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Structural phase stability and homogeneity of the electrochemically synthesized Mn,V,0; (MVO) on
nanocarbon network structures are investigated. The cup-stacked multi-walled carbon nanotubes (CNTs)
and electrolytic graphene oxide (eGO) are the networks exploited in present work. It is shown that co-
electrodeposition of carbonaceous network and V,05.nH,0 followed by electro-insertion of Mn2* cations
results in the formation of intermixed S-Mn,V,0; nano-structures. The morphology and surface chem-
istry of the synthesized nano-structures is studied via high-resolution electron transmission and scanning
X-ray photo-emission microscopies as well as Raman spectroscopy. The synthesized MVO on carbon fiber
surface in the absence of the nanocarbon network shows a non-uniform phase formation and uneven
coating distribution. The nanocarbon networks assisted MVO demonstrate uniform phase formation and
distribution. The dominant MVO structural phase product present in these samples differs with different
type of carbonaceous networks. The possible effect of the catalytic activity of the carbonaceous network
as well as their hydrophilicity on the final structural and phase formation is discussed. The present study
establishes new possibilities on catalytic assisted metal alloy oxide deposition for advanced applications.

© 2022 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction structure, oxygen anions, manganese (Mn2*) and vanadium (V°*)
cations occupy hexagonal closed packed sites, octahedral sites and
tetrahedral sites in alternating parallel layers. MVO is composed

with edge-sharing MnOg~ octahedra, forming (MnOs)~, layers,

Vanadium oxide and manganese vanadium oxide (MVO) have
been identified as a promising materials for advanced applica-

tions such as catalysts, battery electrodes, sensors and solar wa-
ter splitting [1-9]. Several studies have been carried out for the
synthesis of various manganese vanadium oxide phases with dif-
ferent structures and dimensions [10-17]. Out of these various
phases the Mn,V,0; has shown promising properties to be em-
ployed in the renewable energy technology. The Mn,V,07 struc-
ture, also known as manganese pyrovanadate (formula of A,B,0-,
where A and B are divalent and pentavalent, respectively), shows
a peculiar distorted honeycomb atomic arrangement. In the MVO
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which are shared with V,0; (di-vanadate) groups on both sides
of the honeycomb structure, producing a staggered configuration
with a linear bridging VOV bonds [18]. B-/y- Mn,V,0; phases
(monoclinic systems (c2/m)) exhibit higher structural stability be-
yond 300 K temperature. Mn2* cations in the 8- Mn,V,0; phase
consists of honeycomb layers separated by VO—4 groups pairwise
bounded through bridging oxygen. The valence state of manganese
may convert from Mn2t to Mn3*, which is an active state for
oxygen reduction reaction (involving electron transportation) and
contributes to catalysis, electrochemical energy storage and capac-
itive behavior. This makes the 8-Mn,V,0; a potentially interest-
ing material for solar water splitting applications [19]. However
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Fig. 1. Scanning electron microscope (SEM) of MVO deposited carbon fiber at low magnifications (a), MVO-CF (b-d), MVO-CNT (e-g), MVO-GO (h-j) at different magnifica-

tions.

the Mn,V,0- has shown structural instabilities, specially in elec-
trochemical redox process where multivalent states of manganese
(Mn2*t/3+) and vanadium (V3+/4+/5+) cations occupy the octahe-
dral and tetrahedral sites in a complex structure. On the other
hand, most of the manganese and vanadium oxide based elec-
trodes exhibit inherently poor electrical conductivity, which signif-
icantly reduces the electrochemical or photo-electrochemical de-
vices performance. Hence, the integration of manganese vanadium
oxide composite into the highly conductive carbonaceous networks
such as graphene or carbon nanotube could significantly enhance
the composite properties [20-23]. It has been shown that us-
ing multi-walled/single-walled CNTs can significantly improve the
electrochemical performance of MVO based cathode material for
multi-cations (i.e., Na™/Zn™") intercalation for batteries application
[5,10]. The incorporation of CNTs with MVO expanded the inter-
layer lattice spacing of MVO that makes the MVO/CNTs compos-
ite more suitable to host large radius of cations into its crystal
volume. The interlayer spacing along c-axis is strongly affected
by the presence of water molecules between atomic bilayers of
Mn,V,05.nH,0, which can be intercalated during the synthesis
in aqueous medium. The defective CNTs attract water molecules
due to its hydrophilic characteristics which results to form a hy-
drated MVO structure. The discharge capacity of electrochemical
device strongly depends on weight percentage (wt.%) of CNTs in-
corporation with metal oxide (Mn, V or Mn-V) nanostructures
[10,20]. The stable discharge specific capacity of ~ 400 mA h g-!
at a current density of 0.1 A g~! have been reported for Nat
and Zn* ion intercalation for MVO-CNTs composite for more than
100 charge-discharge cycles, which was calculated as compara-
tively high where the CNTs network was absent [5,10]. However,
the phase formation mechanism and its correlation to the stability
and distribution of MVO still remains unclear. In the present work,
we have investigated the electrochemically synthesized MVO sta-
ble phases on the surface of carbonaceous network surface of CNTs,

eGO and carbon fibers. The role played by the carbon network on
the enhancement of the MVO phase formation and distribution is
discussed.

2. Experimental

Electrochemical synthesis: Commercially available non-woven
graphitic carbon fiber (CF) felt made from poly-acrylonitrile (PAN)
was used as a substrate [24]. The CF substrate was cut into 7 mm
diameter pieces of ~ 3 mm thickness. The diameter range of sin-
gle carbon fiber was from ~ 10 to 25 wm. On the CF felt, cup-
stacked type carbon nanotubes (CSCNTs) were grown by a chemical
vapor deposition (CVD) method using a methanol precursor (car-
bon source), nitrogen gas as a carrier gas, a Co:Mn (1:1 wt. ratio)
catalyst, and methanol solvent. The CSCNTs were grown at a tem-
perature of 650 °C for 10 minutes in a tubular furnace. The GO was
prepared using 0.1 M H,SO4 and flake graphite powder (50 mg) in
an electrochemical reactor, where the graphite was attached to a
stainless-steel plate (5 x 5 cm?) using a slurry of graphite and 1%
of carboxymethyl cellulose. The potential was applied between the
graphite electrode and stainless-steel counter electrode (CE) dur-
ing two hours of polarization at room temperature. The measured
distance between the working electrode (WE) and CE was approxi-
mately 10 mm. To remove H,SO,, an anionic exchange column was
used. Afterward, GO dispersion was performed in a dry in-room at-
mosphere to form a particulate material. For electrochemical depo-
sition of vanadium oxide (V,05.nH,0) nanostructures, VOSO4.xH,0
powder (0.6 g) was dissolved into 60 ml 4:1 v:v ratio of DI-water
(80%) and ethanol (20%) (pH = 4) to prepare the electrolyte solu-
tion. For co-electrodeposition of vanadium oxide (V,05.nH,0) and
GO on CF, GO was added into VOSO4.xH,0, and an ethanol elec-
trolyte (1.6 % of VOSO4.xH,0 wt.%) was used under magnetic agi-
tation at an anodic potential of +4.0 mA for one hour [25,26]. Af-
ter the electrochemical deposition of V,05.nH,0, the samples were
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washed in deionized water and dry at 100 °C in vacuum oven. To
follow the electro-insertion of Mn2* cations into V,05.nH,0 struc-
ture, the samples were subjected to anodic polarization (+ 0.15 mA
for one hour) into an electrolyte prepared with 0.25 mol/liter of
Mn(CH3COOH), in DI-water (pH = 6), to achieve the final product
of MVO on different nanocarbons network of eGO, CNTs and CF.
Structural characterization: Scanning Electron Microscopy
(SEM) measurements were conducted on a ZEISS Gemini SIGMA
300 device at different magnifications. To confirm the presence of
different MVO phases on the surface, Raman scattering (RS) was
also performed. The Raman mapping was measured with a WiTec
alpha300R spectrometer equipped with a piezo stage. An excita-
tion laser wavelength of 532 nm and power of ~ 1.0 mW were
used. The laser was focused on the sample with a 50x objective
lens on a spot with a diameter of around 500 nm. The spatially
resolved Raman spectra were recorded using a 600 l/mm grating.
Two spectral integrations times of 30 s were used for single spec-
tra accumulation and mapping. Further details on the nanostruc-
ture were provided by high-resolution transmission electron mi-
croscopy (HRTEM) and selective area electron diffraction (SAED)
using a JEOL 2010 UHR field emission gun microscope operated at
200 kV with a measured spherical aberration coefficient (Cs) value
of 0.47 + 0.01.For more detailed chemical analysis of the MVO thin
film surface, Scanning Photoelectron Microscopy (SPEM) was per-
formed at the ESCA Microscopy Beamline 2.2L in the Elettra syn-
chrotron laboratory, Trieste, Italy. The SPEM approach has a high
spatial resolution for characterizing the nanomaterials at a sub-
micron scale, i.e., the X-ray photon beam is downsized to a sub-
micron spot, and the sample surface is then mapped by scanning
the sample with the focused beam. A beam diameter of 130 nm
was obtained by using zone plate diffractive optics. The overall en-
ergy resolution was better than 200 meV. An X-ray photon energy
calibration of 650.0 eV was performed by taking the Fermi-level
energy. Photoelectrons were detected at a 60° angle with respect
to the normal to the surface by using a 48-channel hemispherical
analyzer electron detector. The samples were annealed at a 300 °C
temperature inside the SPEM preparation chamber overnight under
ultra-high vacuum (~ 10~ mbar) to remove any residual water or
CO/CO, from the sample surface before the SPEM experiments.

3. Results

Within the electrochemical deposition process, the MVO phase
formation is expected to occur via the chemical reaction between
vanadium oxide and manganese acetate as indicated in the nomi-
nal reaction below:

V,05.0.5H,0 + 4MTI(CH3COO)2 — MnyV,07 + Mn, 03 +yCOOH‘
+x.H,0 4 y.CO5 1 (1)

In this process, the formation of manganese oxide and presence
of the residual vanadium oxide can also be expected. The electro-
chemical synthesis of MVO was performed on three class of pre-
pared substrates: the MVO on the carbon fibers (MVO-CF); MVO
on carbon fibers covered by CNTs (MVO-CNT) and MVO with elec-
trolytic graphene oxide on carbon fibers (MVO-GO). Surface mor-
phologies of MVO-CF, MVO-CNT and MVO-GO samples are shown
in Fig. 1. Low-magnification image shows the texture of non-woven
type CF and the uniformity of electrochemical MVO growth over
a large area. In SEM images, the non-woven type arrangement of
MVO-covered CF surface can be seen in a diameter range from 20
to 30 wm. MVO on the CF surface shows nano-rods like-structures
agglomerated in bunches on the surface (Fig. 1b-d). This sam-
ple also shows formation of cracks on the surface. The observed
cracks in the MVO-CF sample surface is due the elastic stress at
the hetero-junction interface as a results of the drying process af-
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Fig. 2. HRTEM images of MVO samples: MVO-CF (a-b), MVO-CNT (c-d) and MVO-
GO (e-f). The calculated MVO inter-planar distances for these three class of samples
are shown in right hand side column images.

ter electrochemical deposition. It indicates a poor adhesion of MVO
coating to the hydrophobic CF surface.

MVO on the CNTs network shows more uniform distribution
in a crack free layer (see Fig. le-g). The MVO-CNT sample also
shows a thicker deposited layers compared with the MVO-CF sam-
ple. The diameter of the CNTs was calculated to be in the range
of ~ 10 to 30 nm, in agreement with multi-wall cup-stacked car-
bon nanotubes, observed previously [21,27,28]. This type of CNT
promote MVO growth on/between their non-woven matrix with
higher surface adhesion and mechanical stability. On the other
hand, the presence of GO in the electrolyte used for V,05.nH,0
co-electrodeposition, drastically alters the morphology of the re-
sulting coatings (see Fig. 1h-j). MVO-GO sample demonstrate an
altered texture with formation of nanoballs, packed on the surface
of carbon fibers. MVO-GO nanoballs have diameters in the range
of ~ 100 to 300 nm. Crack formation in this sample is also neg-
ligible with a quasi uniform coverage of the fibers. In order to
identify the crystallinity and atomic structure of the MVO on three
different substrate class, TEM analysis was employed as shown in
Fig. 2. The TEM images (Fig. 2a, e) show that MVO is grown as
nanorods and nanoballs like shapes on the CF surface and with co-
electrodeposited eGO, respectively. However, an intermixed growth
of MVO was observed on the CNTs coated CF network (Fig. 2c) in
agreement with the SEM analysis.
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Fig. 3. The Raman spectra on the selected points of large area maps of (a) MVO-CF, (b) MVO-CNT, and (c) MVO-GO samples respectively. Each band has been marked and
their corresponding peaks are assigned in each spectrum. All spectra are normalized with respect to G-band of carbon peak. The denoted points number from P1 to P6 are

representing different positions on respective carbon fibers sample’s surface.

Our results indicate that the MVO nanostructure appeared to
have a polycrystalline structure in all the samples with various
crystalline orientations. The MVO-CF and MVO-GO sample crystal-
lizes in polycrystalline form with measured inter-planar distances
of 0.22, 0.26 which corresponding to the (131), (220) crystallo-
graphic planes of 8-Mn,V,0-, respectively (JCPDS No. 22-043684
and 38-0034) [29-32]. The sample deposited on CNTs (MVO-CNT)
shows a relatively larger inter-planar distance of about 0.32 nm
correlating to the (021) crystallographic plane of the S-Mn,V,0;.
The MVO phases homogeneity on CF, CNTs, and eGO surfaces was
investigated over a large area via spatially resolved micro-Raman
scattering. Raman scattering microscopy were performed on the
samples using a green laser (532 nm) and limited to ~ 1 mW
of power to avoid local laser heating and laser degradation and
phase transition [33]. Fig. 3 show the selective Raman spectra at
random positions (P1-P6) on the samples to check the uniformity
and phase distribution.

Raman shifts at values of ~ 276, 351 and ~ 640 cm~! can be
correlated to the deformation/vibration of the Mn-O-Mn bonds (Eg
mode), out-of-plane Mn-O bonds-bending vibrational modes (Eg
mode) and Mn-O or Mn-O-Mn bonds asymmetric stretching vi-
brational modes (A;; mode) in the layered Mn,O3 structure, re-
spectively [34-36]. Shift in Mn,0O3 vibrational modes can be due
to cation-anion distortion or the presence of multiple oxidation
states of Mn™ in octahedral sites. On the other hand, the Raman
shift at ~ 830 cm~! is assigned to Mn-V-O or V-O-Mn bridg-
ing bonds-stretching vibrational modes (mainly from V>*/4* and
Mn?2* cations bonds with O~ anions) in the 8-Mn,V,0; phase. The
shoulder observed at around 920 cm~! can be attributed to the
0-V-0 bonds stretching/bending vibration modes from secondary
phase of MnyV,0s. Finally, the Raman shifts at ~ 1350 and ~
1600 cm~! are assigned to D- and G- carbon bands related to C-C
defects like sp3, out-of-plane C-C bonds vibration, chemical decora-
tion in C-C rings (A;; mode) and sp? C-C bond vibration along the
plane (E;; mode) in graphitic properties, respectively [37,38]. The
additional components at ~ 1120-1250 and 1450-1480 cm~! are
related to disordered amorphous rich carbon and to single bond
C-H or C-O vibrations in hydrogenated/oxidized carbon [39-41].
The Raman spectra evidence existence of three different regions in

the MVO-CF sample. A region with coexistence of §-Mn,V,0; and
Mn,V,0s, a region with dominance of MVO as well as presence of
the manganese oxides and a third region in which there is only
manganese oxide present. In the MVO-CNT sample Raman spectra
have evidence of the homogeneous co-existence of Mn-O and MVO
in the range of 500-1000 cm~!. While in the MVO-CF sample, the
predominance of MVO is evident but the lack of unique phase is
absent. On the other hand, the MVO-CNT sample reveals only two
regions. First, regions with the MVO and Mn-O co-existing on CNTs
and second, regions where the fiber and CNTs are not covered with
the MVO phase. The presence of the manganese oxides in this class
of sample is predominant compared with the other two. Finally,
the MVO-GO sample shows a relatively uniform distribution of the
B-Mn,V,0; and Mn,V,05 through the sample. The manganese ox-
ide phase is negligible compared with the MVO-CNT sample.
Phase distribution and stoichiometry at the surface of the sam-
ples were investigated using SPEM, rendering the analysis ulti-
mately surface-sensitive. X-ray photoelectron spectroscopy maps
acquired with SPEM, contain both topographic and chemical in-
formation (see Fig. 4). A topographic contribution removal ap-
proach was followed as detailed in reference article by Gregoratti
et. al [42], to show the actual elemental distribution (i.e., chemi-
cal maps). Color contrast values represent the chemical state con-
centration on the sample surface in all SPEM maps. First column
SPEM maps in Fig. 4 have been acquired at C-1s covering a large
area to show the regions both coated and uncoated by MVO nanos-
tructures. Then a selected areas (indicated by a square) was cho-
sen where the both coated/uncoated regions were visible. Enlarged
SPEM maps (C-1s, Mn-3p, and V-2p) were acquired for detailed
chemical element distribution and phase analysis on the surface
of samples. The enlarged chemical maps (Fig. 4b-d) at C-1s, Mn3p
and V2p edges depict large manganese rich regions and small
vanadium rich regions on MVO-CF sample surface. The manganese
rich regions with low vanadium concentrations can correspond to
manganese oxide phase (Mn,03) dominance in the defined region.
While the vanadium rich region with scarce Mn concentration can
indicate the dominance of the Mn,V,0s5 phase with vanadium ox-
ide prevalence. The MVO-CF samples shows a non-homogeneous
distribution of the Mn and V over the sample surface which is in
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Fig. 4. Scanning photoemission microscope (SPEM) images acquired at pass energy of 40 eV. Where the first column shows topographic large area maps (raw maps) of
carbon (C1s, BE = 283.8 eV), and second, third and fourth columns are representing the enlarged chemical SPEM maps at selected area as drawn by square in first column
maps, of carbon, manganese (Mn3p, BE= 47.8 eV) and vanadium (V2p, BE = 515.8 eV) maps, of MVO-CF (a-d), MVO-CNT (e-h) and MVO-GO (i-1) samples, respectively.

agreement with regions observed in Raman spectra of this sam-
ple. On the other hand, MVO-CNT (Fig. 4e-h) as well as MVO-GO
sample (Fig. 4i-1), show comparatively more uniform distribution
of manganese and vanadium concentrations on the surface than
MVO-CF sample where nanocarbon networks were absent. This in-
dicates a more uniform distribution of the MVO phases on the sur-
face of samples. Furthermore, the MVO-CNT and MVO-GO samples
show a more homogeneous distribution and coverage of Mn and
V phases with more density of coexisting Mn,V,05 in the former
and dominance of manganese oxide in the later. In these two sam-
ples, the strong carbon signals are due to the intermixed CNTs and
eGO structure with MVO on the surface.

To prepare a detailed electronic structural phase analysis
of MVO phase distribution on the samples surface, the high-
resolution C1s, Mn3p, O1s, and V2p core-level X-ray photoelectrons
spectroscopy (XPS) spectra (Fig. 5) were acquired at defined pix-
els/points as marked on the SPEM maps shown in Fig. 4. In the C1s
spectra (first column, Fig. 5), the samples show a principal compo-
nent at ~ 284.5 4 0.1 eV assigned to the carbonaceous components

with broadening and slight shifts that can be assigned to the de-
fective hexagonal rings, C-C sp2, sp?/sp3 C-C bonds and adsorbed
or lattice oxygen C-O/C-O-C bonds [27,43-46]. These C-C defects
may be attributed to breaking of C-C bonds symmetry or carbon
vacancies or replacements of carbon atoms from the C-C hexag-
onal ring. Furthermore, in Cls spectra of MVO-GO sample shows
an additional components at ~ 282.5 4+ 0.3 eV that can be asso-
ciated to vanadium-carbon (V-C) bonds [38,47-49]. The deconvo-
lution of Cl1s peak and BEs assignment for all three samples are
shown in Fig.S1a in supporting information. On the other hand, the
Mn3p spectra (second column, Fig. 5) of the samples show broad
line shape with possible multiple components at BEs of ~ 47.5 +
0.1, 484 £ 0.1, 491 £ 0.1, 49.9 + 0.1, and 513 £ 0.1 eV that can
be assigned to Mn2t Mn3* oxidation states in agreement with the
formation of the MVO and manganese oxide in all samples [50,51].
In the O1s spectra, the components at ~ 530.6 + 0.1, 530.8 £ 0.1,
531.7 + 0.1 and 532.5 + 0.1 eV are assigned to metal-oxygen (Mn-
0), MVO, C-0 and O-H bonds, respectively. The detailed O1s peak
deconvolution is shown in Fig.S1b in supporting information. The
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Fig. 5. High resolution XPS spectra of Cls; first column, Mn3p; second column and O1s+V2p; third column of MVO-CF (first row), MVO-CNT (second row), and MVO-GO
(third row) samples. The spectra are acquired at the points marked by numbers on the SPEM maps of Fig. 4.

MVO phase showed a higher BE of 0.6 + 0.1 eV than the man-
ganese oxide phase in O1s core level spectra. This happens due to
that in MVO phase the vanadium atoms are surrounded by man-
ganese oxygen atoms which completely changes the coordination
chemistry of MVO. Finally, the mixed vanadium oxidation states of
V3+, V4* and V>* were identified at BEs of 513.3 + 0.5, 515.0 & 0.5
and 517.0 £ 0.5 eV from V2ps3,, core-level lines [49,52]. The MVO-
CF sample shows a random distribution of the vanadium phases at
different points on the sample, which is also in agreement with the
Raman spectroscopy results. The MVO-CNT sample shows domi-
nation of the V4t and V°* consistent with the formation of the
MVO and Mn,V,05 phases with higher concentration of the MVO
formation at some points. On the other hand, the MVO-GO shows
similar distribution with the domination of the sub-oxides such as
Mn,V,05 and vanadium carbide (V-C bonds) with V3+ component
contribution.

4. Discussions and conclusion

From the detailed morphological and structural phase analysis
discussed in the previous sections, the carbon fiber without CNTs
or eGO networks shows a non-homogeneous MVO material growth
and its phase distribution. On the other hand MVO-CNTs and MVO-
GO show a homogeneous material coating and structural phase
distribution. The MVO-CNT sample shows the formation of the
manganese oxide (Mn,03) rich 8-MVO phase while the MVO-GO
sample shows the presence of other manganese vanadium sub-

oxides (MnxV,05) as well as carbon incorporation with vanadium.
The -OH functional groups available on the GO surface bonded
with vanadium cations during the co-electrochemical deposition
process and formed the vanadium carbide phase on MVO-GO
surface at some regions. The enhancement of the phase stability
and homogeneity in presence of the different carbon material
networks can be related either to the their hydrophilic properties
or their catalytic characteristic, specially within the electrochem-
ical redox process. Both carbon nanotubes and graphene oxide
can act as catalysts in electrochemical redox process that can
target distinct bonds within the redox process. Hence, they can
modify the velocity of the reaction as well as the final material
phase product. The detailed HRTEM analysis of bare CNTs-CF and
GO-CF samples confirmed the defective cup-stacked type carbon
nanotubes (CSCNTs) and layered graphene with large inter-planar
distances of 0.6 nm and 0.18 nm, respectively (Fig.S2, supporting
information). The unique properties of CSCNTs and GO provided a
suitable surface for electrochemical MVO deposition in an aqueous
electrolyte medium where the available functional groups inter-
acted with metal oxide for the final material phase formation. Our
results show the B- Mn,V,0,; phase formation and conversion
occurring in the presence of CNTs with dominance of MVO and
Mn,03 phase as indicated by an electrochemical reaction in pre-
vious section. In MVO-GO sample, the presence of electrolytic eGO
shows dominance of uniform S-MVO phase without any presence
of manganese oxide phase like in MVO-CNTs and MVO-CF samples
which can be the result of either slower reaction or a different
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bond target. Furthermore the crystalline structure of such network
can also act a seed of the atomic redistribution of the MVO atoms
in an ordered manner, which occurs within the CNTs hexagonal
wall networks. However, GO shows the tendency for the vanadium
incorporation which can deform the hexagonal network during
co-electrodeposition process with VOSO4.xH,0 for the formation
of V,05.nH,0 phase. This can be due to the higher density of
defective C-C rings providing the chemical bonds with V* cations
available in VOSO4.xH,0 electrolyte at applied potential value [53].
Hence, the eGO is expected to occur in sheets, as reported in pre-
vious literature [54], the final product is the formation of the GO
nano-balls with MVO incorporation. The diverse phase distribution
on the MVO-CNTs and MVO-GO can be related to the level of the
hydrophilicity, the possible catalytic target of the functional hexag-
onal network (e.g., O-H or C-O groups) and the defect density of
the grown nanocarbon network. The nanocarbon materials (CNTs,
eGO) can do galvanic coupling resulting the superior capacity.
However, MVO-CNTs and MVO-GO on carbon fibers in battery
application requires a detailed study about the metal oxide and
CNTs or GO concentration (i.e. weight percentage), which can reg-
ulate the electrical resistance of electrode. Then the performance
of the constituent is drastically damaged. Additionally the exist
work about 8 Mn,V,07 showed a good performance for Li-ion
batteries [55]. Our results indicate that use of the these kind of
carbon networks can significantly enhance the particular electro-
chemically grown MVO phase formation with uniform distribution.
The B-MVO with Mn,03 rich phase can play an important role
in energy storage or hydrogen production mechanism where the
MVO, Mn,05 and CNTs may show a synergetic effect to improve
the overall device performance. The addition of CNTs, eGO with
MVO can improve electrical conductivity between metallic current
collector and electrode in binder-free multi-cation batteries or
super-capacitors application. Though, further investigations are
required in order to clarify the fundamental mechanism behind
the defective phase formation and distribution.
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