confocal Raman spectrometer (WITEC GmbH). The excitation source was the 532-nm laser
(2.33 eV) through a numerical aperture of 0.9 and 100x magnification. Powder X-ray diffraction
(XRD) was recorded using an (XPERT-PRO diffractometer PANalytical BV, Netherlands) with
theta/theta geometry. Qualitative phase analysis of samples was conducted using the X’pert
Highscore search match software. The surface morphology and microstructure of the composite was
investigated using the high resolution Zeiss Ultra plus 55 Field emission scanning electron
microscope (FE-SEM) operated at 2.0 kV. Transmission electron microscopy (TEM) images were
obtained on a JEOL JEM-2100F microscope operated at 200 kV
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The electrochemical properties of the supercapacitor electrodes were studied in a three-electrode
configuration system using an Autolab PGSTAT workstation 302 (ECO-CHEMIE) driven by the
GPES software. The as-prepared NF-G/MnO, served as the working electrode, glassy carbon plate
as the counter electrode and Ag/AgCl (3 M KCl) served as the reference electrode and 1 M Na,SO4
was used as the electrolyte. Electrochemical impedance spectroscopy (EIS) was performed in the
frequency range of 100 kHz-10 mHz.

3. Results and discussion

The microwave technology has been known to reduce reaction times and increase productivity of
materials compared to other conventional available techniques. This technology makes use of two
heating mechanisms namely dipolar polarization and ionic conduction. The dipoles in the reaction
chamber are involved in the polarization effect, while the charged particles in a reaction chamber
(usually ions) contribute to ionic conduction effect [35]. When reaction chamber is irradiated, the
dipoles or ions in the sample align themselves in the direction of applied electric field. When the
applied field oscillates, the dipole or ion field realigns itself with the alternating electric field
thereby losing energy in the form of heat through friction and dielectric loss [36]. The microwave
irradiation induces a volumetric heating by direct coupling of microwave energy with the molecules
that are present in the reaction chamber. This increases the temperature of the whole liquid volume
in the chamber simultaneously, compared with conventionally heating system, where the reaction
chamber in contact with the hot vessel walls is heated first [36,37]. Figure 1 shows the schematic
illustration for the fabrication process of NF-G/MnO,. The formation of the MnO, flower-like
structure on NF-G forms as follows: Since microwave-enhanced irradiation is based on efficient
interaction of molecules with the electromagnetic waves, the electromagnetic waves couple directly
with the molecules of potassium permanganate (KMnQOy) in the entire reaction vessel. This leads to
a rapid rise in temperature and formation of large amount of nuclei in a short time converting
aqueous permanganate (MnO4) to MnO,, which is followed by self-assembly of amorphous
spheres. Since this process is not limited by the thermal conductivity, but Ostwald ripening process
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Figure 1 Schematic illustration for the formation process of Nickel foam-graphene/MnO, composite (NF-G/MnO5,).

also occurs. In brief smaller particles dissociates while the bigger ones grow into sheet like particles
with a lamellar structure, these sheet-like particles tend to curl and assemble forming the flower-like
structure [38]. Under a neutral pH condition, the reaction between carbon (graphene) and KMnOy is

also governed by the following equation [39]:
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Figure 2 Raman spectra of (a) Nickel foam graphene (b) Nickel foam-graphene/MnO, composite (NF-G/MnO,).

Figure 2 shows the Raman spectrum of the graphene on the nickel foam which consists of two
major peaks at 1580 cm™ and 2704 cm™. These peaks correspond to the G and 2D modes of

graphene. The intensity of the 2D, the I p/Ig ratio and the FWHM of 38.8 cm™ indicated that



graphene consist of mostly few layers. The absence of the D-peak (disorder) at 1350 cm™ shows
that our graphene is of good quality and low defect density[40]. The Raman spectrum of NF-
G/MnO, composite showed an additional sharp peak at 649.9 cm™ which evidences the deposition
of MnO, on the graphene foam. This peak and belongs to the A, mode arising from breathing
vibrations of MnOg octahedral double chains. It also corresponds to the Mn-O stretching vibration
mode in the basal plane of MnOg octahedral chains [41]. The well-defined Raman spectrum reflects
the good crystallinity of the MnO, in the composite material. The observed reduction of the 2D
peak intensity with respect to G peak is a clear indication of incorporation of MnO; as impurity to

graphene foam which is due to the interaction of the graphene with MnO, [42].

@) Ni (111) e,
Ni (200)
3
«©
—
2
@ G
o
)
= wo
n G
deiei
20 2 20 50 0 70 80
20/degree
(b)

i )
T N

Intensity/a.u.

Energy/keV

Figure 3 (a) XRD patterns of Nickel foam graphene and Nickel foam-graphene/MnO, composite (b) EDX pattern of
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Figure 4 SEM micrographs of (a, b) Nickel foam-Graphene (NF-G) at different magnifications, (c, d, ¢) Nickel foam-
Graphene coated with MnO, (NF-G/MnO,) at different magnifications and 4 (f) TEM of the graphene foam/MnO,

composite.

The crystallographic structure of the composite was determined by XRD. Figure 3 shows XRD
patterns of NF-G and NF-G/MnQO,. The two very strong XRD peaks recorded at 52.1° and 60.9°
originate from Ni and could be assigned to the (111), (200) phase of nickel. The diffraction peak of
the MnO; on NF-G is broad with very low intensity signal resulting from small average crystallite

domain size of MnO,. The low intensity peaks is due to the fact that very strong signal intensities
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peaks originating from nickel foam overlaps and suppress that of graphene and MnO,. Figure 3 (b)
is the EDX of the sample which shows the presence of manganese in the sample with little traces of
potassium which likely comes from unreacted or residual KMnO, used as MnO; precursor.

Figure 4 (a) shows the FE-SEM micrograph of the nickel foam alone exhibiting three-dimensional
porous network. Inset to the figure is the EDX spectra of the NF which shows elemental
composition of the foam revealing the presence of nickel. Figure 4 (b) shows the image of graphene
on the nickel foam. The graphene grows on the template material (NF) mimicking the three-
dimensional porous network structure of the nickel-foam. Inset to this figure is the high
magnification which shows the presence of graphene. It reveals that the graphene consists of
wrinkles and ripples which is due to the different thermal expansion coefficients of Ni and graphene
during the CVD synthesis [43]. This structure can be an excellent substrate for incorporation of
oxide materials for electrochemical applications. Figure 4 (c, d and e) show FE-SEM micrographs
of NF-G/MnO; at different magnifications. It can be seen that the MnO, particles uniformly coat the
whole surface of the NF-G thus exhibiting a porous and continuous electroconducting network
structure. This unique structure or morphology makes it useful in electrochemical capacitors when
ions are adsorbed onto the surface of the samples thereby leading to improved capacitance behavior.
It also provides a very good electrode-electrolyte interface for exchange of ions from the
electrolyte. Figure 4 (d) reveals a high dense nanostructure of MnO; anchored onto the NF-G
surface, while figure 4 (e) shows that the nanostructured MnO; has a flower like structure that was
formed by the self-assembly of nanosheets during the synthesis process [44]. Figure 4 (f) presents
TEM images of NF-G/MnO, composite confirming the porous nature of the flower-like
nanostructure shown in the SEM images.

Figure 5 (a) compares the CV of the NF and NF-G at a scan rate of 10 mV s and it can be clearly
seen that the capacitance performance of the NF is negligible when compared with that of the NF-G.
The CV of NF-G shows two redox peaks due to the Ni**/Ni*" redox process arising from the nickel
foam [45]. Figure 5 (b) shows the discharge curve of NF-G at a current density of 1 A g”' the curve
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Figure 5 (a) Cyclic voltammetry curves of NF and NF-G composite at scan rate of 10 mV s™' (b) the discharge curve of

NF-G at a current density of 1 A g™
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Figure 6 Electrochemical results for NF-G/MnQO, composite. (a) Cyclic voltammetry curves of NF-G/MnO, composite
measured at different scan rates, (b) the galvanostatic charge-discharge curve at different current densities, (c) the
Coulombic efficiency of the composite at a current density of 2.5 A g, (the inset to the figure shows the continuous

charge-discharge curve) and (d) EIS plot of both NF-G and NF-G/MnO..
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displays a non-linear behavior indicating a pseudocapacitive effect. Figure 6 (a) shows the NF-
G/MnO, CV curves at different scan rates, showing a relatively rectangular shape, which is a
characteristic of an ideal capacitive behavior. The distortions from a perfect rectangular geometry
demonstrate pseudocapacitive effects and contribution from MnO,. The figure also indicated that
the composite electrodes exhibits good electrochemical reversibility between 0 and 1 V. Figure 6 (b)
shows the galvanostatic charge-discharge curves of the NF-G/MnQO, composite at different current
densities. It can be observed that the NF-G/MnO; curves are almost linear and symmetrical, which
is a typical characteristic of an ideal capacitor behavior. The specific capacitance (C;) and
Coulombic efficiency (¢ also referred to as Faradaic or current efficiency) values were calculated

from the charge-discharge curve using the following equations:

C.— 1xX AT 2)
AV xm
Aty

g =—BdUE 2 100% (3)
At

charge
where 1 is the current applied, AT is the discharge time and AV is voltage applied, m is the mass of
active electrode material. Specific capacitances values of 305, 226, 222 and 211 F g were obtained
at a current density of 1, 1.5, 2.5 and 3.5 A g'. The specific capacitance value in this present work is
low compared to the values reported by Yong-Qing Zhao et al [25], this may be due presence of
potassium or other impurities in composite which may limit the redox efficiency. An optimum,
impurity-free composite should give higher capacitance. However, here we have been able to
demonstrate the feasibility of using nickel foam as a direct template for synthesis of 3D conducting
porous graphene and subsequently loading it with crystalline MnO,; rather than going through the
process of chemical method for production of graphene oxide before finally reducing to the
graphene which normally introduces defects in the samples and often leads to inferior electronic
properties.

Figure 6 (c) shows that the galvanostatic cycling performance of the composite was found to be

stable, with cycle efficiency (Coulombic efficiency) of about 80 % for 1000 charge/discharge cycles
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which demonstrate the excellent stability and performance of the electrode. The improved
electrochemical performance of NF-G/MnO, as compared to NF-G, is due to the synergistic effect
between graphene and MnO; leading to improved conductivity of the composite. Also the 3D
porous network structure of the nickel foam helps to provide easy access to ions from the electrolyte
at the electrode/electrolyte interface.

The electrochemical impedance spectroscopy (Nyquist) plot of NF-G and NF-G/MnO, is shown in
figure 6 (d). It is a representation of the real and imaginary part of the impedance of the electrode
material. It is worth stating that for ideal supercapacitors, the Nyquist plot should be a line
perpendicular to the real axis at low frequency. From the Nyquist plot of NF-G/MnO, we observe
that it is much closer to the ideal behavior which might be attributed to the low charge transfer of
graphene and MnO»; thus indicating a better capacitive behavior.

4. Conclusions

This work has demonstrated the possibility of using hydrothermal microwave irradiation in
synthesis of novel functional materials for high performance electrochemical applications. NF-G
was synthesized using chemical vapor deposition (CVD). The 3D porous network structure of the
NF-G allows for a uniform coating and efficient loading of MnO, through the hydrothermal
microwave irradiation to form NF-G/MnO, composite. Raman spectroscopy, SEM and TEM reveal
that high quality and defect free samples were synthesized by CVD system. Electrochemical
investigation indicated that the NF-G/MnO, had a maximum capacitance of 305 F g"'. The uniform
adsorption of MnO; nanostructures onto the surface of NF-G provides a much larger surface area
for reaction during electrochemical process, leading to the effective utilization of the electrode
material. The electrode material also exhibits excellent performance and rate capability which is due
to efficient charge transfer and ion diffusion in the porous network of the composite. The work
shows that pseudocapacitance can be effectively loaded onto the surface of NF-G via microwave
irradiation and has potential for high performance supercapacitor application.
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