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Abstract

The synthesis of manganese oxide embedded carbon nanocomposite by direct
carbonization of nano-sized manganese oxide/cellulose hybrid nanocomposite is reported.
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were used to
characterize surface phase structure and chemical states. Field emission scanning electron
microscope (FESEM) and transmission electron microscope (TEM) were used to study its
particle size, structure, and composite morphology. Cyclic voltammetry (CV) was used to
study the electrochemical capacitor activity of the electro-active sample. Manganese oxide
cellulose hybrid nanocomposite exhibits the existence of manganese oxide nanoparticles
(=50 nm) that are well assembled and homogeneously dispersed in carbon after the
carbonization process. The mixed-valence states of MnzOs4 hausmannite with different
Mn ionic species of Mn2?*, Mn®* and Mn*" were obtained at the carbonized surface sample.
The improvement of electrochemical performance of the prepared manganese oxide carbon
nanocomposite sample may attribute to various oxidation levels, and increased conductivity
via strong bonding between manganese oxide and carbon leading to feasibility for application
of supercapacitor electrode material.
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1. Introduction

Manganese oxide is one of the most important electroactive materials for supercapacitor
electrodes, widely studied for energy storage devices due to its low cost, long-life cycling,
large window potential. Moreover, manganese oxide has high capacitance and power density
property via both pseudo capacitances by Faradaic redox mechanism and electrical double
layer mechanism [1-6]. Various synthesis methods have been investigated for supercapacitor
application such as annealing of manganese salt [1], chemical bath deposition [3],
hydrothermal routes [2], and electrodeposition [5], et cetera. To improve a superior
electrochemical capacitance performance, enhancing the specific surface area and electronic
conductivity was necessary. To solve these problems, carbon nanostructure materials coupling
with nano-sized manganese oxide have been widely investigated due to high electric
conductivity, chemical stability, abundant and large specific surface area [7,8]. Different
carbon materials including activated carbon [7,9], carbon fabric [8], carbon nanotube [10],
graphene, and graphene oxide [11-15] also have been interesting research for composite with
manganese oxide [7-15] via different synthesis method such as precipitation [9] and
hydrothermal process [8, 10-12], which have been reported that improve specific capacitance.

Cellulose is one of the most important carbon sources for use as metal oxide carbon
nanocomposite due to cheap, abundant from renewable biomass, and easy to use for synthesis
carbon-metal oxide nanocomposite. Therefore, increasing attention in the study on preparation
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and characterization of manganese oxide carbon nanocomposite from cellulose-based [16-19].
In this work, we synthesis Mn3O4 hausmannite embedded carbon nanocomposite using
nanocellulose as binder and carbon source via direct carbonization method for increase
conductivity, stabilize nanoMns;O4 particle, and prevent agglomeration during potential
cycling. The prepared sample presents multivalence Mn species at the surface and clearly
shows higher capacitance than that the starting manganese oxide nanoparticle. This method
also simple, low cost and scale up able remarkable promising for supercapacitor technology.

2. Experimental details

2.1. Synthesis of manganese oxide nanoparticle embedded carbon nanocomposite

The starting manganese oxide nanoparticle in MnsO4 hausmannite structure was
synthesized by simple solid-state reaction method as ascribe in our previous work [20] briefly,
grinding the mixture of manganese sulfate (MnSO4 H,0) salt and NaOH in a mortar at room
temperature for 20 min. Wash the resulting with DI water several times. Dried the resulting
solid residual at 80 °C for 24h. The starting Mn3O4 nanoparticle is denoted as n-Mn3QOa.

The nanocellulose was prepared from sugarcane bagasse using acid hydrolysis followed
by the ball milling method [21, 22]. Firstly, the bagasse was washed with DI water several
times, after drying overnight the precision weight were treated with ethanol. Secondly, bleach
the sugarcane bagasse fiber in 4% NaOH 24% H,0O- aqueous solution at 60 °C for 2h. Finally,
the bleached cellulose fiber was mixed with 5 and 2 mm diameter size of zirconia ball and
milling at 225 rpm for 12h. The milled cellulose was then hydrolysis with 50% H,SO4 and
washed with DI water until neutralized pH was obtained. Mix the nanocellulose and Mn304
nanoparticle at 2:8 wt% in aqueous. The dry mixture of cellulose and Mns;O, nanocomposite
at 50 °C for 24h was denoted as C-Mn30.50. The carbonization of C-Mn30450 nanocomposite
was conducted at 500 °C in a muffle furnace for 2h to obtain a dark brown powder sample of
manganese oxide carbon nanocomposite and named C-Mn304500. For the comparison study,
the n-Mn30; also anneal at the same condition named Mnz04500.

2.2. Characterization and Electrochemical Tests

XRD measurements were performed by a Rigaku diffractometer (Dmax-2200) using
Cu Ka radiation. The diffraction spectra were collected from 5 to 80°. X-ray absorption
spectroscopic (XAS) at beamline 8 station (BL8) of the Synchrotron Light Research Institute
(SLRI) were used to characterize the samples, pure Mn metal foil, and reference materials by
mean of X-ray absorption near-edge spectra (XANES) at the Mn K-edge region in
transmission mode. Data subtraction and processing by the ATHENA software. Particle
morphology was observed by field emission scanning electron microscope (FESEM)
HITACHI-S47000. FTIR data were carried out by FTRI IRTracer-100 Shimadzu. Binding
energy spectra were investigated by XPS AXIS Ultra DLD, Kratos Analytical, Shimadzu.
Electrochemical cyclic voltammetry was tested in 1.0 M Na,SOs electrolyte with Ag/AgCI
reference electrode. The electro-active samples of 3 mg were placed on 4 X 5 mm? carbon
planar electrodes without any binder or additive. The CV profile collects by Autolab
PGSTAT302N and NOVA 2.1 software.
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3. Results and discussion

As-synthesized manganese oxide nanoparticles (n-Mns3Os) and manganese oxide
nanoparticle embedded carbon nanocomposite (C-Mn304500) X-ray diffraction patterns show
in Fig. 1. The main diffraction pattern of the n-Mn3QO, corresponds to the spinel-type MnzOa
hausmannite with JCPDS 01 0800382 and 00 240734 belongs to the distorted tetragonal group
which Mn?* state in the tetrahedral site and Mn®* state in the octahedral site [1-3]. The
secondary X-ray diffraction patterns found in the starting material n-Mns;O4 corresponds to
the JCPDS 411379 database of y-MnO(OH) manganite phase, which manganese occupy in
Mn3* state.

The prepared C-Mn30,500 sample presents the main diffraction peak at 18.0°, 29.0°, 31.0°,
32.4°,36.1°,38.2°, 44.4°,50.9°, 58.6°, 60.0°, 64.7° and 74.3° correspond to (101), (112), (200),
(103), (211), (004), (220), (105), (321), (224), (400) and (413) planes belong the same pattern
of Mnz04 hausmannite in the starting manganese oxide nanoparticles. The minor phase shows
characteristic peaks index to Mn,Os at 23.2°, 33.0°, 55.1° and 65.8° correspond to (221), (222),
(440), and (662) planes, respectively. To explicitly distinguish peaks, the overlay XRD
patterns depict at the top of Fig. 1. The overlapped peaks (dark green) indicated the main
phase with the same pattern of MnsO, hausmannite in both samples. The residual peaks (red)
of the n-Mn3s0, sample refer to y-MnO(OH) manganite and the lite green peaks of the
C-Mn304500 sample correspond to the pattern of Mn,Os structure.

There are no crystal peak patterns or amorphous characteristics of the carbon phase in the
prepared sample which typical domain (002) plane reflex Bragg's angle around 25-26°.
The low graphitization degree of carbon due to nanocomposite with MnsO4 [23] and/or the
low carbonization degree of cellulose. The existence of y-MnO(OH) manganite may support
the formation of Mn3O4 hausmannite via a solid-state reaction mechanism through MnO(OH).
The remaining MnO(OH) attribute to the high ratio of NaOH reactance resulting react with
Mns04 facilitates MnO(OH) phase [24] and insufficient oxygen due to strong fast reaction in
the solid-state reaction.

XANE spectra of manganese oxide reference material and samples were recorded at
Mn K-edge reflex pattern of bulk local structure around Mn atom as Mn3zO4 structure for all
samples were shown in Fig. 2. [25-28]. The edge energy rising due to 1s to the continuum
transition absorption and the Mn pre-K-edge due to 1s to 3d and 4p hybridized transition
absorption was shown in (a) and (b) inset plot (Fig. 2.), respectively. The result reveals that
local symmetry environs around Mn atom and oxidation state corresponding to Mn3zO4
hausmannite structure for all sample [26,29]. The C-Mn304500 and starting n-Mn3O4 samples
show the same pattern of Mn3;O. spectra except for lower oscillation intensity in the
C-Mn304500 due to lower crystallinity in bulk. The C-Mn304500 pre-K-edge shape spectra
and edge energy ware identical to the starting n-Mn3O4 and C-Mn3z0.50 reveal that the
manganese oxide phase can be stabilized by nanocellulose during the anneal step.

FESEM image in Fig. 3a demonstrates that a nodular round in diameter size less than
30 nm of the n-Mn304 sample. Fig. 3b shows the perspective picture of C-Mn304500 sample
agglomerate in large irregular morphology particle within the different size, while the high
magnitude reveals that manganese oxide present at surface particle Fig. 3c and manganese
oxide embedded in carbon metric Fig. 3d. A small part of manganese at the surface indicated
crystal growth to a larger size in octahedral and truncated octahedron shape were observed.
Most of the starting Mn3O4 nanoparticles (n-Mn3;O. sample) were well dispersed embedded in
carbon and also indicated a nodular round shape with diameter size in the range of 50-80 nm.
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Fig. 2. Mn K-edge XANES spectra of n-Mn30s, Mnz04500, and C-Mn304500 samples compared with
standard materials.
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Fig. 3. FESEM image of the n-Mn304 (a), C-Mn304500 sample for 10k at large irregular morphology
particle area (b), the region of surface manganese oxide (c), and for 100k at the surface of manganese
oxide embedded in carbon metric (d).

The result of FTIR analysis in Fig. 4b shows typical spectra of n-Mn3z04, Mn3s0.500,
cellulose modify with n-Mn30, after heat treatment at 50 °C (C-Mn30450) step and the final
carbonized C-Mn304500 samples, indicated a major band of metal oxide vibration which clear
in the enlargement at Fig. 4c. The main adsorption band at wave number around 500 to
700 cm corresponding to Mn-O vibration in the lattice which deconvolutes for more
information shows in Fig. 4b. Mn-O stretching in Mn3Ox4 lattice for tetrahedral and octahedral
symmetry energy are in the peak at around 603 and 529 cm-?, respectively [30-33]. The peak
at 858 cm™ evidence that manganite MnOOH phase composition in C-Mn304500 sample
corresponding to Mn-O stretching mode. The strong evidence of manganite MNOOH phase
composition confirmed by characteristic band pattern of O-H stretching around 2600 to
1700 and at 2060 cm*, as depicted in the inset Fig 4a [31-34]. Fig. 4c in the n-Mn3O, sample
clearly shows the fingerprint peak of OH in manganite lattice vibration corresponding to
§-1-OH, §-2-OH, and out-of-plane y—OH bending mode at 1146, 1115 and 1087 cm,
respectively [31-34]. XRD and FTIR results confirmed manganite MnOOH diminish in the
C-Mn304 sample.

The peak at 559 and 661 cm* in the n-Mn3O4 sample (Fig. 4b) were assigned to TO and
LO mode of Mn-O vibration of Mn,O3 confirmed that the composition of the Mn,O3 phase in
the n-Mn30, sample, agree with the XRD result. Vibration energy peaks at around 596 - 603
and 528 cm™* correspond to Mn-O stretching mode for tetrahedral and octahedral coordination
of Mn30O4 lattice which present in n-Mn3z04, C-Mn30450 and C-Mn304500 samples. The peak
composition in this region indicated that nanocellulose can stabilize the Mn3;04 hausmannite
phase compare with Mn304500 may be due to prevent the reaction from exceeded oxygen.

IR band in OH bending region of C-Mn30450 (Fig. 4c) indicated broad shape due to
overlap with C-O-C peak component which typical C-O-C asymmetric in-phase ring
stretching mode in pyranose ring of cellulose present band around 1025 — 1161 cm™ confirm
with C-O-C of glycosidic linkage between glucose unit in cellulose at 827 cm™* [20,21,35].
In general, nanocellulose structure unstable at over 50 °C. The IR characteristic of f-glycosidic
linkage in cellulose comprises glycosidic C-H deformation vibration mode contribute with
O-H bending mode at the wavenumber around 897-902 cm*. This IR region shows weak and
broad at slightly higher energy than the C-H characteristic. The C-OH stretching peak in

|
|[Page 20



W. Phoohinkong et. al. Thai J. Nanosci. Nanotechnol. Volume 5. Issue 2. (2020)
|

the pyranose ring of cellulose at around 1028 cm shifts to higher energy at 1019 cm™. These
results imply that nanocellulose strong bonding to the n-Mns;O4 surface of the C-Mn3z0450
sample. There is no characteristic of cellulose IR spectra confirmed that cellulose was
completely carbonized to carbon.
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Fig. 4. Fourier-transform infrared spectra of the n-Mn304, Mn304500, C-Mn30450, and C-Mn304500
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of C-O-C pyranose ring and C-OH stretching characteristic of cellulose.
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The electronic structure was investigated for the n-Mnz04, Mnz04500, and C-Mnz04500
samples. The XPS survey scan analysis carried out in the range of binding energy between
0 to 1200 eV were show in Fig. 3a, indicated the main composition of Mn2p, O1s, C1s
correspond to valence peaks of Mn3p and Mn3s [36-39]. The surface impurities significant
present at binding energy around 168 eV for all samples correspond to S2p which due to the
surface adsorbed sulfate product [40,41]. The C1s peak of the C-Mn304500 sample shows
distinguished highly peak intensity indicated that high carbon content derived from cellulose.

The high-resolution XPS spectra of the sample at C1s, O1s, and Mn2p core levels were
present in Fig. 5b-d, respectively. The C1s peak fitting corresponds to the carbon chemical
state which relates to the carbon atom in the different functional groups. The peak at binding
energy 284.7 eV corresponds to C-C, C=C, C-H of amorphous carbon atom as standard
binding energy. The carbon impurity adsorbed on starting n-MnzO; also contains the peaks at
286.3, 287.9, and 289.1 eV attribute to —-C-OH, >C=0, and —~COOR, respectively. The
Mn304500 C1s show the addition of peak at 287.0 and 291.0 eV attributed to C-O-C and
n-n* shake-up satellite of graphitic carbon without the —COOR signal indicated that all
adsorbed carbon impurity was completely carbonized to carbon in this annealing condition
[42-44]. The peaks at 285.9, 288.4, especially 287.2 eV increasing intensity in the
C-Mn304500 sample corresponding to C-OH, C=0/0-C-0, and epoxide/C-O-C bonding from
cellulose. The C1s C=0 binding energy peak at 288.4 eV of Mn30,500 may be attributed to
contributing with main acetal O-C-O bonding in melt cellulose and the high-intensity peak of
287.2 eV due to glycosidic linkage C-O-C in melt cellulose [45-47].

Hydroxyl, carbonyl, and carboxyl groups should be used to cross-link the site at the
interface by C-O-Mn bonding linkage [37, 48]. However, the high-intensity in this peak
(287.2 eV) consists of the combination of the cellulose hydroxyl interlink, C-O-C, and
O-C-O components. The appearance of C=0 and COOH groups typical due to cellulose unit
decomposition product during cellulose pyrolysis and may include with epoxide group
[49,50]. Moreover, graphitic carbon also occurs correspond to mt-n* peak at 291.1 eV indicated
that partial cellulose carbonizes to carbon aromatic structure composite with amorphous melt
cellulose structure at surface particle agree well with XRD and FTIR results.

The O1s fine scan spectra (Fig. 5¢) of the n-Mn3O, sample show two main peaks at
530.1 eV and a smaller peak at 531.3 eV was attributed to Mn-O-Mn in the lattice of MnzO4
and Mn-OH in MnO(OH) phase, respectively [37, 38, 42, 51-53]. The binding energy peaks
at 532.3, 533.4, and 534.4 eV were assigned to adsorbed C=0, O-H/H,0, and COOH,
respectively [37, 38, 51]. The Mn-O-Mn (529.9-530.3 eV) and Mn-OH (531.0-531.3 eV)
peaks intensity decrease in order of n-Mn304, Mn304500, and C-Mn304500 indicated that,
manganese hydroxide decomposition to manganese oxide at 500 °C. The Mn-OH bonding for
C-Mn304 was also stated that of O-C-OH and a small part of Mn-OC cross-link [37], since
the MnO(OH) phase was depleted account to binding energy shift at 531.0 eV. C=0 bonding
intensity of C-Mn304 lower than impurity of Mn3z04500 may evidence that Mn-OC cross-link
occurs via C=0 group. High COOH peak at around 534.3 eV due to carbon from cellulose,
interesting that, high chemisorbed oxygen at 535.6 eV was obtained [43,54].

Mn2p XPS spectra of the samples show large spin-orbit by deconvoluting analysis in the
region of Mn2pz, in Fig. 5d. Typical 2p XPS spectra were complex by multiplet splitting,
shake-up, plasmon loss, and overlap of binding energy [55]. Since the samples are mixed-
phase including multivalence Mn?*/Mn%* of hausmannite and Mn3* of manganite which
Mn,O3 and MnQ; probably count at the samples surfaces, various crystal field effect due to
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different local symmetry around Mn atom which tetrahedral and octahedral symmetry in
hausmannite phase and distort octahedral symmetry in other phases also may contribute with
surface defect [56-58]. To achieve the best fitting with the experiment curve for detailed
reliable accurate relative oxidation state information, the binding energy peak component was
carefully deconvoluted with the narrowest FWHM close to 1.0 eV after Shirley background
subtraction. The multiplet splitting fitting spectra of Neshitt and Banerjee [59] from the
theoretical calculations based by Gupta and Sen [60,61] supplement with multicomponent
fitting spectra of standard material from references [55, 62-65] were used to achieve an
accurate interpretation binding state. The fitted Mn2ps. of the n-MnsO4 sample having
5 component binding energy peaks at 640.2, 641.2, 642.3, 643.5, and 644.9 eV. The binding
energy peaks at 640.2 (red) and 641.2 eV (green) correspond to the main populations of Mn?*
and Mn3* states, respectively. The peak at 642.3 eV (blue) correlates to the subordinate peak
of Mn®* state contribute to the small composition of Mn** state from MnO. composition since
the small MnO,, presented in XRD result. The binding energy peak at 643.5 eV corresponds
to the combination of Mn%*, Mn* and Mn?* subordinate state of hausmannite and manganite
while the peak at 644.9 eV relative to contribution from Mn** and Mn** multiplet component.
The Mn2p component spectra of Mnz04500 show a peak of 642.8 eV (Mn**) intensity increase
while the peak at 641.5 eV (Mn®*) intensity decrease from n-Mn3O, ascribes to increase of
Mn** content. The peak intensity ratio of Mn3* (green) to Mn** (blue) was decreased in the
order of the n-Mnz04, Mn304500, and C-Mn304500 samples ascribe to increase of Mn*
content while the Mn3* content decrease. The binding energy peak at around 644 eV (violet)
corresponds to the combination of Mn3*, Mn**, and Mn?* state components and the peak at
around 645 eV (yellow) corresponds to the combination of Mn3*, and Mn** state components
for the n-Mn304. The peaks at around 644 eV (violet) of the Mn3;04500 and C-Mn3;0.500
sample corresponds to the combination of Mn** and MnS* state components. The yellow peak
of the Mn304500 and C-Mn304500 sample corresponds to the combination of Mn™, Mn**,
and Mn“* state components. The combination of Mn®* and Mn”* component in the violet and
yellow peaks of the Mn304500 and C-Mn304500 sample were confirmed by Mn2ps, band
located around 655.3 and 656.7 eV, respectively with the 11.1 eV spin-orbit splitting
fingerprint characteristic [36, 55, 66, 67]. The peak at 646.9 eV is major due to the shake-up
peak of Mn?* associated with a tiny component state of Mn**. C-Mn3O4 sample, the fitted
5 component binding energy peaks were obtained correspond to of n-Mn304 component with
slight energy shift but lower peak intensity evidence due to carbon-coated at the surface and
multi-state of multi coordination bonding environment with Mn-O-C interface linkage. The
highly Mn oxidation state on the surface Mn%* and Mn* state component increases since the
ratio of Mn** and Mn®*" major component peak to Mn®" and Mn™* peaks decrease. The mixed
of multivalency lead to enhanced charge transfer and conductivity between manganese and
carbon.

The cyclic voltammogram of different scan rates for 5, 10, 50, and 100 mV/s of the
n-Mnz0O4 and C-Mn304500 sample is shown in Fig. 6a and b, respectively. The high current
density with capacitor behavior of rectangular CV shape of the n-Mn3s0,4 sample was obtained
imply that due to low diffusion distance and high active surface area of nanoparticle and
probably synergistic effect of MnOOH phase [1, 39, 56, 68]. However, the C-Mn304500
sample shown superior current density compare with the n-Mn3;04 sample as present at a scan
rate of 100 mV/s (Fig. 6¢). The CV shape of the C-Mn30,500 sample is shown both
electrochemical double-layer capacitor behavior and pseudocapacitor behavior. The Faradaic
current may rise due to the active surface site of an octahedral and truncated octahedron of
Mn30, {111} exposed [2].
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4. Conclusion

The starting manganese oxide nanoparticle consists of amorphous MnzO4 and hausmannite
Mn3O, as the main phase with the minor phase of manganite MnOOH nanoparticle. The
starting manganese oxide nanoparticle showed high capacitance due to the large surface area
and the synergistic effect of mixed phase. Nanocellulose has been shown advance for use as
a bhinder and carbon source for the synthesis of electroactive manganese oxide electrode
nanohybrid material. The manganese oxide carbon nanocomposite in this work demonstrated
better both electric double layer and pseudocapacitive performance than bare manganese
oxide nanoparticles. The superior capacitive performance is attributed to the improvement of
surface morphology, active surface area, multivalence surface state, particle size, morphology
structure, and interface connectivity between manganese oxide and carbon by using cellulose
as a carbon source. The use of nano-cellulose precursors can control phase and particle
structure growth as well as create surface multi-state Mn components which remarkable
promising advance for supercapacitor electrode technology.
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