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nd electrochemical properties of
high performance graphene/manganese oxide
hybrid electrodes†

Fatima Hamade, Emmy Radich‡ and Virginia A. Davis *

Hybrids consisting of 2D ultra-large reduced graphene oxide (RGO) sheets (�30 mm long) and 1D a-phase

manganese oxide (MnO2) nanowires were fabricated through a versatile synthesis technique that results in

electrostatic binding of the nanowires and sheets. Two different hybrid (RGO/MnO2) compositions had

remarkable features and performance: 3 : 1 MnO2/RGO (75/25 wt%) denoted as 3H and 10 : 1 MnO2/

RGO (90/10 wt%) denoted as 10H. Characterization using spectroscopy, microscopy, and thermal

analysis provided insights into the microstructure and behavior of the individual components and

hybrids. Both hybrids exhibited higher specific capacitance than their individual components. 3H

demonstrated excellent overall electrochemical performance with specific capacitance of 225 F g�1,

pseudocapacitive and electrochemical double-layer capacitance (EDLC) contributions, charge-transfer

resistance <1 U, and 97.8% capacitive retention after 1000 cycles. These properties were better than

those of 10H; this was attributed 3H's more uniform distribution of nanowires enabling more effective

electronic transport. Thermal annealing was used to produce reduced graphene oxide (RGO) that

exhibited significant removal of oxygen functionality with a resulting interlayer spacing of 0.391 nm,

higher D/G ratio, higher specific capacitance, and electrochemical properties representing more ideal

capacitive behavior than GO. Integrating ultra-large RGO with very high surface area and MnO2

nanowires enables chemical interactions that may improve processability into complex architectures and

electrochemical performance of electrodes for applications in electronics, sensors, catalysis, and

deionization.
Introduction

Development of energy storage devices with higher charge
storage capabilities has received considerable attention in the
past decade as a result of increased environmental concerns.1

Supercapacitors offer advantages over traditional electrical
double-layer capacitors and batteries due to their higher power
densities. Advancements in nanomaterial research have
revealed unique combinations of material properties and
behaviours that are desirable for many applications. Funda-
mental understanding of the effects of tailoring initial disper-
sion parameters on nal properties provides a basis for
developing structure-processing-property relationships. These
relationships provide insight into the material interactions and
microstructures that enable uid-phase processing and fabri-
cation into complex architectures.
rn University, Auburn, AL, USA. E-mail:
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Nanomaterials such as single-walled carbon nanotubes
(SWNTs),2–4 activated carbon,5,6 reduced graphene oxide
(RGO),7–11 and titanium carbide (Ti3C2),12–15 possess exceptional
electrical, mechanical, thermal, and optical properties enabling
their applications in exible electronics, catalysts, actuators,
deionization, and capacitors. They store charge by electric
double-layer capacitance (EDLC), which occurs at the interface
between the conductive electrode surface and electrolyte.

Graphene is a 2D single-layer exfoliated sheet of graphite
with sp2 hybridized carbon in a honeycomb lattice structure.
Graphene's exceptional properties as a carbon-based nano-
material include high theoretical specic surface area, Young's
modulus, intrinsic phonon mobility, electrical conductivity,
and optical transmittance.16 These properties have led to its use
in applications such as transparent conductive lms, sensors,
rechargeable lithium ion batteries, and electrochemical double
layer capacitors (EDLCs).17–19 Graphene has a robust and exible
nature and can be modied or functionalized in many ways to
change its electronic structure and yield different surface
properties.20,21 Graphene oxide (GO) is produced by chemical
exfoliation and oxidation of graphite to separate the graphene
layers and introduce oxygen functional groups. Throughout the
widely accepted synthesis by modied Hummer's method, the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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graphite is sonicated to ensure dispersibility and produces
carboxyl groups along the edges and hydroxyl, carbonyl, and
epoxy groups along the basal planes of GO.16,22 This results in
a system with monolayer to few-layer sheets, or akes. GO is
desirable for its ability to form multicomponent functional
materials due to its hydrophilicity owing to its dispersibility in
water and polar solvents and long-term stability.23,24

Ultra-large GO sheets are an order of magnitude larger in
aspect ratio (length/diameter) than small GO sheets (�25 000
compared to �2000). In contrast to the synthesis of traditional
GO, ultra-large GO sheets are prepared from thermally
expandable graphite25 by increasing the interlayer spacing prior
to oxidation. They are not subjected to any sonication due to
their higher vulnerability to breakage under shear.26,27 Ultra-
large GO has been less studied than its smaller counterparts,
but previous studies on the phase behaviour and rheology of
ultra-large GO revealed the formation of aligned liquid crystal-
line regions at a dispersion concentration three orders of
magnitude lower than for small GO sheets.28,29 This can enable
easier processability into aligned architectures and desirable
properties for 3D printing, ber spinning, electrochemical
measurements, or as llers for nanocomposites.24,30–34

To produce a more conductive material, GO can be reduced
by chemical, thermal, or electrochemical methods. While the
reduction techniques explored for small GO sheets have been
previously investigated in great detail,9,35–37 reduction of ultra-
large GO alone and as a component in multicomponent
systems has only been studied by few reports.38–40 In this work,
RGO was produced by thermal annealing ultra-large GO.

Manganese oxide (MnO2) has been studied for various
applications including catalysts, absorbents, biosensors, and
cathodes for alkaline batteries.41–44 MnO2 is a transition metal
oxide that is environmentally friendly, cost-effective, and
favorable for use in neutral electrolytes compared to RuO2, IrO2,
and NiO metal oxides.1,45–47 MnO2 exhibits high specic capac-
itance by storing charge as a pseudocapacitor, where faradaic
redox reactions with charge-transfer occur on the surface or by
intercalation to store charge electrochemically.48 A signicant
advantage of MnO2-based electrodes is their ability to function
in neutral electrolytes, which is a promising characteristic for
large-scale applications.44 Furthermore, previous reports have
shown that transition metal oxides, including MnO2, are valu-
able for increasing conductivity and preventing restacking, or
agglomeration, of multilayer 2D nanosheets due to their elec-
trostatic binding interactions.49–51

MnO2 exhibits a tetragonal structure that allows intercala-
tion of species through its tunnelling conguration. The MnO2

crystal structure consists of MnO6 octahedron units that
connect to produce different crystallographic forms resulting in
distinctive morphologies (shapes, phases, aspect ratios, prop-
erties).52–54 MnO2 nanomaterials can be produced in a range of
shapes and sizes using a variety of synthesis methods including
hydrothermal,1,55 redox,54 and sol–gel56 reactions. However, the
main disadvantages of these methods include introducing
cross-linking agents, long reaction times, and expensive
equipment. An alternative synthesis protocol using a precipita-
tion method previously developed for MnO2 with a double-
© 2021 The Author(s). Published by the Royal Society of Chemistry
solvent system that is versatile, low cost, safe-handling, and
short reaction time was used in this work.52 Nanowires (L/D
�60) of a-type MnO2 were synthesized in the presence of ultra-
large GO sheets. MnO2 can also form lower aspect ratio needles,
rods, or spindles52 with aspect ratios ranging from 2 to 10. The
geometry is determined by the rate of solvent addition and
reaction time.53 The needle-like (L/D �10) morphologies form
when deionized water in the potassium permanganate (KMnO4)
solution is injected quickly into the boiling isopropanol and
allowed to react for 10 min.52 Rod-like morphologies (L/D �2)
form during very slow addition of KMnO4 solution during
a 50 min reaction time. Spindle-like morphologies (L/D �2)
form when four times as much water is rapidly added and the
reaction is allowed to proceed for 10 min.52 In this work, longer
reaction times of 30 min were used to obtain nanowires (L/D
�60) electrostatically bound to the ultra-large sheets. The
higher aspect ratio was desirable for both helping prevent sheet
restacking and enhancing transport within the electrode
structure.

Combining carbon-based nanomaterials with transition
metals to form multicomponent structures enables interesting
electrochemical properties that cannot be achieved than with
either component alone. Studies have shown that the carbon
support enhances the electrochemical performance and the
geometry of 1D nanomaterials facilitate electron transport.48,57

One study described the synthesis and characterization of
hollow cobalt oxide (Co3O4) attached onto holey graphene for
use in lithium ion battery applications.58 Interestingly, the
electrochemical performance demonstrated charge–discharge
capacities that were faster for the in situ holey graphene–Co3O4

than either the normally holey graphene–Co3O4 or non-holey
graphene–Co3O4 electrodes, which shorten diffusion lengths
for enhancing lithium ion transport.58 In this work, we inves-
tigated the combination of ultra-large reduced graphene oxide
(RGO) as a support with MnO2 nanowires attached onto the
RGO sheets. The synthesis routes for attachment and formation
of the nanostructures along the carbon-basedmaterials enabled
formation of novel architectures with interactions governing
mass transport across the electrode interface.

Integrating small RGO sheets with MnO2 nanowires has
previously shown enhanced cycling behaviour and capacity as
electrodes tested in lithium ion cells,59 improved electro-
chemical stability in a three-electrode setup,60 and improved
colloidal stability that promotes nanowire alignment.61 This
work explored the use of MnO2 nanowires as guest materials to
form a sandwich structure with ultra-large GO sheets. The
nanowire-sheet interactions occur via electrostatic binding60

that occurs by nanowire nucleation and growth53,62 along the
ultra-large GO sheets with simultaneous reduction to form
a hybrid material (RGO/MnO2). To the best of the authors'
knowledge, only a few studies have prepared multicomponent
systems with ultra-large GO. The scope of this work included
characterizing the individual and multicomponent, or hybrid,
materials by spectroscopy, microscopy, and thermal analysis
techniques to gain insights into the microstructures and
probing the electrochemical responses of as-prepared elec-
trodes. Results from this work provide understanding of the
RSC Adv., 2021, 11, 31608–31620 | 31609
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interactions of the ultra-large RGO sheets and MnO2 nanowires
as well as the effects of combining 2D/1D geometries with very
different aspect ratios.
Results and discussion

The individual materials expandable graphite, ultra-large gra-
phene oxide (GO), partially reduced graphene oxide (P-RGO),
reduced graphene oxide (RGO), and manganese oxide (MnO2)
were prepared as described in the experimental section.
Furthermore, hybrids (RGO/MnO2) were synthesized with
addition of GO to the MnO2 synthesis enabling electrostatic
binding of the MnO2 nanowires (NWs) onto the GO sheets. Two
different hybrid compositions were studied for comparison
with MnO2/GO ratios of (1) 75/25 wt% designated as 3 : 1
hybrid, or 3H, and (2) 90/10 wt% designated as 10 : 1 hybrid, or
10H. All the materials were then characterized by multiple
spectroscopy techniques, microscopy and thermal analysis to
understand the material properties including functionality,
sizes, crystal structure, thermal stability and transitions, and
graphitic domains.
Table 1 GO and MnO2 material sizes from AFM measurements

Material Length – L (nm)
Diameter (thickness)
– D (nm)

Aspect ratio
(L/D)

GO sheets 30 000 � 4500 1.3 � 0.5 �25 000
MnO2 NWs 850 � 80 15 � 10 �60
Material sizes & morphology

AFM analysis. Atomic force microscopy (AFM) was per-
formed on GO, MnO2, and hybrid materials for determining
aspect ratio, or length to diameter ratio. Fig. 1a and b shows the
AFM images of GO and MnO2, respectively. The GO sheets have
Fig. 1 AFM images of (a) GO with an average sheet size of 40 mm long an
hybrids (c) 3H that represents uniform distribution of nanowires along th
RGO sheets.

31610 | RSC Adv., 2021, 11, 31608–31620
an irregular shape and range in length from 10–50 mm, con-
sisting of primarily 20–40 mm sheets, with evident folding and
wrinkling indicated by the lighter areas along the sheet
dimensions (Fig. 1a). Monolayer and few-layer sheets were
observed with an average thickness of �1.3 nm, which is in
agreement with previous studies on ultra-large GO.24,29 Fig. 1b
shows the MnO2 nanowires (NWs) that tend to form fractal
networks during AFM sample preparation. The measured
lengths range from 500 nm to 1.2 mm, and diameters (or
thicknesses) range from 5–25 nm for an average aspect ratio of
L/D �60, which is higher than other morphologies that can be
produced by tuning the MnO2 synthesis. Earlier work shows
that the size and morphology of MnO2 nanostructures is
sensitive to the synthesis time. For example, MnO2 nanoneedles
produced during a 10 min reaction time have dimensions of
length from 200–500 nm and diameter from 20–50 nm.52 The
longer synthesis time of 30 min in this work permitted further
longitudinal growth of the MnO2 into nanowires. Based on
these results, the aspect ratio of the ultra-large GO sheets is 3
d �1 nm thick, (b) MnO2 nanowires indicating network formation, and
e GO sheets and (d) 10H that represents clusters of MnO2 attached to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TGA performed under argon atmosphere at a rate of
5 �Cmin�1. GO exhibits two thermal transitions upon decomposition–
loss of oxygen functionality and break carbon backbone. MnO2 is
much more thermally stable than GO and is converted to Mn2O3 and
then Mn3O4. The hybrid exhibits transitions consisting of both indi-
vidual components.
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orders of magnitude higher than that of the NWs (Table 1). For
comparison, the typical dimensions for small GO sheets ranges
from 0.7–5 mm in length and thickness (diameter) of�1 nm that
gives an aspect ratio of �2000.63,64 This is one order of magni-
tude smaller than the ultra-large GO and still two orders of
magnitude higher than that of the NWs studied in this work.
High aspect ratio nanomaterials have larger specic surface
areas that enable more access for diffusion and interactions
along their surfaces and better electrochemical properties. AFM
of the 3 : 1 hybrid (3H) show a uniform distribution of nano-
wires along the GO sheets and 10 : 1 hybrid (10H) show regions
of more concentrated bundles or clusters of MnO2 that do not
have similar 1D structures to that of 3H (Fig. 1c and d). Fig. S1†
demonstrates an AFM image of another 3H hybrid along with
the z-height prole, showing the sheet thickness to be �1 nm
and nanowire thickness to be �9 nm.

SEM analysis. The morphologies of GO, MnO2, and 3H
hybrid were further investigated with scanning electron
microscopy (SEM) imaging. Fig. 2a shows GO sheets with
evident wrinkling behavior resulting from their semi-exibility
and drying effects. Fig. 2b and c illustrates a comparison of
the MnO2 alone and when attached to the RGO sheets in the 3H
hybrid. The MnO2 has a nanowire-like morphology with average
lengths of �850 nm. Interestingly, the surface of the 3H hybrid
structure shows that the MnO2 nanowires are anchored along
the top, bottom, and edges of the RGO sheets. This is due to the
presence of oxygen functionality, epoxy and hydroxyl groups
along the basal planes and carboxyl and carbonyl groups along
the edges,22 enabling electrostatic binding with the Mn2+

interaction and exfoliation of the sheets to form single and few-
layered sheets.60 The contact between the metal oxide, MnO2,
and the graphene sheets results in steric hindrance interactions
that prevent restacking or agglomerating the sheets. The SEM
and AFM results in this work combined with previous reports
on in situ graphene/MnO2 assemblies highlight the ability for
the MnO2 to form on, and adhere to, graphene sheets.50,51 While
previous studies have shown the advantages of combining 2D
and 1D morphologies to achieve better optical, electrical, and
mechanical properties,65–67 this research shows that the
approach can be extended to 2D and 1D components with even
greater differences in aspect ratios than previously studied
hybrids. This creates new opportunities for further tuning
microstructure in order to achieve desired properties.
Fig. 2 SEM images of dried dispersions of (a) GO, (b) MnO2 and (c) 3H hyb
contrast in areas where the nanowires are more closely bound to the R

© 2021 The Author(s). Published by the Royal Society of Chemistry
Thermal analysis

Thermal degradation of the materials was investigated by
thermogravimetric analysis (TGA). Fig. 3 shows corresponding
TGA curves for GO, MnO2, and both hybrids (3H and 10H) in
argon aer a 30 min isothermal hold at 120 �C to remove most
of the residual moisture. GO exhibits two thermal transitions,
one with an onset temperature at 150 �C indicative of the
decomposition of the oxygen functional groups and the other at
450 �C indicative of breaking the carbon backbone.68,69 Each
transition corresponds to approximately half of the initial mass
loss. The MnO2 (enlarged in Fig. S2 in the ESI†) exhibits three
thermal transitions and is more thermally stable than GO. At
200 �C, MnO2 loses adsorbed water in the amount of �3 wt%.
Next, at 425 �C, MnO2 is converted into Mn2O3 by the reaction
4MnO2 / 2Mn2O3 + O2 that contributes to �5 wt% mass loss.
Then at 610 �C, Mn2O3 is converted into Mn3O4 by the reaction
6Mn2O3 / 4Mn3O4 + O2, which results in �4 wt% mass loss.
These results are consistent with previous studies of MnO2

degradation.60,70,71

Throughout the hybrid syntheses, MnO2 nanowires are
electrostatically bound to the GO sheets as illustrated from the
rid. The morphology of the MnO2 on the hybrid illustrates lower image
GO sheets.

RSC Adv., 2021, 11, 31608–31620 | 31611
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AFM and SEM results. Therefore, the thermal degradation of the
hybrids undergo the transitions of both individual components
(Fig. 3). The 3H and 10H hybrids exhibited a thermal transition
starting at 160 �C that resulted in amass loss of �10 wt% for 3H
and �5% wt% for 10H. This was due to the combination of
removing oxygen functionality from GO and adsorbed water
from MnO2. The next transition occurred from 300–600 �C with
a mass loss of 20 wt% for 3H and �11 wt% for 10H; this tran-
sition is attributed to conversion of MnO2 / Mn2O3 and
possible partial destruction of the carbon skeleton. The onset of
carbon breakdown at a lower temperature in the hybrids than
GO (550–800 �C) may have occurred because of the presence of
MnO2 and its phase changes, weaken the RGO sheets. The mass
ratio of MnO2/RGO in the hybrids was calculated by taking the
nal mass aer complete degradation at 800 �C divided by the
initial mass at 120 �C. This showed the 3H hybrid consisted of
a MnO2/RGO ratio of 3 : 1 (75% MnO2/25% RGO by wt), while
10H consisted of 10 : 1 (90% MnO2/10% RGO by wt). The
residual mass of the hybrids being greater than that of the GO
was due to the presence of the more thermally stable MnO2.
Spectroscopy study

UV-vis analysis. A combination of UV-vis and FTIR spec-
troscopy methods were used to investigate the electronic tran-
sitions and functionality of the materials. Fig. 4a shows the UV-
vis spectra for ultra-large graphene oxide (GO), manganese
oxide (MnO2) nanowires, and the hybrids 3H and 10H. GO
exhibited a peak at 230 nm indicative of the p / p* transition
of electrons in conjugated carbon–carbon double bonds
(aromatic), or C]C, and a shoulder at 300 nm indicative of the
n/ p* transition of electrons in C]O bonds connected to the
C]C bond in the GO plane.23 The shoulder in GO is a signature
of the presence of oxygen functional groups in the material. The
MnO2 spectra exhibits a d–d transition at a broad absorption
band between 350 and 500 nm with the peak position at 410 nm
Fig. 4 (a) UV-vis spectra indicating electronic transitions of ultra-large
Presence of oxygen functional groups in GO occurs at the shoulder of 30
blue-shifted to 215 nm ascribed to GO exfoliation and indication of the M
of 10H primarily indicates the Mn–O transition. (b) FTIR spectra of expa
functionality (hydroxyl, carboxyl, carbonyl, and epoxy) for GO, 3H, and
indicates hydroxyl functionality in its crystal lattice and contributes to b
demonstrates no evident oxygen functionality similar to the expandable g
this work, indicating successful reduction.

31612 | RSC Adv., 2021, 11, 31608–31620
of the manganese (Mn) ions from lower to higher d-orbital
energy state in the MnO2 crystal.52 The UV-vis spectrum of the
3H hybrid shows a blue-shi in the conjugated carbon peak to
215 nm corresponding to GO sheet exfoliation60 and a broadMn
peak at 410 nm. Interestingly, 10H primarily exhibited a sharp
Mn–O transition at 410 nm and much higher absorption values
for the whole spectrum than GO and 3H, this demonstrates
some restoration of the sp2 carbon framework.9,35 A control
experiment was performed with only GO and the manganese
salt as precursors (excluding KMnO4 addition) to determine the
extent of GO reduction through the hybrid synthesis. The UV-vis
spectra showed the electronic transitions present in the indi-
vidual materials as well as some reduction of GO in both hybrid
materials. These results indicate that the GO was not fully
reduced by chemical reduction during the hybrid synthesis but
formed a reduced graphene oxide (RGO) material (Fig. S3a in
the ESI†).

FTIR analysis. FTIR was performed to determine presence of
different functionalities within the materials. FTIR spectra of
expandable graphite, GO, RGO, MnO2, and both hybrids (3H
and 10H) are shown in Fig. 4b. The peak at 1630 cm�1 is
evidence of conjugated, or aromatic, carbons (C]C) present in
the expandable graphite, GO, RGO, and both hybrids. The
oxygen functional groups occur at the following peaks:
3387 cm�1 (O–H stretch), 1730 cm�1 (C]O, carboxyl),
1374 cm�1 (C–O, carbonyl), and 1227 cm�1 (C–O–C, epoxy).
These peaks are clearly shown in the GO spectra but had lower
intensities for 3H, and even lower intensities for 10H, due to the
higher MnO2/RGO ratio. The MnO2 spectra indicate the pres-
ence of O–H groups in the crystal lattice via a broad stretching
vibration at 3340 cm�1 and bending vibration at 1633 cm�1

(Fig. 4b). The P-RGO (Fig. S3b in the ESI†) spectra also included
the conjugated carbon peak at 1630 cm�1 as well as low inten-
sity peaks for the oxygen functionalities. This further conrms
the UV-vis results which indicated that the GO was not
GO, MnO2, and both hybrids 3H (75% MnO2) and 10H (90% MnO2).
0 nm. The 3H hybrid spectrum consists of the conjugated carbon peak
n–O transition with a broad peak at 410 nm. The higher MnO2 content
ndable graphite, GO, RGO, and hybrids reveal the presence of oxygen
10H with 10H exhibiting the least intensities. FTIR spectra of MnO2

oth hybrid spectra. The RGO produced by thermal annealing of GO
raphite (large flakes) used as a precursor to synthesizing GO and RGO in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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completely reduced during the hybrid syntheses. For compar-
ision, RGO was prepared by thermal annealing the ultra-large
GO sheets. The RGO FTIR spectrum indicated complete
removal of the hydroxyl peak and no other evident functionality.

XRD analysis. XRD spectra of the expandable graphite, GO,
RGO, MnO2, and both hybrids were acquired to further char-
acterize the material crystal structure (Fig. 5). Fig. 5a shows
a comparison of the expandable graphite and resulting GO. The
XRD spectrum of the expandable graphite has two distinct
peaks located at 26� indicating the (002) reection and 55�

representing the (004) reection. Based on Bragg's law, nl ¼
2d sin q, and utilizing a Cu ka source with l ¼ 1.54 Å ¼
0.154 nm, the d-spacing of expandable graphite was 0.342 nm.
GO exhibits an intense peak at 2q ¼ 9.9�, which corresponds to
the (001) reection indicative of oxygen functionality. The
interlayer spacing of ultra-large GO was 0.892 nm as a result of
the formation of functional groups resulting from oxidation.
These values are in agreement with the literature.29 The XRD
spectrum of the thermally annealed RGO produced in this work
is shown in Fig. 5b. It exhibits loss of the (001) peak and the
presence of a (002) peak at 2q ¼ 22.7�. The interlayer spacing
calculated for RGO was 0.391 nm further conrming that the
thermal annealing procedure successfully removed the majority
of oxygen functionality from the GO and resulted in RGO.

The diffraction spectrum of the produced MnO2 nanowires
had similar peak identications as those shown in previous
reports52,54 and corresponded to the powder diffraction le from
JCPDS 44-0141 (Fig. 5c). This conrms formation of the
tetragonal a-phase structure of MnO2. The diffraction peaks of
both hybrids (Fig. 5c) were almost identical to those of the
MnO2 nanowires; the peak intensity of the (001) reection of GO
diminished signicantly (see Fig. S4† showing a closer look at
lower 2q angles). This has also been previously observed with
synthesizing RGO/MnO2 with small sheets.60

Raman analysis. Raman spectroscopy was performed to
characterize the structures of all the materials. The Raman
spectra of expandable graphite, GO, and RGO are presented in
Fig. 6a. The D-band of carbon-based materials is ascribed to the
density of disorder sites, or sp3 characteristics, and the G-band
is associated with the sp2 conjugated structure of the carbon
Fig. 5 XRD patterns of the materials at slow scan rate of 0.01� s�1. (a) The
to a d-spacing of 0.342 nm andGO exhibits an intense peak at 2q¼ 9.9� w
(b) RGO spectrum exhibits a (002) peak at 2q ¼ 22.7� with calculated d-sp
(c) The spectrum of MnO2 confirms formation of the a-phase crystal str

© 2021 The Author(s). Published by the Royal Society of Chemistry
domains.72 The D and G bands occur around 1355 and
1595 cm�1, respectively. The D/G ratios for the materials
studied in this work were calculated by the ratio of peak areas.
The D/G ratio for expandable graphite (Asbury Carbons) was
0.22. Interestingly, the D/G ratios of GO and RGO were 1.46 and
1.72, respectively. While GO has multiple oxygen functional
groups along the sheet edges and basal planes, RGO lacks some
of this functionality as demonstrated from the FTIR and XRD
results. The higher D/G ratio suggests a higher defect concen-
tration is introduced into the structure as the thermal annealing
procedure occurs. The increased ratio is also attributed to the
formation of many smaller graphitic domains as a result of
reduction.72–75 The reduction of GO by chemical methods (e.g.
hydrazine, L-ascorbic acid, or sodium borohydride) has shown
D/G ratios of up to 0.90.9,22,35,76 Thermal annealing studies of
graphene-based materials previously reported in the literature
demonstrated effective thermal reduction that results in more
conductive graphene materials, typically with D/G > 1.10,77–80

Furthermore, the higher G to 2D (�2700 cm�1) ratios for the
GO, RGO, and hybrids suggests a fewer-layer structure.79,81

The Raman spectrum of MnO2 consists of multiple peaks in
the region of 100–1000 cm�1 (Fig. 6b). Magnication of this low
wavenumber region is presented in Fig. S5.† In agreement with
the literature,70 the Mn–O lattice vibrations result in more
intense peaks at 180, 382, 579, and 629 cm�1 and ve weak
peaks at 281, 322, 463, 504, and 745 cm�1. These Raman shis
correspond to translational motion of the MnO6 octahedra
framework at 180 cm�1, Mn–O bending vibrations at 380 cm�1,
tunneling species at 579 and 629 cm�1, and antisymmetric Mn–
O stretching at 745 cm�1.82 These results combined with the
XRD show that the hybrids contained a-phase MnO2.

The hybrids showed peaks for both MnO2 and RGO. The
values of D/G for 3H and 10H are 1.65 and 2.20, respectively.
The initial GO has oxygen functionality that act as a support or
scaffold for facilitating the reaction with the manganese ions
from MnCl2 and KMnO4 to produce MnO2 attached to the RGO
sheets. The 10H exhibited a higher ratio of the Mn–O to G-peak
than 3H, further conrming the AFM and TGA data. The higher
MnO2 in the 10H could have caused some clusters of MnO2 to
form along the RGO sheets and prevented the longitudinal
expandable graphite exhibits two characteristic peaks that correspond
ith calculated d-spacing of 0.892 nm indicating oxidation of the sheets.
acing of 0.391 nm, conveying successful reduction of graphene oxide.
ucture and both hybrids (3H and 10H) display a similar pattern.
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Fig. 6 Raman spectra performed using a 514 nm laser. (a) Expandable graphite, ultra-large GO, and RGO result in D/G ratios of 0.22, 1.46 and
1.72, respectively. (b) The spectrum of MnO2 confirms a-phase morphology produced from potassium-based reactive species. This is also
evident in both hybrid spectra. The 3H and 10H hybrid materials exhibit D/G ratios of 1.65 and 2.20, respectively. The ratio of Mn–O to G-peak is
higher for 10H than 3H, further revealing the presence of more MnO2 content.
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growth into nanowires and resulted in the clusters shown in
Fig. 1D. The higher D/G ratio of 10H compared with 3H indi-
cates more disorder in the carbon structure and an increase in
restoration of the aromatic ring by forming many smaller sp2

domains.39,73,78 Furthermore, the content of MnO2 can be esti-
mated by comparing the ratio of MnO2/RGO in the hybrid
spectra.60,83,84

In summary, the microscopy, thermal, and spectroscopy
analyses performed on the individual (expandable graphite, GO,
RGO, P-RGO, and MnO2) and multi-component materials (3H
and 10H) show that for the rst time, intercalated graphite can
be used to produce a-phase MnO2 attached to RGO sheets.
Electrochemical capacitive behavior

GO, RGO, MnO2 and 3H and 10H hybrids were fabricated into
supercapacitor electrodes and characterized by cyclic
Fig. 7 Cyclic voltammetry curves at different scan rates of (a) GO, (b) RGO
10% RGO by wt). (f) An overlay of the CV curves of all materials at 5 mV s
electrodes of similar mass with <10% difference in capacitance.

31614 | RSC Adv., 2021, 11, 31608–31620
voltammetry (CV) at varying scan rates to determine their elec-
trochemical response and explore potential applications in
energy storage. The electrochemical properties were measured
using a three-electrode conguration in 1 M Na2SO4 electrolyte.
Cyclic voltammetry was performed in the potential range of
�0.2–0.8 V at scan rates of 5, 10, 20, 50, and 100 mV s�1.

Fig. 7 shows the CV curves for all materials at the different
scan rates. GO is a supercapacitive material that exhibits elec-
trochemical double layer capacitance (EDLC), where non-
faradaic reactions take place at the electrode surface. GO is
not conductive; therefore, it has very low specic capacitance.
However, RGO demonstrated higher capacitance than GO
(Fig. 7b). In contrast to GO, manganese oxide (MnO2) is a tran-
sition metal oxide that exhibits a faradaic process along the
surface of the electrode material, owing to its pseudocapacitive
nature. Fig. 7c illustrates the quasi-rectangular shapes of the
, (c) MnO2, (d) 3H (75%MnO2/25% RGObywt), and (e) 10H (90%MnO2/
�1 scan rate. The data is representative of ten cycles performed on two

© 2021 The Author(s). Published by the Royal Society of Chemistry
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MnO2 CV curves, representing pseudocapacitive behavior. The
combination of RGO and MnO2 in the hybrid materials enabled
contributions of both pseudocapacitive and EDLC behavior as
shown in the CV curves of Fig. 7d and e. The 10H CV curves look
similar to the MnO2 curves, indicating more pseudocapacitive
effect from the higher MnO2 content in 10H than 3H. An overlay
of all the materials at the lowest scan rate of 5 mV s�1 is shown
in Fig. 7f. This captures the shapes of the curves together with
no obvious oxidation/reduction peaks.

The rate capability for the materials is shown in Fig. 8a. The
RGO prepared in this work from ultra-large GO via thermal
annealing at 300 �C demonstrates higher specic capacitance
than GO. The higher RGO performance conrms the previously
described physical characterization data showing that thermal
annealing was successful in removing oxygen functional
groups. These results suggest that increasing the annealing
temperatures up to 1000 �C may result in enhanced electrical
conductivity as has previously been found for small sheets of
GO.9,78,79 The capacitive performance of MnO2 exceeds that of
RGO. MnO2 consists of an octahedron conguration and is well-
known for its exceptional performance due to its intricate
tunnelling structure that enables more efficient ion transfer.

Interestingly, the hybrids exhibit higher capacitance than
MnO2 alone; this is attributed to more effective transport in the
complex structure enabling faster charge transfer. Previous
reports of combining carbon and transitionmetal systems, such
as PdAgNTs57 and PdW/C,48 also convey superior electro-
chemical performance measurements compared to the indi-
vidual components without the carbon support. This is due to
the support providing high surface areas and active sites for
electrode interactions. At the lowest scan rate studied, MnO2

has a specic capacitance of 145 F g�1, 3H exhibits a specic
capacitance of �225 F g�1, and that of 10H is 170 F g�1. The
lower capacitance of 10H compared to 3H may be due to the
increased defects that are introduced during synthesis when
more MnO2 is bound to the ultra-large sheets since defects and
resulting morphology affect electronic transport properties.
This was evident with the higher D/G ratio of 10H as demon-
strated in the Raman spectroscopy results.

The cycling behavior for the individual and hybrid electrodes
was also investigated to understand the electrochemical
stability of the materials. Repeated CV cycles at 20 mV s�1 scan
Fig. 8 Electrochemical behavior with cyclability and EIS. (a) Comparison
Cycling behavior over a range of 1000 CV cycles performed at 20 mV s�

retention. (c) Nyquist plot overlay of electrodes in 1 M Na2SO4 aqueous

© 2021 The Author(s). Published by the Royal Society of Chemistry
rate were performed for the conductive materials MnO2, RGO,
3H and 10H. The capacitance retention of these materials over
the course of 1000 cycles is shown in Fig. 8b. The results from
the cycling studies show that MnO2 retained 96.5% capacitance,
while RGO retained 96.0%, 3H retains 97.8%, and 10H retained
96.4%. This work was inspired in part by few other studies that
have investigated the electrochemical behavior of a hybrid of
graphene oxide and manganese oxide materials. However, our
work is unique in its use of ultra-large graphene oxide sheets
(�30 mm long) which produce larger active surface areas for ion
and electron diffusion compared to the smaller graphene oxide
sheets (�2 mm long). Chen et al. reported a graphene–MnO2

supercapacitor exhibited 197 F g�1 specic capacitance and
aer 1000 cycles, the hybrid in their work retained 84% capac-
itance.60 In other work, an MnO2/RGO electrode produced via
a hydrothermal method decorating MnO2 onto the graphene
had pseudocapacitive and double-layer contributions with the
nearly ideal rectangular CV shapes and 205 F g�1 specic
capacitance at 5 mV s�1 scan rate.85 That work demonstrated
�85% capacitance retention aer 1000 charge/discharge cycles.
Furthermore, the cycling stability of an asymmetric super-
capacitor of MnO2/rGO hybrid aer 1000 cycles remained near
80%.86 Interestingly, our hybrid electrodes demonstrated higher
cycling stability which conveys longer lifetime with the 3H
MnO2/RGO hybrid electrode also demonstrating a high specic
capacitance of 225 F g�1.

The electrochemical performance of the MnO2 and hybrid
electrodes was further investigated with an electrochemical
impedance spectroscopy (EIS) study (Fig. 8c). The Nyquist
proles in the high frequency region indicate the solution
resistance Rs as shown by the intercept of the real axis, which is
related to the ionic resistance from the salt solution, contact
resistance at the solution/electrode interface, and intrinsic
resistance. Furthermore, the high frequency region illustrates
a small quasi-semicircle, representing the charge-transfer
resistance Rct. For GO, RGO, MnO2, 3H, and 10H, the values
for Rs are 0.846, 1.75, 1.53, 1.01, and 1.15 U, respectively. The
values for Rct can be observed from the inset in Fig. 8c where the
straight line intersects the real axis. For all the materials
studied, Rct is <3 U, which demonstrates excellent charge-
transfer resistance. Rct for the hybrids is �1 U, illustrating
higher electrical conductivity that enabled faster ion and
of specific capacitance as a function of scan rate for all materials. (b)
1 scan rate. After 1000 cycles, the materials exhibit >95% capacitance
solution with inset showing high frequency region.

RSC Adv., 2021, 11, 31608–31620 | 31615
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electron diffusion than for the individual components which
serves as an advantage of combining different morphologies.
The Nyquist plots in the low-frequency region represent the
diffusion resistance, which shows linear characteristics for the
materials. The more vertical the diffusing line is along the
imaginary axis, the more representative of ideal capacitive
behavior. Comparing the GO and RGO results, it is evident that
the RGO demonstrated electrochemical behavior closer to that
of an ideal capacitor. The lower charge-transfer resistance and
combination of pseudocapacitive and EDLC behavior of the
hybrids provide advantages as electrode materials compared to
their individual components.

EIS was performed aer the 1000 CV cyclability study to
determine the changes in resistivity (Fig. S6 in the ESI†). There
was not a signicant change in charge-transfer resistance for
the hybrids. Interestingly, in the low-frequency region of the
Nyquist prole, the linear characteristics of MnO2 and 10H
exhibited a shi to a lower phase angle indicating a deviation
from ideal capacitive performance. However, 3H exhibited
a shi to a higher phase angle, closer to the imaginary axis,
which can be attributed to the higher capacitance retention
achieved than the other electrodes studied. The electrochemical
behavior studies showed superior performance for the 3H
hybrid electrodes, with 225 F g�1 specic capacitance, 97.8%
capacitance retention aer 1000 cycles, very low charge-transfer
resistance, and contributions of pseudocapacitive and EDLC
components.
Performance discussion

The 3H hybrid had excellent electrochemical performance
compared to the 10H hybrid. In both cases, inclusion of MnO2

with ultra-large RGO results in the contributions of both
materials to pseudocapacitance and EDLC thereby enhancing
performance compared with the individual components. AFM
(Fig. 1 and ES1†) and SEM images (Fig. 2) illustrate the
morphology and microstructures of the materials with MnO2

attached to the sheets. The results indicate single to few-layer
RGO sheets with bound MnO2, indicating successful synthesis
of the hybrid with ultra-large sheets. The 3H had discrete
nanowires on the sheets while the 10H had bundles of MnO2 on
the sheets. TGA (Fig. 3) proles quantied the higher MnO2

content in 10H as well as the possible breakdown of the carbon
backbone at an earlier temperature compared to GO. This may
be the result of the MnO2 causing the structure to weaken as
oxygen reduction and MnO2 nucleation and growth occur
through the hybrid synthesis. Next, the spectroscopy investi-
gations provided insights to the functionality, crystal structure,
reduction and defects for the materials (Fig. 4 and 5). Interest-
ingly, 10H exhibited a much higher D/G ratio than 3H (Fig. 6),
which suggests that the inclusion of a higher MnO2 content
resulted in a more defective graphene structure as more MnO2

crowd the binding sites on the sheets. Therefore, the higher
capacitive performance of 3H than 10H is attributed to the
nanowire structure enabling faster electrode kinetics and
diffusion compared to the clustered structure (Fig. 7 and 8).
31616 | RSC Adv., 2021, 11, 31608–31620
Conclusions

A novel hybrid material consisting of a-type manganese oxide
(MnO2) nanowires anchored along ultra-large reduced graphene
oxide (RGO) sheets, comprising of �30 mm long sheet size and
higher specic surface areas than traditional RGO sheets, was
successfully fabricated. Microscopy, spectroscopy, and thermal
analysis characterizations of the individual components
contributed to understanding the microstructural development
and behavior of the hybrids. Electrochemical results showed
that the 3H hybrid electrode consisting of MnO2/RGO (75/
25 wt%) exhibited both electrochemical double-layer capaci-
tance and pseudocapacitive contributions as well as low
internal resistance (Rct �1 U). Furthermore, it demonstrated
excellent specic capacitance of up to 225 F g�1 with 97.8%
cycling stability aer 1000 cycles. The outstanding electro-
chemical performance can be attributed to the uniform distri-
bution of the nanowires along the sheets, suppressing
restacking of the RGO sheets, as well as the ultra-large active
surface area that reduced the ion and electron diffusion lengths
and improved charge transfer. The combination of 2D and 1D
nanomaterials from this work highlight that such hybrid
materials are promising candidates for potential applications in
electronic devices, catalysts, and sensors.

Experimental
Ultra-large graphene oxide (GO) synthesis

Expandable graphite akes from Asbury Graphite Mills USA
(3772 grade) were placed in a cylindrical alumina crucible and
microwaved (Panasonic, NE-12523) on high power for 30
seconds as a thermal treatment to increase the interlayer
spacing of the layers within the graphite structure. Caution:
only 50 mg expandable graphite was used at once in the
microwave to prevent re or explosion hazards and micro-
waving must be performed in the hood due to release of toxic
fumes. This expansion was followed by using a modied
Hummer's method to obtain GO.22,30 This resulted in very low
density expanded graphite that was then transferred to an
Erlenmeyer ask. Briey, 100 mL of 93–98% sulfuric acid
(H2SO4) was added to a ask containing 500 mg expanded
graphite and stirred continuously at room temperature for three
days. Next, 5 g of crystalline potassium permanganate (KMnO4)
was added dropwise very slowly using a spatula while stirring
the mixture. Caution: in the presence of strong acid, KMnO4

reacts to form dimanganeseheptoxide (Mn2O7) which is known
to detonate at temperatures above 55 �C. Therefore, this step
must be performed with very small amounts added to the
mixture each time and the temperature monitored and kept at,
or below, 22 �C to prevent a runaway reaction. Aer three days,
the mixture became very viscous and dark green, indicating that
most of the KMnO4 had reacted. Themixture was then placed in
an ice bath with a thermometer to monitor reaction tempera-
ture upon water and hydrogen peroxide additions. The
temperature was kept below 22 �C (68 �F) to prevent formation
of a highly exothermic reaction during the addition of water to
acid. 100 mL of deionized water was carefully added to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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mixture using a pipet (about 1 mL min�1), thus changing the
mixture color to dark red. Once the mixture was diluted with
water, 25 mL of 30% by weight hydrogen peroxide (H2O2)
solution was added slowly to react the leover potassium
permanganate and manganese oxide complexes that formed
throughout the synthesis. This resulted in a light brown ultra-
large GO mixture. The mixture was centrifuged with a hydro-
chloric acid solution (9 : 1 ratio water/hydrochloric acid by
volume) and then multiple deionized water washes to achieve
a pH value of �6.
Reduced graphene oxide (RGO) preparation

Concentrated dispersions (sludges) of GO were vacuum dried at
�80 �C overnight. Dried samples were placed in aluminum foil
boats. Samples were annealed in a tube furnace under nitrogen
ow at a ramp rate of 5 �C min�1 from 25 �C to desired
temperature 300 �C and then held at desired temperature for
2 h. Samples were then cooled before removing them from the
tube furnace.
Manganese oxide nanowires (MnO2 NWs) synthesis

The simple double-solvent reacting system previously reported
by Chen et al.52 was used to produce the manganese oxide
(MnO2) nanowires. Briey, 450 mg of MnCl2$4 H2O was added
to 80 mL of isopropanol (IPA) in a three-neck round-bottom
ask and bath sonicated to dissolve the manganese salt. The
mixture was then brought to reux conditions (�80 �C) while
vigorously stirring and monitoring temperature with a thermo-
couple. 250mg of crystalline potassium permanganate (KMnO4)
was dissolved in 8 mL of deionized water and rapidly injected
into the mixture. Caution: KMnO4 is highly reactive and should
be handled very carefully when adding the solution to the
syringe and injecting into the reaction mixture. The reaction
proceeded for 30 min at a temperature of �83 �C. This resulted
in a black precipitate of nanowires. Precise control of the shape
and size of the MnO2 strongly depends on the reaction
parameters, which affect the morphology of the product and its
properties upon processing. A two-stage centrifugation tech-
nique was employed to purify as well as reduce aggregation in
the nal product. The precipitate was placed in conical centri-
fuge tubes and initially centrifuged at 4700 � g for 20 min. The
bottoms were then dispersed in 200 proof ethanol and centri-
fuged at 47 � g for 3 min. The low centrifugation rate caused
aggregates to settle to the bottom of the tubes, and allowed
dispersed nanowires to remain in the supernatant. Polarized
optical microscopy images of different parts of the tube were
sampled to qualitatively determine removal of aggregates as
previously reported by a study with silver nanowires.87 The
supernatant was decanted into new centrifuge tubes and then
centrifuged at 4700 � g for 20 min. This completed the rst
ethanol wash. The second ethanol wash was then performed by
dispersing the bottoms of the tubes from the rst wash and
then centrifuging at 4700 � g for 20 min. A third ethanol wash
was performed in the same manner as the second wash. The
bottoms were then dispersed in water and washed multiple
© 2021 The Author(s). Published by the Royal Society of Chemistry
times at 4700� g. The nal product was then dispersed in water
or dried in a vacuum oven for characterization.

Hybrid (MnO2/RGO) synthesis

A hybrid of GO/MnO2 was synthesized by growth of the NWs
along the ultra-large GO sheets. The hybrid synthesis method
has been previously reported with small-sized GO sheets, but to
the authors' knowledge had not previously been performed on
ultra large sheets.59 100 mg of GO dispersed in 20 mL IPA was
added to 450 mg manganese chloride salt dissolved in 60 mL
IPA in a three-neck round-bottom ask. The previously
described procedure for synthesizing and purifying the NWs
alone was followed to form the nal hybrid product, denoted as
3H for a 3 : 1 ratio of MnO2/RGO (75/25 wt%). Another
composition of the hybrid was also synthesized for comparison,
where the GO mass was reduced to achieve a 10 : 1 ratio of
MnO2/RGO (90/10 wt%), denoted as 10H. As a control experi-
ment to determine the extent of GO reduction in the hybrid,
partially reduced graphene oxide (P-RGO) was also synthesized
by taking 100 mg of GO dispersed in IPA and following the
MnO2 synthesis excluding the injection of the KMnO4 solution
(reactive species).

Electrodes

Dispersions of samples were dried under vacuum at 60 �C for 12
hours to remove residual adsorbed water. The electrodes were
prepared by mixing 80 wt% samples, 15 wt% carbon black (CB),
and 5 wt% polytetrauoroethylene (PTFE) slurry. The mixtures
were then pressed onto nickel foam with active surface area of
1 cm2 and dried before soaking for 1 day in 1 M Na2SO4

electrolyte.

Materials characterization

Tapping-mode atomic force microscopy (AFM) was performed
on an Anton Paar Tosca 400 to visualize nanomaterial sizes and
morphology. AFM samples were prepared by drop-casting a very
low dispersion concentration onto a silicon wafer with silicon
oxide layer then heating for �1 min to quickly remove the
solvent (water). The morphology and material architecture was
also investigated by eld emission scanning electron micros-
copy (FE-SEM) using a JEOL JSM-7000F. Dispersions drop-cast
onto silicon wafers at �70 �C, which were then adhered to
cylindrical SEM stubs using carbon tape. All SEM samples were
sputtered with gold to increase conductivity for obtaining high
resolution images. Ultraviolet-visible (UV-vis) spectroscopy
measurements were performed using on a Cary 60 (Agilent
Technologies) using 10 mL cuvettes. Fourier transform infrared
radiation (FTIR) spectroscopy with attenuated total reectance
(ATR) on a Thermo Scientic Nicolet iS10 was performed on
samples of dried dispersions on a germanium crystal. Ther-
mogravimetric analysis (TGA) was performed on a TA Instru-
ments Q50 to investigate thermal degradation proles with at
least 10 mg of solid material in a platinum pan under argon
atmosphere. The degradation prole was measured by heating
at a rate of 10 �Cmin�1 to 120 �C, holding isothermal for 30 min
to remove residual adsorbed water, heating at 5 �C min�1 to
RSC Adv., 2021, 11, 31608–31620 | 31617

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05323j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 5
:4

2:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
800 �C, and then holding isothermal for 45 min. Raman spectra
were collected on a Renishaw inVia Raman microscope using
a 514 nm laser. X-ray diffraction was performed on AXRD+
Powder Diffractometer (Proto Manufacturing) with a Cu Ka
radiation (l z 1.54 Å) at a slow scan rate of 0.01� s�1 of
diffraction angles 2q from 5 to 70�.

Electrochemical measurements

Once the materials were characterized, electrodes were fabri-
cated for electrochemical measurements. Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
measurements were carried out using a Gamry Interface 1000 E
Potentiostat. The electrochemical experiments were performed
in a three-electrode mode, including a silver/silver chloride (Ag/
AgCl) reference electrode, platinum (Pt) wire counter electrode,
and working electrode composed of sample/CB/PTFE (80/15/5%
by wt) dried on nickel foam current collector. The electrolyte
tested in this work is 1 M Na2SO4. The specic capacitance
(F g�1) was calculated from the CV curves by the following
equation:

C ¼
ð

I

n� DV �m
dV

where I is current (A), n is scan rate (V s�1), DV is potential
window (V), and m is the mass (g).
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6 F. Rodŕıguez-reinoso, Carbon, 1998, 36, 159–175.
7 B. Jia and L. Zou, Chem. Phys. Lett., 2012, 548, 23–28.
8 J. E. Kim, J. H. Oh, M. Kotal, N. Koratkar and I. K. Oh, Nano
Today, 2017, 14, 100–123.

9 S. Pei and H.-M. Cheng, Carbon, 2012, 50, 3210–3228.
10 M. Kotal, J. Kim, J. Oh and I.-K. Oh, Front. Mater., 2016, 3, 29.
11 X. Huang, C. L. Tan, Z. Y. Yin and H. Zhang, Adv. Mater.,

2014, 26, 2185–2204.
12 K. Maleski, V. N. Mochalin and Y. Gogotsi, Chem. Mater.,

2017, 29, 1632–1640.
13 J. Orangi, F. Hamade, V. A. Davis andM. Beidaghi, ACS Nano,

2020, 14, 640–650.
14 P. Sobolciak, A. Ali, M. K. Hassan, M. I. Helal, A. Tanvir,

A. Popelka, M. A. Al-Maadeed, I. Krupa and
K. A. Mahmoud, PLoS One, 2017, 12, 18.

15 M.-Q. Zhao, M. Torelli, C. E. Ren, M. Ghidiu, Z. Ling,
B. Anasori, M. W. Barsoum and Y. Gogotsi, Nano Energy,
2016, 30, 603–613.

16 Y. Zhu, S. Murali, W. Cai, X. Li, J. W. Suk, J. R. Potts and
R. S. Ruoff, Adv. Mater., 2010, 22, 3906–3924.
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