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Abstract. Design and production of a-MnO2 structures over carbonaceous material is considered as potential strategy
for improving electrochemical performance of supercapacitors. This study describes the development of a simple method
for hydrothermal synthesis of a composite material with directly anchoring a-MnO2 over a nanographite matrix. The
nanographite matrix was obtained by electrochemical exfoliation of graphite rods (from depleted Leclanché batteries) and
characterized by X-ray diffraction (XRD), Raman spectroscopy and field emission gun-scanning electron microscopy
(FEG-SEM). The obtained results indicated that nanographite produced presented low levels of defects with a mild
oxidized surface. This nanographite was used as anchoring base for producing MnO2 particles, using the developed
hydrothermal procedure. For paralleling, pure MnO2 particles were also produced in same conditions. The prepared
materials were characterized by XRD, Raman spectroscopy and FEG-SEM. XRD patterns proved formation of a-MnO2
for pure and composite materials. Morphological characterization indicated the formation of nanoneedles in both situations; however, in the composite the a-MnO2 was produced as smaller nanoneedles homogeneously spread over the
nanographite surface. Raman spectra showed that the desired composition was achieved. Electrochemical characterization
showed that the adopted strategy was successful in producing materials with improved pseudocapacitive performance,
high reversibility, presenting specific capacitance of 279.8 F g-1 and coulombic efficiency of 99.7%.
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Introduction

Electricity generated from renewable sources, such as solar
and wind power, offers enormous potential for meeting
future energy demands. However, access to solar and wind
energy is intermittent, whereas electricity must be reliably
available for 24 h a day. Electrical energy storage devices
will therefore be critical for effectively leveling the cyclic
nature of renewable energy sources [1]. They are also a key
enabler in numerous areas of technological relevance
ranging from transportation to consumer electronics. Most
of the accessible electrical energy storage systems can be
separated into two main categories: batteries and supercapacitors (also known as ultracapacitors or electrochemical
capacitors) [2]. Batteries store energy in the form of
chemical reactants, whereas supercapacitors store energy
directly as charge on the electrochemical double-layer
(electrochemical double-layer capacitors (EDLCs)) and/or
over fast faradaic process known as pseudocapacitance [3].
EDLCs usually use high surface area carbon-based materials [4,5], while pseudocapacitors use materials as

transition metal oxides [6,7] or electrically conducting
polymers [8,9] that are able to promote fast electron transfer
process.
Among the materials that can be used as electrodes in
supercapacitors, graphene and graphene-like materials have
attracted great scientific interest as a revolutionary material
for direct charge storage on the electrochemical doublelayer because they presented abundant surface functional
groups, superior electrical conductivity, high surface area to
volume ratio and good chemical stability [10–13]. In terms
of supercapacitive behaviour, one of the most interesting
materials is manganese dioxide (MnO2) due to its low-cost,
abundance and non-toxicity compared to other inorganic
oxides such as cobalt, nickel and vanadium [14].
Despite their remarkable properties, the industrial scale
use of graphene and graphene-like materials is still hindered
by the lack of effective methods for mass production and by
the high cost of the available synthesis process [15].
Chemical oxidation–reduction methods using bulk graphite
as starting material have been the most popular ones to
produce large amounts of graphene-like nanosheets.
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However, those methodologies fail in the capability of
preparing materials with few defects and low oxygen content [16]. Electrochemical exfoliation process of bulk graphite has been demonstrated as a suitable procedure
regarding the production of high-quality graphene [17].
However, the material produced by this approach is frequently obtained as few-layer graphene or graphite
nanocrystals (graphene-like materials (GM) composed of a
few to several tens of parallel flat graphene layers) [18].
Those materials can be prepared much easier than other
carbon nanomaterials presenting adequate level of defects,
which allows stable suspension formation in different solvents (including water) allied to a high conductivity without
further treatment [19,20]. Furthermore, the presence of
different oxygen-containing functional groups, such as
basal plane epoxy and hydroxyl groups; and carbonyl and
carboxylic groups at the material edges, are important since
they serve as binding sites for the attachment of metal
oxides with well-defined shapes, sizes and crystallinity, via
strong chemical interactions [21,22].
In terms of pseudocapacitive behaviour, there has been an
increasing interest in developing materials based MnO2
with nano and tunnel structure, owing to their wide structural diversity combined with structural flexibility unique
chemical and physical properties, which make this MnO2
structures highly desirable not only for energy storage but
also for a wide range of technological applications [23–33].
The MnO2 can exist in different crystallographic forms,
including a, b, c, d, k, etc., which differ in the way the basic
octahedron [MnO6] units are inter-linked, creating structures formed by 1D tunnels (a, b, c), 2D layers (d) and 3D
channels (k), where these tunnels or interlayers possess
gaps of different magnitudes [34,35]. All different technological MnO2 applications mentioned above strongly
depend on many factors directly linked with the crystallographic form and dimensional structure of the oxide, such as
particle size, specific surface area (SSA), morphology, bulk
density, porosity and homogeneity [36]. Among those
structures, 1D a-MnO2 is a nanoneedle structure having
[MnO6] octahedral sharing edges and corners, forming a
[2 9 2] tunnel that can provide a unique opportunity to
engineer high technological devices with improved electronic and ionic conductivity [37,38]. This a-MnO2 is
expected to offer larger SSA and better electrochemical
performance than their bulk counterparts, effectively combining the contribution from both surface and bulk reactions
due to its special tunnel structure [39].
Considering the possibility of combining the two materials described above regarding the preparation of a hybrid
material for supercapacitor application, a literature survey
shows that several studies have been reporting different
synthesis routes to produce GM/a-MnO2 composites
[13,23,24,38,40–44]. Among all these methods, hydrothermal approach has attracted most of the attention because it
is fast, needs few steps, usually simple processed, allows
easy control of the material morphology connect to the fact
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that can permit large-scale production [45]. However, this
hydrothermal methodology presents a tendency in producing d-MnO2 (which has been proven to have the second
largest specific capacitance among various MnO2 structures) instead of a-MnO2 (which presented the highest
specific capacitance among various MnO2 structures) [26].
Several studies have demonstrated that massive presence of
oxygenated functional groups on the GM surface enhances
the interaction with the manganese divalent cation. This
interaction is considered as the first step along a growth/
anchoring mechanism for the formation of MnO2 on the
GM surface. Consequently, a highly oxygenated surface can
facilitate the formation of MnO2 structure [13,46,47], so the
use of GM presenting high levels of oxidation defects can
favour the formation of GM/a-MnO2 composites in
hydrothermal approach [24,38,40,41,48].
Regarding the considerations described above and the
intention to prepare materials useful for supercapacitor
application, this work presents the development of a
hydrothermal methodology intending to enhance the production of the 1D a-MnO2 structure directly over a mild
oxidized surface of a GM obtained by electrochemical
exfoliation of graphite rods from Leclanché depleted batteries. The produced composite material had its structure
and morphology elucidated by X-ray diffraction (XRD),
Raman and field emission gun-scanning electron microscopy (FEG-SEM) images. Additionally to the experimental
analysis, we have performed some theoretical calculations
intending to clarify the interaction between manganese
divalent cation and oxygen-containing group on the used
GM, referred as the first step along the growth/anchoring
mechanism [13,46,47]. The electrochemical characterization regarding the application of the produced materials as
active constituent on supercapacitors are also described.

2.
2.1

Experimental
Synthesis of graphene-like material

GM was obtained using a process described elsewhere in
the patent BR1020130194786 (in Portuguese) [46]. A graphite rod obtained from exhausted Leclanché batteries was
electrochemical exfoliated under controlled parameters of
electric current/potential and electrolyte concentration. The
resulting solution undergoes several purification steps and
then the GM was obtained in a black powder form.

2.2

Synthesis of a-MnO2

For synthesizing 1D a-MnO2 structure, 0.002 mol of
potassium permanganate (KMnO4) supplied by ACS
Cientı́ficaÒ (Brazil) and 0.003 mol of manganese sulphate
(MnSO4H2O) supplied by LabSynthÒ (Brazil) was dissolved in 100 ml distilled water. The mixture was then
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transferred to a 120 ml Teflon (PTFE)-lined autoclave,
sealed, placed in an oven and heated at 160°C for 12 h.
After this period, the autoclave was naturally cooled to
room temperature and the solution was filtered. The brown
powder obtained was washed several times with distilled
water and dried at 65°C for 18 h.

2.3

Synthesis of binary GM/a-MnO2

Firstly, 0.225 g of the obtained GM was added to a 50 ml
of a 1.0 mol l-1 KOH, supplied by LabSynthÒ (Brazil),
solution under stirring and heated at 50°C for 30 min to
create an optimized dispersion. Then, the dispersion was
cooled down naturally and neutralized with concentrated
H2SO4, supplied by LabSynthÒ (Brazil), up to pH 7. In
the second step, 0.088 g of MnSO4H2O was added to the
dispersion and stirred for 20 min, for a good interaction
of the Mn2? ions with the oxidized sites in the GM.
Then, 50 ml of a solution containing 0.055 g of KMnO4
was added to the dispersion, stirred for 20 min and
transferred to a 120 ml Teflon (PTFE)-lined autoclave,
sealed and heated in an oven at 160°C for 12 h. The
autoclave was cooled down to room temperature and the
resulting solution filtered. The black precipitate obtained
was washed several times with distilled water and dried at
65°C for 18 h.

2.4

Structural characterization

The X-ray diffraction patterns of the synthesized materials
were determined by a Rigaku Ultima IV diffractometer
using CuKa radiation (k = 1.5406 Å) operated at 40 kV/
30 mA. The diffraction patterns were recorded using 0.02°
per step and 1° min-1 in the range 5° \ 2h \ 75°. Raman
shift spectroscopy of the products was recorded by BRUKER Senterra using a 532 nm laser source and an excitation
power of 20 mW. The morphology of synthesized materials
was examined by FEG-SEM using a scanning electron
microscope Tescan Mira 3.

2.5
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deposited and pressed (60 kN, 5 min) on a stainless-steel
mesh (with openings of 1 mm2), producing an active area
of 0.3 cm2. The described process was used for all
materials characterized by electrochemical measurements.
A platinum (Pt) foil with an area of 1 cm2 was used as
auxiliary electrode and a saturated Ag/AgCl electrode was
used as reference. For all electrochemical measurements,
the support electrolyte used was a 1 mol l-1 Na2SO4
solution at pH 7.
The obtained materials had their electrochemical behaviour characterized by cyclic voltammetry (CV),
chronopotentiometry charge/discharge (CD) and electrochemical impedance spectroscopy (EIS) measurements.
For the CV experiments, the measurements were performed by the dynamic polarization of the working electrode between 0.0 and 0.8 V (vs. Ag/AgCl sat.) at a scan rate
of 10 mV s-1.
The CD tests were performed, applying to the working
electrode a current density of 0.5 A g-1 for charging and
–0.5 A g-1 for discharging, taking as cut off potential the
limits values of 0.0 and 0.8 V (vs. Ag/AgCl sat.). The
specific capacitance values were calculated using the CD
curves according to the following equation:
Cs ¼

i  Dt
m  DV

ð1Þ

where i is the charge/discharge current (A); m is the total
mass of active materials (g) on the electrode; Dt is the
discharge time (s) and DV the total potential change during
a complete discharge (V). The coulombic efficiency (CE) of
electrode was calculated from the charge/discharge curves
using following equation:
CEð%Þ ¼

td
 100
tc

ð2Þ

where td and tc are the discharge and charge times,
respectively.
The EIS studies were performed under the application of
the open circuit potential (OCP, obtained after 600 s of
stabilization). The AC perturbation was applied using a
frequency range between 105 and 0.1 Hz, considering
27 frequencies per decade and a potential amplitude of
0.01 mV.

Electrochemical measurements

The electrochemical measurements were performed using
a Potentiostat/Galvanostat Methrom Autolab model M204,
equipped with electrochemical impedance module FRA32.
A conventional 30 ml and 3 electrodes electrochemical
cell was used. The working electrode was assembled using
a paste prepared with 3.2 mg of the active material, 0.4 mg
of active carbon (Carbon Black—Vulcan) and 0.4 mg
polyvinylidene fluoride (PVDF—Sigma Aldrich). This
mixture was homogenized using N,N-dimethylformamide
as solvent. After the complete evaporation of the solvent,
using a hydraulic press, the resulting powder was

2.6

Computational details

Theoretical calculations were performed in the framework
of the density functional theory with PBE exchange-correlation functional using Gaussian09 package [47,49]. An
hexa-coordinated transition metal complex [M(H2O)6]?n
(M = Sc to Zn) correspond to the major species in aqueous
solution, being responsible for many kind of chemical
reactions. In this study, we consider the interaction of
[Mn(H2O)6]?2 with GM containing hydroxyl and epoxy
groups. Such aqua complex has been largely investigated
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from both experimental and theoretical efforts [50–53]. The
stability was evaluated from the calculated adsorption
energies (Eads), as follows:
Eads ¼ E½GM...MnðH2 OÞ 2þ  ðEGM þ E½MnðH2 OÞ 2þÞ
6

ð3Þ
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Results and discussion

The structural characterization of the GM produced by the
electrochemical exfoliation was performed by XRD, Raman
spectroscopy and FEG-SEM, and the obtained results are
displayed in figure 1.
Figure 1a shows the XRD pattern of the GM synthesized
by electrochemical exfoliation. It is possible to observe
three characteristic diffraction regions for carbon materials:
(i) an intense peak at 26.2° assigned to the (002) graphite
diffraction; (ii) a broad peak in the 2h interval of 40–50°,
caused by the merge of the lines (100) and (101) for
reflections of the common hexagonal phase for the graphite
and the lines (101) and (012) assigned to the rhombohedral
graphite phase (inset) and (iii) a weak peak at 54.1°
assigned to the (004) graphite reflection [57].

002

where EGM, E½MnðH2 OÞ 2þ and E½GM...MnðH2 OÞ 2þ correspond
6
6
to the optimized total energies of isolated GMs (epoxy and
hydroxyl), divalent manganese ion and the complexes of
GMs and manganese ion, respectively. For structure
relaxations, C, O and H atoms were described by cc-pVDZ
basis set, while the manganese atom was represented by
effective core potentials with double zeta (DZ) quality
developed by the Los Alamos National Laboratory
(LANL2DZ) [54]. The solvent effect in the geometric
optimization was employed using the conductor polarized
continuum model [55,56].
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Figure 1. (a) XRD pattern, (b) Raman spectrum, (c) FEG-SEM image and (d) TEM image of the GM synthesized by
electrochemical exfoliation of graphite rod from exhausted Leclanché batteries.
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The ratio between the intensity of the peaks observed at
the interval of 40–50° and the one referred to the (004)
reflection in relation to the peak (002) is smaller compared
to the ratio observed for the graphite rod without treatment
[58]. Moreover, both (002) and (004) peaks for the GM
obtained from electrochemical exfoliation are broader than
for the graphite rod without treatment, indicating a decrease
of crystallite size of the material obtained after electrochemical exfoliation [59]. Those two former remarks added
to the observed merge of the lines for hexagonal and
rhombohedral phase for 2h interval of 40–50° are consistent
with the production of nanographite [60]. Additionally, it is
possible to notice the absence of any signal at the regions of
2h close to 10°. The absence of this signal is an indicative of
a very low amount of graphene oxide (GO) structure, so the
electrochemical exfoliation process performed is able to
produce materials with low level of oxidation defects.
The Raman spectrum obtained for the GM synthesized by
electrochemical exfoliation is shown in figure 1b. This
figure displays a typical nanographite pattern with the
G-band at *1573.58 cm-1 and a D-band at *1343.43
cm-1 [60,61]. The G-band is the primary mode in graphene-related materials. It represents the planar configuration of sp2-bonded carbons, while the D-band represents a
ring-breathing mode from sp2 carbon rings. Such as this
mode is only active for ring adjacent to edges or defects
presented by the sp2 plan, it is also considered the ‘disorder’ band or the ‘defect’ band since one generally refers to
defects in sp2 plan as anything that breaks the symmetry of
the infinite carbon honeycomb-shaped lattice. However, the
increase on the D-band intensity also refers to the presence
of stacked graphene. Therefore, the intensity ratio of the D
mode and G mode (ID/IG) is often used to evaluate the
defects in GMs and the formation of few-layers graphene
materials or nanographite. The ID/IG value for the GM
produced was calculated as 0.77. This value reveals a
presence of a certain level of defects, but also is consistent
with formation of nanographite [60]. The spectrum displayed in figure 1b also shows bands at the regions between
2000 and 3500 cm-1 assigned to 2D, D?G and 2D0 modes.
In this region, the 2D mode brings information about the
graphene layer thickness since different numbers of staked
layer produce a change on the band’s shape. The profile of
the bands showed in the mentioned region is also in
accordance with the production of nanographite material
[62].
From the FEG-SEM image, shown in figure 1c, the GM
shows obvious exfoliated structure as compared to that of
its precursor graphite powder. It can be observed that
nanographite material has an agglomerated layer-like morphology, maintaining a substantially comprised of wrinkled
or folded thin sheets with the size of tens of micrometres,
possibly constructed by the restacking process of the GM
sheets. Figure 1d shows a TEM image of the GM powder. It
is noteworthy that the material still present a lamellar
structure with structural integrity. This observation is in
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accordance with the XRD pattern shown in figure 1a, since
the peak at *26.2° due to the assignment of the (002)
graphite diffraction presents a broadening at the peak base
caused by the increase in the interlayer distance.
The results presented and discussed above have demonstrated that nanographite particles could be produced with a
low degree of oxidative defects by mild electrochemical
exfoliation. Therefore, this material was then applied for the
assembly of a composite material with inclusion of a-MnO2
nanoneedles over the surface of the nanographite produced.
The hydrothermal process was chosen and planed
intending to enhance the preparation of a-MnO2 structure
over the mild oxidized surface of the produced carbon
material. The synthesis of the hybrid composite GM/aMnO2 can be separated in two basic steps. First, the formation of a stable suspension of GM obtained by the
electrochemical exfoliation route and, second, the anchoring of a-MnO2 1D nanoneedles over the matrix of GM
through a redox hydrothermal reaction between MnSO4H2O
and KMnO4, as follows:
2KMnO4 þ 3MnSO4 þ 2H2 O
! 5MnO2 þ K2 SO4 þ 2H2 SO4
Although the exact mechanism of formation, growth and
anchoring of a-MnO2 on the GM surface is not completely
understood, several authors suggest that by adding the
MnSO4H2O suspension, the Mn2? ions are adsorbed on the
surfaces and edges of the GM due to the electrostatic force
between these metallic ions and the highly negatively
charged oxygen-containing functional groups [13,63,64].
Then, adding KMnO4 to the mixture promotes the redox
reaction between Mn2? and Mn7? ions and cause the rapid
formation of a large amount of MnO2 nuclei, clearly
observed by the instant appearance of a black-brown precipitate. In fact, this behaviour is predicted and presented in
detail in the following density functional theory calculations
discussion.
The structural characterization of synthesized GM/aMnO2 was performed by the investigation of the crystallographic profile obtained from the XRD pattern, as shown
in figure 2a. Alongside the pattern of pure MnO2 produced
also by hydrothermal methodology is also displayed in
figure 2a. All observed peaks, for both materials, perfectly
match with the pure tetragonal a-MnO2 (JCPDS no.
44-0141), space group I4/m with lattice constants of a =
0.97847 nm and c = 0.28630 nm, with the main peaks at 2h
values around 12.5, 17.9, 28.6, 37.4, 41.9, 49.8, 60.2 and
69.4 indexed to (110), (200), (310), (211), (301), (411),
(521) and (541) crystallographic planes, respectively
[65,66]. Additionally, figure 2a and c displays the FEGSEM image presenting the microstructure and surface
morphology of the synthesized GM/a-MnO2 composite and
pure a-MnO2, respectively.
At the diffraction pattern of the GM/a-MnO2 composite,
the peak for the basal plane (002) of the GM material
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Figure 2. (a) XRD pattern of (i) GM/a-MnO2 composite; (ii) pure a-MnO2 and (iii) a-MnO2 (JCPDS no. 44-0141);
(b) FEG-SEM images of the GM/a-MnO2 composite and (c) pure a-MnO2 nanoneedles.

presented at 2h value of 26.3 (as showed in figure 1b) is not
clearly observed, indicating a massive production of the aMnO2 particle over the GM surface. It is important to
mention that some extension on blocking the restacking of
GM sheets presented in suspension during the MnO2 formation could take place and contribute on the decreasing of
the intensity of the peak due the nanographite (002)
reflection. However, the FEG-SEM images (showed in
figure 2b) indicate that the principal reason for the lack of
this peak on the GM/a-MnO2 composite pattern is the huge
amount of nanoneedle formed over the GM surface, since it
indicates that the nanographite particles are in huge extension covered by this 1D MnO2 structure [67,68]. Furthermore, all the peaks observed in the diffraction pattern of the
binary composite GM/a-MnO2 matches with the synthesized pure a-MnO2.
From figure 2c, it is possible to observe characteristics
nanoneedle structure of a-MnO2 that was successfully
formed by the hydrothermal process and no other morphology can be observed. The image shows well-crystallized MnO2 nanoneedles having a smooth texture, with a
length from approximately 0.8 to 2.5 lm and diameter of
0.1 to 0.2 lm [69,70].

The morphological characteristics of the GM/a-MnO2
composite, as already mentioned, are displayed in figure 2b. In this figure, it is clearly observed that the aMnO2 nanoneedle structure was efficiently synthesized on
the carbon matrix, with homogeneous propagation over
surfaces of nanographite. The a-MnO2 crystals synthesized over the carbon matrix have reduced length and
diameter, very likely due to an increase in the number of
nucleation sites present in this matrix. Nevertheless, the
wires obtained for the pure a-MnO2 are much longer than
the ones observed for the composite material. In the
conditions for the hydrothermal synthesis of the pure aMnO2 shorter nanoneedles may be re-dissolved into the
solution phase, and the longer ones grow into much longer
ones. The absence of a stabilizing anchoring surface
promotes the diffusion of atoms absorbed on the shorter
nanoneedles to energy favourable positions, resulting in
the enhancement of the crystallinity and c-axis orientation
of the crystal [71]. However, when the MnO2 is synthesized in the presence of the GM, the wrinkled and folded
carbon surface act in stabilizing formation of shorter
nanoneedles, resulting in crystals with reduced dimensions
[70].
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Figure 3. Raman spectra of (i) GM/a-MnO2 composite; (ii) GM
and (iii) a-MnO2 obtained using a 532 nm laser source as
excitation.

The GM/a-MnO2 composite and the pure a-MnO2
material were also characterized by Raman spectroscopy
and their spectra are displayed in figure 3, along with the
Raman spectra of the produced nanographite (already
showed in figure 1).
The Raman spectrum of the pure a-MnO2 showed only
three main bands at 182, 568 and 641 cm-1 along with a
weak band at 380 cm-1, that are the characteristic spectral
features of typical a-MnO2 phase. All the bands can be
attributed to the Mn–O lattice vibrations within the MnO6
octahedral double chains and are consistent with some
previous reports about a-MnO2-type materials [72–75]. The
strong bands at 568 and 641 cm-1 and the other weak bands
between 500 and 750 cm-1 are attributed to symmetrical
Mn–O stretching vibrations of the MnO6 octahedral and are
assigned to the spectroscopic modes, which indicate a welldeveloped tetragonal structure with an interstitial space
consisting of [2 9 2] tunnels [73,76]. The low-frequency
Raman band at 182 cm-1 is attributed to the deformation
modes of the Mn–O–Mn chain in the MnO6 octahedral
lattice. All the Raman bands obtained and described above
indicated the formation of the a-MnO2 crystal structure.
The Raman spectrum of GM/a-MnO2 composite shows
both, the characteristic D, G and 2D as described for the
GM matrix and the bands of the pure a-MnO2. This
observation demonstrates the production of the composite
material as previously planned. It is worth to notify the
absence, in the composite material Raman spectrum, of the
band at 182 cm-1, assigned to the deformation modes of the
Mn–O–Mn chain in the MnO6 octahedral lattice. This fact
could be caused by the formation of smaller nanoneedles
stabilized by the carbon surface, fact that can avoid the
occurrence of lattice distortion.
The results discussed so far indicates the possibility of
producing GM/a-MnO2 composite material using a mild
oxidized carbon surface. Considering the best of our
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knowledge, results like these have not yet been reported.
Based on this fact, a simple modeling was developed considering the interaction of the aqua complex [Mn(H2O)6]?2
with oxygenated groups, like hydroxyl (GM–OH) and
epoxy group (GM=O), which can be produced over the
nanographite surface due to a mild oxidation process. Such
interactions were evaluated in terms of structure relaxations
and stabilization of the calculated adsorption energies
(Eads).
The model indicates that the interaction of the aqua
complex with the two different oxygenated groups is
diverse. Table 1 shows the features obtained for the two
interactions. For the GM–OH group, the interaction
between Mn2? cation and hydroxyl groups (2.186 and 2.121
Å) is bidentate. This characteristic induces a structural
rearrangement around Mn2? cations, which becomes a
penta-coordinated site, as described by three short bond
paths (2.185, 2.192 and 2.287 Å) and three elongated
interactions (3.839, 3.759 and 3.590 Å) when compared to
the isolated cluster. In this case, the adsorption energy was
calculated as –18.85 kcal mol-1. On the other hand, the
interaction of the Mn2? cation with the GM=O group is
described by an elongated bidentate Mn2?–O=GM structure
(2.355 and 2.330 Å) when compared to the GM–OH (2.186
and 2.121 Å). Also, the interaction between the Mn?2 and
the GM=O presented a smaller adsorption energy, calculated as –18.03 kcal mol-1. Furthermore, the geometry
around the Mn?2 cation remains almost unchanged in
comparison to the isolated cluster. Indeed, the calculated
Mn–OH bond path are smaller than Mn–(O) one, indicating
that Mn2? cation prefers to be surrounded by the solvation
shell instead of interacting with the GM=O group. Such
findings are in accordance with the different chemical
environment presented by epoxy and hydroxyl groups,
once –OH are more negatively charged (–0.41 |e|) than
–O– (–0.33 |e|) site.
The calculations in table 1 demonstrated that it is possible to assume that hydroxyl groups linked to the GM surface are preferable sites for the Mn2? anchoring mechanism
when compared to epoxy groups. Based on the above discussion, it is possible to infer that even the mild oxidized
Table 1. Calculated Mn2? bond paths (Å) for isolated aqua
complex and for the complex interacting with the different oxygenated superficial group.
Bond paths

Isolated

MnOH2

2.217
2.207
2.244
2.217
2.248
2.224
—
—

MnGM

GM–OH

GM=O

3.759
3.839
3.590
2.287
2.185
2.192
2.186
2.121

3.547
2.369
2.286
2.210
2.214
2.235
2.355
2.330
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surface of the GM prepared are available for the anchoring/growth mechanism for the formation of the a-MnO2
structure.
After disclosing the structural characteristics of the prepared materials, their electrochemical behaviour was evaluated focusing on the capacitive performance. Figure 4a
displays the CVs obtained for: the nanographite obtained by
electrochemical exfoliation (GM), the pure a-MnO2 nanoneedles obtained by the developed hydrothermal process
and for the GM/a-MnO2 composite. It is clear from CV that
the composite presents the higher capacitive values and the
pure a-MnO2 nanoneedles presented the second higher
values.
It can be noticed that none of the materials presented the
ideal capacitive behaviour represented by a perfect rectangular voltammogram [77]. Typically, the reasons for a

3.0

GM
α-MnO2

2.0

GM/α-MnO2

(2021) 44:62

displacement from the ideal behaviour are related to a low
electrical conductivity of the material and to a slow ionic
diffusion kinetics inside pores or even into the bulk of the
material [77]. In the case of the GM/a-MnO2 and a-MnO2,
it is possible to observe broad peaks current: Epa = 0.72 V,
Epc = 0.45 V, Epa = 0.71 V, Epc = 0.32 V, respectively.
Those redox processes are assigned to the changes on the
oxidation number of Mn, mainly to process Mn?3/Mn?4.
The appearance of these current peaks indicate a kinetic
limitation on the electron transfer due to mass transport
[78]. Furthermore, it can be observed that the DEp
(Epa-Epc) for the pure a-MnO2 is more than 100 mV
higher when compared to the value for GM/a-MnO2. This
kind of behaviour indicates that the material presents an
even higher kinetic limitation for the electron transfer
processes. A close observation on the voltammogram for
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Figure 4. Comparison of the electrochemical behaviour of the prepared materials using 1 mol l-1 Na2SO4 solution at pH 7:
(a) cyclic voltammetry (CV), scan rate = 10 mV s-1; (b) chronopotentiometric charge/discharge (CD), iappl. = 0.5 A g-1 and
(c) electrochemical impedance spectroscopy (EIS) obtained at OCP (vs. Ag/AgClsat.) and Eamplitude = 0.01 V.
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Table 2. Calculated values of specific capacitance (F g-1) and
coulombic efficiency (CE) of synthesized GM, a-MnO2 and GM/
a-MnO2 composite.

GM
a-MnO2
GM/a-MnO2

Specific capacitance
(F g-1)

Coulombic efficiency
(CE)

40.3
96.5
279.8

95.8%
96.9%
99.7%

the a-MnO2 shows a slight slope on this curve. This fact is
consistent with the existence of an Ohmic drop (IR-drop)
caused by the low electric conductivity of the MnO2.
Considering the morphology of the materials, discussed
above, it is possible to infer that the performance of the
GM/a-MnO2 composite in term of capacitance is related to
the presence of the small a-MnO2 nanoneedles deposited
over the GM surface. The formation of smaller structures
is crucial to enhance the capacitive performance of MnO2
since the mechanism for pseudocapacitance in this material arise from fast superficial redox reaction, with very
low contribution of capacitance from bulk intercalation
[77].
The charge–discharge curves, obtained at 0.5 A g-1 for
the three different materials are presented in figure 4b. The
same behaviour apparent on the CV measurements can be
inferred from this kind of the experiment, that is the GM/
a-MnO2 composite shows the highest capacitance value,
followed by the pure a-MnO2 nanoneedles. In addition, the
low electrical conductivity of the MnO2 materials is
apparent due to observation of an IR-drop of 60 mV on
beginning of the discharge branch of the chronopotentiometric curve. Moreover, the best capacitive performance of
the GM/a-MnO2 composite is also evident by the observation of a symmetric charge/discharge curve obtained for
this material. All specific capacitance values were calculated from equation (1) and are shown in table 2.
Table 2 also includes the calculated CE of all synthesized
materials, calculated from equation (2). Since the amount of
stored energy that a capacitor can supply is commonly
calculated from its discharge process, ideally, the energy
involved in this process should be the same as that used in
the charging process, with no energy wasted. In this case,
the closer to 100% the ratio between discharge/charge
period in CD curves, the more efficient the energy storage
process will be [79]. For the GM/a-MnO2 synthesized
composite, the 99.7% CE presented indicates a high electrochemical reversibility [58].
Wu et al [80] published a series of recent results for the
electrochemical performance of MnO2/carbon materials.
Comparing the value of 279.8 F g-1 (with iappl. = 0.5 A g-1),
obtained for specific capacitance of the GM/a-MnO2 composite produced in this work with results organized in the
former reference, it is possible to infer that the GM/a-MnO2
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produced presents a comparable value for the MnO2/
graphene materials published between 2010 and 2019 [80].
Figure 4c displays the EIS curves obtained for the studied
materials in the same range of frequencies. On contrary of
the other electrochemical experiments, the EIS profiles
reveal some new insights on the electrochemical behaviour.
All three materials presented a small semicircle in the
region of high frequencies, indicating there is a hindrance in
transferring charge at the interface. The diameter of the
semicircle is associated with the charge transfer resistance
(Rct) and it is established with the intercept points of the
real-axis at high-frequency region and middle frequency
region. It is possible to notice that the Rct values for the
materials are relatively small and are in the range between
25 and 35 X [81]. This observation is consistent with the
presence of the MnO2, however, for the pure GM it was
expected to observe only a straight line with a slope close to
90°, behaviour consistent with a capacitor working with fast
ion diffusion. The semicircle observed for the GM EIS
curve can be explained considering that the GM material
presents oxygenated functional groups that can promote
faradaic processes on the surface of the material, additionally the existing non-homogeneous porosity introduces a
kinetic limitation to the electron transfer due to the mass
transport generating the semicircle at the Nyquist diagram.
At the low frequency region, the EIS curve for the GM
presents a profile consistent with a capacitive behaviour due
to double layer charging [82].
The low frequency region for the EIS measurement for
the MnO2 materials show linear behaviour but with a slope
lower than 90°. The lower slope is presented by the a-MnO2
and this is consistent with a slow pseudocapacitive behaviour represented by the Mn redox process with the contribution of some limitation by mass transport. In the case of
the GM/a-MnO2 composite, the slope of the EIS curve, at
low frequencies region, is smaller than the one for the GM
but noticeably similar. This behaviour is consistent with an
enhancement on the rate of the Mn redox process,
improving the pseudocapacitance. This improvement is
caused by the production of small nanoneedles over the GM
surfaces, since the pseudocapacitive process in MnO2 is
mostly superficial.

4.

Conclusion

In summary, a simplified hydrothermal method has been
proposed to prepare MnO2/GO composite using carbon
matrix obtained by electrochemical exfoliation of graphite
rods from Leclanché depleted batteries. The XRD, Raman
and FEG-SEM characterization of the carbon matrix produced reveal that this material can be classified as a nanographite with a mild oxidized surface (labelled as GM).
In terms of the GM/a-MnO2 composite produced, the
XRD pattern showed the formation of tetragonal a-MnO2
over the GM surface. The microstructural analysis
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confirmed the formation of MnO2 nanoneedles dispersed on
the GM surface. Raman characterization indicates the
anchoring of the MnO2 on the GM surface and the formation of the hybrid material.
For paralleling, pure a-MnO2 were also produced by the
hydrothermal process at the same conditions. The XRD
pattern of the material produced is indicating the formation
of tetragonal a-MnO2. The morphological characterization
of this pure MnO2 showed the production of autostanding
nanoneedles with higher dimensions when compared to the
particles produced over GM surfaces.
The theoretical model has shown that hydroxyl groups
possibly presented on the mild oxidized GM surfaces are
preferential sites for the Mn2? adsorption and so to the
formation of MnO2 seeds. Compared with other reported
works, the developed method described here, allow the
formation of a-MnO2 nanoneedles over a GM surface with
low degree of oxidation when compared with the materials
prepared by Hummers or modified Hummers methods.
Hence, the studied surface presents a much less activated
character to the a-MnO2 formation; however, the methodology described in this article has a low cost, it is ecofriendly, time and energy saving, which are beneficial
aiming a possible scale up for the industrialization of this
kind of composite.
The electrochemical characterization showed a superior
performance, in terms of capacitive character, of the GM/
a-MnO2 composite. This material presented high charge/
discharge reversibility and specific capacitance of 279.8 F g-1
with a CE of 99.7%. This enhancement is due to the
homogeneous distribution of the MnO2 nanoneedles over
the GM surface with low dimension, increasing the amount
of active material exposed to the electrolyte solution.
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