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Introduction

Dispersed MnO, nanoparticles/sugarcane bagasse-
derived carbon composite as an anode material for
lithium-ion batteriesy

Krittaporn Pongpanyanate,? Supacharee Roddecha, & *2° Chanita Piyanirund,?
Thanya Phraewphiphat® and Panitat Hasin®®

Bagasse-derived carbon electrodes were developed by doping with nitrogen functional groups and
compositing with high-capacity MnO, nanoparticles (MnO,/NBGC). The bagasse-derived biochar was N-
doped by refluxing in urea, followed by the deposition of MNO, nanoparticles onto its porous surface via
the hydrothermal reduction of KMnQO,. Different initial KMnO,4 loading concentrations (i.e. 5, 10, 40, and
100 mM) were applied to optimize the composite morphology and the corresponding electrochemical
performance. Material characterization confirmed that the carbon composite has a mesoporous
structure along with the dispersion of MnO, nano-particles on the N-containing carbon surface. It was
found that the 5-MnO,/NBGC sample exhibited the highest electrochemical performance with
a reversible capacity of 760 mA h g™t at a current density of 186 mA g™, It delivered reversible capacities
of 488 and 390 mA h g~ in cycle tests at 372 and 744 mA g%, respectively, for 150 cycles and
presented good reversibility with nearly 100% coulombic efficiency. In addition, it could exert high
capacities up to 388 and 301 mA h g~* even under high current densities of 1860 and 3720 mA g%,
respectively. Moreover, most of the prepared composite products showed high rate capability with great
reversibility up to more than 90% after testing at a high current density of 3720 mA g% The great
electrochemical performance of the MnO,/NBGC nanocomposite electrode can be attributed to the
synergistic impact of the hierarchical architecture of the MnO, nanocrystals deposited on porous carbon
and the capacitive effect of the N-containing defects within the carbon material. The nanostructure of
the MnO, particles deposited on porous carbon limits its large volume change during cycling and
promotes good adhesion of MnO, nanoparticles with the substrate. Meanwhile, the capacitive effect of
the exposed N-functional groups enables fast ionic conduction and reduces interfacial resistance at the
electrode interface.

devices and electricity-driven automotives to electrical power
plants owing to their high energy density, excellent cyclic

Currently, climate change, which is mainly caused by extensive
carbon dioxide emissions from fossil fuel combustion, drives
the demand for sustainable electrical energy generators and
storage devices. Lithium-ion batteries (LIBs) have drawn much
attention as effective energy storage and conversion devices for
various electrical equipment ranging from small portable
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stability, long lifetime, and low self-discharge features." The
anode material is considered as one of the key components that
determine the performance of LIBs. Generally, most commer-
cial LIBs use graphite as the active anode material because of its
feasibility for mass production. However, the production cost of
high-quality graphite is quite high; it requires a long reaction
process and consumes a high amount of fossil fuel-based
energy. Moreover, its theoretical capacity is only about
370 mA h g ' due to the limitation of the stoichiometric inter-
calation of lithium ions within the nominal graphitic layer.” In
the past decades, hard carbon (HC) has emerged as an alter-
native carbonaceous anode material for LIBs to enhance the
ionic storage capacity of typical crystalline graphite. This non-
graphitic carbon is derived from small domains of graphene-
like stacking layers (with dilated d-spacing) and embedded
microporous regions (a “house of cards” structure).®* This
unique microstructure allows both ionic intercalation between
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the carbon layers and ionic adsorption on the surface defect
sites, as well as ionic filling of the micropores.* HC is usually
derived from the pyrolysis of biomass and polymeric carbon
precursors, such as pitch, phenolic and epoxy resins. The
resulting electrochemical ionic storage capability is generally
influenced by the carbon precursor type, material morphology,
carbonization temperature, and heteroatom doping.>”

Recently, the sustainable concept of converting agricultural
waste into porous carbon electrode materials is rapidly devel-
oping.*® One of the promising biomass-based carbon precur-
sors is sugarcane bagasse, which naturally has a high density of
xylem and phloem that can facilitate the formation of porous
carbon materials with abundant transport channels.>** So far,
research on the development of sugarcane-bagasse-derived
carbon materials as potential anodes for LIBs has mostly been
devoted to optimizing the preparation approach or employing
elaborate methods to formulate highly porous structures.'***
Many studies have focused on doping with heteroatoms, such
as nitrogen, sulphur, and phosphorus-containing functional
groups, to promote charge storage capability and ionic
conduction, which ultimately increase the cycling stability of
the carbon electrode materials. The capacitive effect arising
from their electron-donating characteristic leads to a reduction
in interfacial resistance between the electrode and the aqueous
electrolyte.'>**

Meanwhile, transition metal oxides (MO) have also emerged
as attractive electrode materials for LIBs. In particular,
manganese oxide, as MnO,, has been regarded as a promising
electrode material owing to its high theoretical capacity of
1230 mA h g™, abundance, low cost, and environment-friendly
nature. Moreover, it is the main composing material in primary
alkaline batteries and can be recycled from disposed batteries.
However, as an anode material, MnO, typically shows fast
capacity fading due to the large volume change during the
lithium insertion-desertion process. One of the potential
methods to improve the mechanical stability of MnO,-based
electrodes is to deposit it onto a supporting material or form
a porous structure.*>*®

Therefore, this research was aimed at developing a modified
bagasse-derived carbon anode material for LIBs. The electro-
chemical performance of the bagasse-based carbon material
was enhanced by doping it with nitrogen functional groups
using urea as the precursor, followed by the deposition of
different amounts of MnO, nanoparticles on the carbon
substrate via the reduction of KMnO, at various initial
concentrations. The doped N-containing functional groups in
conjunction with the MnO, nanocomposite are expected to
promote ionic conduction and lithium storage capability.
Meanwhile, the MnO, nanoparticles deposited onto the
bagasse-based porous carbon substrate would improve the
cycling stability of the MnO, compound from a large volume
expansion during the conversion process. The carbon
composite products prepared with different KMnO, loadings
were analyzed to investigate the impact of KMnO, loading on
composite morphology and corresponding electrochemical
performance.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Experimental details

Sodium hydroxide (NaOH), calcium chloride (CaCl,) and urea
(CH4N,0) were obtained from Kemaus. Hydrochloric acid (HCI,
37%) and potassium permanganate (KMnO,) were obtained
from QREC. All chemicals were used as received without
purification.

Preparation of N-containing sugarcane-bagasse-derived
carbon material (NBGC)

7.5 g of sugarcane bagasse was soaked in 10% w/v NaOH for 30
minutes, washed with DI water until a pH of around 6.5-7 was
reached and dried at 80 °C overnight. Dried sugarcane bagasse
was then dispersed in 0.5 M sulfuric acid inside a Teflon-lined
autoclave and heated at 180 °C for 24 hours. Subsequently,
the solid residue was filtered, washed with DI water, and dried
at 80 °C overnight to obtain the biochar product. Later, the
obtained biochar was mixed with CaCl, and urea at a carbon
material : CaCl, : urea weight ratio of 1:2:2 in 50 mL DI water
and refluxed at 80 °C for 4 hours. After cooling to room
temperature, the solid product was filtered and pyrolyzed at
800 °C for 2 hours under a nitrogen atmosphere at a heating
rate of 5 °C min~". After the pyrolysis process, the N-doped
carbon material was soaked in 2 M HCI under stirring for 1
hour and washed with DI water until the pH reached around 6-
7. After drying in a vacuum oven at 105 °C for 12 hours, the N-
doped sugarcane-bagasse-derived carbon material (NBGC) was
achieved as a fine black powder.

Synthesis of MnO, nanoparticle-dispersed N-doped
sugarcane-bagasse-derived porous carbon composite (MnO,/
NBGC)

0.3 g of the obtained NBGC was dispersed in 80 mL of aqueous
potassium permanganate (KMnO,) solutions with different
initial concentrations of 5, 10, 40 and 100 mM, respectively.
Each mixture was well mixed by sonication for 1 hour. After
transferring to a Teflon-lined autoclave, the mixture was heated
up at 140 °C for 2 hours and then cooled to room temperature.
The solid product was filtered, washed with DI water, and dried
at 80 °C overnight. The achieved MnO,/NBGC carbon composite
products were named based on the different initial KMnO,
concentrations (i.e., 5, 10, 40, and 100 mM) as 5-MnO,/NBGC,
10-MnO,/NBGC, 40-MnO,/NBGC, and 100-MnO,/NBGC,
respectively. As a reference, pure MnO, was solely synthesized
by employing the same procedure without NBGC addition. In
detail, 180 mL of a 50 mM KMnO, solution was sonicated for an
hour and then transferred to the Teflon-lined autoclave. The
solution was heated at 140 °C for 24 hours. The obtained solid
was filtered, washed, and dried at 80 °C overnight.

Material characterization

The crystallographic information of the products was obtained
using X-ray diffraction (XRD, Bruker D8 Advance) with Cu-Ko
radiation A = 1.54060 A and 26 = 10° to 80°. The morphologies
of the carbon composites with porous MnO, coatings were

RSC Adv, 2024, 14, 2354-2368 | 2355
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characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) with a high tension of
120 kv (HITACHI-HT7700). The surface elemental analysis of
the samples was carried out using energy-dispersive X-ray
spectroscopy (FEI, QUANTA 450), and the bulk C, H, and N
contents were analyzed by an Elemental Analyzer (LECO,
CHNG628 Series). X-ray photoelectron spectroscopy (XPS) was
used to analyse the surface functional groups on the carbon
composite products. N, adsorption-desorption measurement
(Quantachrome ASIC-2) was employed to obtain the specific
surface area based on the Brunauer-Emmett-Teller theory
(BET).

Electrochemical performance evaluation

The electrochemical performance of the MnO,/NBGC carbon
composite products was assessed by assembling coin cells
(CR2032). The anode material slurry was composed of 80 wt% of
the prepared MnO,/NBGC carbon composite, 10 wt% of Super P
conductive carbon, and 10 wt% of polyvinylidene fluoride
(PVDF) in N-methylpyrrolidone, which was used as a binder.
After vigorous mixing for 3 hours, the mixture was cast on
a copper foil, followed by drying overnight at 70 °C in a vacuum
oven. Then, the cast anode was cut into circle-shaped speci-
mens of radius 14 mm, which approximately contained 2 mg of
the dried material. Subsequently, the prepared anode electrode
was assembled with a lithium metal counter electrode, Cel-
gard2320 (PP/PE/PP) separator, and 1 M LiPF, in the electrolyte
mixture of 1:1:1 v/v EC: EMC:DMC. The testing cells were
charged and discharged between 0.01 and 3.0 V relative to Li/Li"
at various current densities by using an electrochemical charge-
discharge tester (Gelon company Neware BTS-4000). Cyclic
voltammetry (CV) measurements were performed in the
potential window of —0.1 to 3 V relative to Li/Li" at a scan rate of
1-2.2 mV s ' to investigate the electrode reaction mechanism
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by using a potentiostat/galvanostat (Autolab PGSTAT101).
Finally, electrochemical impedance spectroscopy (EIS) (Versa-
STAT3 Potentiostat Galvanostat, Prinston Applied Research,
USA) was used to measure the electrochemical impedance of the
electrode in the frequency range of 0.1-100 000 Hz and at the
voltage of 10 mV.

Results and discussion

The morphologies of the bagasse-derived carbon material
products and hydrothermally synthesized MnO, nanoparticles
were observed by using FESEM (Fig. 1a-g) and TEM (Fig. 2a-f).
The bagasse-derived carbon materials (BGC) showed
honeycomb-like porous structures that depict their natural
xylem and phloem transporting channels with macropores of
diameter about 5-8 pm and relatively thick walls. After refluxing
bagasse with urea to insert N-containing functional defects, the
obtained N-doped bagasse-based carbon (NBGC) material
exhibited a slightly smoother surface compared to pristine
bagasse. The collapse of some connecting walls within the
parent bagasse carbon during the reflux process resulted in
merged pores, leading to a larger pore size in the N-containing
carbon compound, as listed in Table 1. Composites with
dispersed manganese dioxide (MnO,) nanoparticles at various
loading contents on N-containing bagasse-derived porous
carbon (MnO,/NBGCs) were prepared by using different
concentrations of the potassium permanganate (KMnO,)
precursor (e.g. 5, 10, 40, and 100 mM). Likewise, the MnO,/
NBGC composites obtained with different KMnO, loading
concentrations retained the honeycomb-like porous structure of
the parent bagasse-based carbon substrate. The porous struc-
ture of the MnO,/NBGC composite can accommodate the large
volume expansion of the MnO, compound during the Li"
insertion/desertion process. It was found that the increase in
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Fig. 1 SEM images of the prepared bagasse-based carbon materials: (a) bagasse-derived carbon material (BGC), (b) N-doped bagasse-derived
carbon material (NBGC), and MnO,/N-doped bagasse-derived carbon composites with different loading concentrations (MnO,/NBGC): (c) 5-
MnO,/NBGC, (d) 10-MnO,/NBGC, (e) 40-MnO,/NBGC, (f) 100-MnO,/NBGC, and (g) hydrothermally synthesized pure MnO,.
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Fig. 2 TEM images of the prepared bagasse-based carbon material: (a) bagasse-derived carbon material (BGC), (b) N-doped bagasse-derived
carbon material (NBGC), MnO,/N-doped bagasse-derived carbon composite at different loading concentrations (MnO,/NBGC): (c) 5-MnO,/
NBGC, (d) 10-MnO,/NBGC, (e) 40-MnO,/NBGC, and (f) 100-MnO,/NBGC.

the applied KMnO, precursor led to more agglomeration of the
MnO, nanoparticles, ultimately resulting in thicker MnO,
coatings on the porous surface. This thick coating layer can
block the pore channels and cause a reduction in the specific
surface area of the electrode material. As the reference, pure
MnO, nanoparticles were also synthesized by the hydrothermal
reaction in the absence of the bagasse-based carbon substrate.
As seen in Fig. 1g, without the carbon substrate, the synthesized
MnO, nanocrystals exhibited radial growth and became spher-
ical coral-like particles with an average diameter of around 1
pm. Similarly, the TEM images shown in Fig. 2c-f also reveal
a coating layer of MnO, on the bagasse-derived carbon surface.
Meanwhile, only clusters of carbon material without any coating
layer or spike-like coating were observed in the cases of BGC
and NBGC. At a low concentration of KMnQ,, as in samples 5-
MnO,/NBGC and 10-MnO,/NBGC, only a thin MnO, coating
layer was formed on the surface of porous carbon. At higher

loading concentrations of the KMnO, precursor, as in the
samples 40-MnO,/NBGC and 100-MnO,/NBGC, the rapid
growth of the MnO, clusters led to thicker coating layers on the
carbon surface, forming numerous tiny nanoflakes. This ob-
tained caterpillar-like nanostructure was similar to the porous
MnO, nanocomposite reported by Xia et al.*®* who synthesized
MnO, coating layers on carbon nanotubes via a similar proce-
dure. These MnO, nanoflakes were interconnected and
uniformly distributed on the carbon surface. By controlling the
KMnO, loading concentration, the thickness of the MnO, layer
could be practically varied. The mechanism of MnO, nano-
crystal growth on the carbon material can be explained by the
reduction reaction of KMnO,."” Briefly, the N-doped carbon
material (NBGC) was initially dispersed well in a KMnO, solu-
tion, which was subjected to a hydrothermal reaction to
produce the final carbon composite product. During mixing
within the KMnO, solution at room temperature,

Table 1 Surface morphology and contents of the crystalline bagasse-derived carbon composites with different MnO, loading contents, as

analyzed by Raman spectroscopy

Specific surface

Pore volume Avg. pore size

Carbon composite area (m* g ") (em® g™ (nm) Ta/Iy

BGC 271.80 0.34 5.01 1.296
NBGC 210.63 0.29 5.59 1.251
5-MnO,/NBGC 183.11 0.23 4.97 1.233
10-MnO,/NBGC 178.93 0.23 5.82 1.187
40-MnO,/NBGC 144.51 0.17 4.76 1.231
100-MnO,/NBGC 105.61 0.11 4.01 1.245

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanocrystalline MnO, seeds are generated on the surface of the
porous carbon substrate via a slow redox process, according to
eqn (1).***® Once the solution further undergoes the hydro-
thermal reaction, the MnO, nanoparticles grow from the pre-
formed nanocrystalline seeds due to the decomposition of
KMnO, in water, according to eqn (2).*® The flaky morphology is
formed due to the preferred growth of the layered birnessite-
type MnO, along the ab plane.” Here, the layer of nano-
structured MnO, particles coated the surfaces of the porous
carbon substrate uniformly to form nanocomposite products.

4MnO,4~ + 3C + 2H,0 — 4MnO, + CO3*~ + 2HCO;~ (1)

4MnO4~ + 2H,0 — 4MnO, + 40H™ + 30, 2

Surface elemental analysis using Energy-Dispersive Spec-
troscopy (EDS) and the C, H and N content analysis of the
bagasse-derived carbon material and the MnO,-doped carbon
composite products with different degrees of doping are
summarized in Table S1.7 Based on surface EDS mapping, as
a reference, the bagasse precursor was subjected to the hydro-
thermal reaction and carbonized at 800 °C but refluxed without
urea addition. It transformed into a carbon material (BGC) that
contained a high C content of about 92 wt%. However, oxygen-
containing functional groups, such as oxy, hydroxyl, and
carbonyl groups, which are typically found for bio-based
carbon, were retained. In the NBGC compound, refluxing in
the urea solution resulted in a nitrogen functional group
content of approximately 5 wt%. Subsequently, dispersing
NBGC in KMnO, under a hydrothermal condition could deposit
manganese oxide onto the carbon substrate, as indicated by the
emergence of Mn content in the composite products. Increasing
the loading concentration of the KMnO, precursor caused the
generation of more manganese oxide, as greater Mn wt% was
observed. This was also confirmed by the results from the
elemental analyzer, which demonstrated that C and N
decreased as they were consumed during the formation of
MnO,. However, the differences in the amounts of C and N
determined from EDS mapping and the elemental analyzer are
attributed to the different collecting techniques. For instance,
EDS generally maps the elements only on the surface and over
some selected areas, whereas the C H N elemental analyzer
provides bulk elemental analysis. The lower amount of C and N
observed in the bulk analysis may result from the normalization
of these elements with O and Mn from MnO, and other related
O-containing organic functional groups. Results from both
techniques agree well with the observed SEM and TEM images,
which revealed a thicker coating layer on the porous substrate
for samples with higher KMnO, loading contents. Notably, the
N-containing defects are expected to support ionic conductivity
and promote lithium-ion capacity. On the one hand, MnO,
accommodates high Li" storage capability because of its high
theoretical capacity. However, the formation of a thick MnO,
coating may not only block the exposed nitrogen functional
groups and retard ionic transport but also readily inhibit the
growth of its good crystalline structure.

2358 | RSC Adv, 2024, 14, 2354-2368
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Nitrogen adsorption/desorption analysis was conducted to
investigate the pore morphology of BGC, NBGC, and the MnO,/
NBGC carbon composites. The sorption isotherms illustrated in
Fig. S1f present type IV isotherms in the medium to high
relative pressure range of about 0.5-1.0 P/P,, indicating meso-
porous material characteristics. H3-type hysteresis loops at high
pressures and nearly parallel adsorption and desorption
branches at relative pressures between 0.05 and 0.5 were
observed for all samples, revealing the presence of slit-shaped
pores that enable the aggregation of plate-like particles. As
summarized in Table 1, pristine bagasse-based porous carbon
(BGC) showed a Brunauer-Emmett-Teller (BET) specific surface
area of approximately 271.80 m* g~ ' with a specific pore volume
of 0.34 cm® ¢~" and a pore size of 5.01 nm. Doping with N-
containing compounds resulted in a reduction in the BET
specific surface area to 210.63 m> g~ " with a larger average pore
size and a smaller specific pore volume. This is consistent with
its corresponding SEM image (Fig. 1b), which reveals merged
pores formed due to the collapse of the connecting walls within
BGC. Further loading MnO, on the obtained N-doped carbon
tended to decrease the BET specific surface area of the carbon
composite product. Increasing the MnO, loading concentration
led to smaller pore volumes and average pore sizes, which can
be explained by the formation of thicker MnO, coating layers
that clog the pores of the bagasse-based parent carbon
substrate. On the one hand, high content of MnO, can promote
electrode capacity because of its high theoretical capacity of
1230 mA h g~'. However, coating a very thick MnO, layer can
cause a reduction in the active specific surface area and weak
adhesion of the MnO, layers on the porous carbon substrate, as
well as shield the capacitive effect of the doped N-containing
defects within the carbon material.

The X-ray diffraction patterns of BGC, NBGC, the carbon
composite of porous NBGC with dispersed MnO, particles at
various loading concentrations (MnO,/NBGC), and pure
manganese dioxide (MnO,) are shown in Fig. 3. Bagasse-derived
carbon (BGC) and its corresponding N-doped compound
(NBGC) exhibited broad diffraction peaks at 26 of approximately
17°, 32° and 44°, indicating the characteristic (002) and (100)
planes of the amorphous carbon structure with a low graphiti-
zation fraction.”® Pure MnO, synthesized from the hydro-
thermal reaction had XRD diffraction peaks at 26 of 12.8, 18.1,
28.9, 37.5, 42, 49.9, 60.3 and 65.4°, representing the (110), (200),
(310), (211), (301), (411), (600) and (002) planes of hollandite-
type @-MnO,, respectively (JCPDS 44-0141).>*** Compared to
BGC and NBGC, the MnO,/NBGC composite products at all
MnO, loading concentrations showed common XRD peaks at 20
of approximately 38° and 67°, consistent with the main char-
acteristic crystalline planes of a-MnO,. All the diffraction peaks
obtained from the deposited MnO, nanoparticles were quite
weak and broad, denoting their nanocrystalline nature. Inter-
estingly, in the XRD patterns of all the MnO,/NBGC carbon
composite samples, the XRD peak at 26 = 32°, which represents
the amorphous structure of the bagasse-derived parent carbon,
was shifted to a lower diffraction angle of around 26 = 25°. This
implies that the inserted MnO, nanoparticles caused the
expansion of the carbon plane structure such that the d-spacing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The XRD spectra of BCG, NGGC, 5-MnO,/NBGC, 10-MnO,/
NBGC, 40-MnO,/NBGC, 100-MnO,/NBGC, and pure MnO,.

of the carbon plane increased from about 1.5 A to 1.9 A, as
calculated based on Bragg's law. This wider d-spacing can ulti-
mately facilitate better accessibility of Li" or larger ions, such as
Na'and K. As the concentration of MnO, doping increased, the
diffraction peaks from MnO, became stronger, whereas the
diffraction peaks from the carbon parent became almost
invisible. This indicates the growth of thicker MnO, layers
covering the porous carbon substrate.

To further confirm the XRD results, the oxidation state and
the composition of manganese oxide in the MnO,/NBGC
nanocomposite products, as well as those of the bagasse-
derived carbon material, were examined by X-ray photoelec-
tron spectroscopy (XPS). As shown in Fig. S2a and b,t the wide
survey XPS spectrum of BGC and NBGC comprised binding
energy peaks at 285 and 533 eV, representing C 1s and O 1s.
Meanwhile, as seen in Fig. S2c,t the XPS survey spectra of the
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Fig. 4 The deconvoluted XPS spectra of MNO,/NBGC: (a) C 1s, (b) O
1s, and (c) Mn 2p; (d) binding energy difference between Mn 2ps,, and
Mn 2p1/2.
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MnO,/NBGC composites with different MnO, loading concen-
trations showed a predominant signal of Mn 2p at the binding
energy of around 642 eV in addition to the C 1s and O 1s peaks
at 285 and 531 eV, respectively (Table S2t). Notably, signals of
the N-containing defects in the carbon material were not clearly
observed in all samples. This may be because of the very low
nitrogen content (~5 wt% detected by EDS elemental mapping)
in NBGC. According to the lower penetration depth of the XPS
technique compared with that of the EDS technique, the MnO,
coating layer may shield the signal of the N functional groups
underneath in the case of MnO,/NBGC composites. The
deconvoluted XPS spectra of the MnO,/NBGC composites are
reported in Fig. 4. Fig. 4a shows the deconvoluted C 1s spectrum
with four binding energy peaks at 284.9, 286.2, 287.3 and
288.7 eV, which represent graphitic carbon (C-C/C=C), C-O,
C=0, and C=0-0, respectively."*** The deconvoluted O 1s XPS
spectrum, shown in Fig. 4b, indicates the bonds between
manganese and lattice oxygen, as well as surface-adsorbed
oxygen, including Mn-O-Mn, Mn-O-H and C-O/C=0, which
correspond with the binding energy peaks at 530.2, 531.7 and
532.9 eV, respectively.’>** In Fig. 4c and d, the Mn 2p spectra
exhibit well-defined valence states at binding energies approx-
imately equal to 643.3 and 654.8 eV, which represent the Mn
2ps» and Mn 2p,, states, respectively. The difference between
the two binding energy signals of Mn 2p was about 11.5 eV,
which is the typical characteristic of Mn** in MnO,.>

Raman spectroscopy was further employed to analyze the
ordered structures of the MnO,/NBGC composite products
(Fig. 5). The G band and D band of the carbon structure were
observed around 1586-1604 cm ' and 1336-1354 cm?,
respectively. The weak bands at 630 cm ™" were related to the
symmetric stretching vibration of M-O in the MnOg groups.*
The findings reveal that somehow doping carbon with N-
containing functional groups and loading it with MnO, nano-
particles via thermal reduction of KMnO, result in a carbon
structure with better crystallinity, as reflected by the lower
values of I4/I, for NBGC and all MnO,/NBGC samples (Table 1).
Perhaps, either refluxing under basic conditions or the

100-Mn0O2/NBGC

40-Mn0O2/NBGC

10-Mn0O2/NBGC

5-Mn02/NBGC
NBGC

BGC

Raman intensity (a.u.)

2000 3000
Raman shift (cm™)

1000 4000

Fig. 5 The Raman spectra of BGC, NBGC and MnO,/NBGC with
different MnO, loadings.
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hydrothermal reduction of KMnO, might catalyze the conver-
sion of the bio-based amorphous carbon material into a carbon
framework with better crystallinity. However, a continuous
increase in MnO, loading by enhancing KMnO, concentration,
such as the cases of 40-MnO,/NBGC, and 100-MnO,/NBGC,
tended to drive the formation of more disordered carbon
structures, as observed by their higher I4/I, ratios.

Electrochemical performance evaluation

Cyclic voltammetry (CV) was used to investigate the lithium
storage phenomena of the bagasse-based carbon materials
(BGC and NBGC) and the MnO,/NBGC composites when used
as anode materials in the potential window of —0.01-3.0 Vvs. Li/
Li* at a scan rate of 2 mV s~ . As shown in Fig. 6a, the 1st CV
scans of BGC and NBGC presented broad cathodic peaks at
around 0.3 and 0.4 V, respectively, corresponding to the
decomposition of the electrolyte into a solid coating interface
(SEI). Meanwhile, the obvious anodic peak at approximately
0.6-0.7 V corresponds to the de-intercalation of Li* from the
carbon structure. The sloped broad anodic peak in the range of
0.7-1.3 V arises from the extraction of Li* from the pores.?”?® In
general, the CV signal for the de-insertion of Li* from the carbon
material with a large surface area in the 1000-2000 m® g~ range

View Article Online
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will appear as a broad anodic peak.**** The obvious anodic
peaks of our carbon material that does not hold a very high
specific surface area (~271.80 m”> g~ ') may imply the greater
influence of Li" de-intercalation from the MnO, compound over
the de-insertion process typically found in high-surface-area
biomass-based porous carbon materials. In the CV scans of
the MnO,/NBGC composites, the oxidation peaks observed at
1.2 Vand 2.3 V represent the 2-step oxidation reaction of Mn° to
Mn>" and Mn>" to Mn*', respectively.®® The more distinct
anodic peaks of the composites with high MnO, loading, such
as 40-MnO,/NBGC and 100-MnO,/NBGC, may have resulted
from the greater content of MnO, in these composites. The
cathodic peaks appearing at ~1 V and 0.4 V correspond to the
reduction of manganese oxide to metallic manganese (Mn*" to
Mn°) in conjunction with the formation of Li,0* and SEI
formation, respectively. The reaction mechanism can be
described as shown in eqn (3) and (4); during discharge, MnO,
is reduced to Mn, and Li" is converted to Li,O. This lithiation
typically leads to the formation of nanometer-scale metal clus-
ters embedded in a Li,O matrix accompanied by a large volume
expansion. The formation of Mn/Li,O leads to a theoretical
capacity of 1230 mA h g~ for MnO,. During charging, Mn is
oxidized to form MnO, while Li,O is decomposed into Li*.35%
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MnO, + 4Li" + 4e~ < 2Li,O + Mn (3)

4Li o 4Li" + de” (4)

Furthermore, the lithium-ion storage mechanisms of BGC,
NBGC, and the MnO,/NBGC composites with different doping
content were investigated by using cyclic voltammetry to
observe their electrochemical behavior at varied scanning rates.
The relationship between the current and the scanning rate is
depicted by the following eqn (5),>**' and the charge storage
process is also described by eqn (5).

i=ar’ (5)

where the measured current i follows the power law relationship
with the scan rate v. Both a and b are fitting parameters ob-
tained from the intercept and slope of the plot log(7) vs. log(v),
respectively. There are two defined values for b, i.e. 0.5 and 1.0.
At b = 0.5, the current is proportional to the square root of the
sweep rate », and the current response is purely controlled by
ion diffusion in the electroactive material, reflecting that the
current and capacity result from the faradaic intercalation/
extraction processes. Meanwhile, at b = 1.0, the current is
linearly proportional to the sweep rate v, which is considered
capacitive response; here, the current and capacity originate
from the charge-transfer process involving the surface atoms
and the non-faradaic double layer effect or surface adsorption
process. Therefore, for a system governed by the synergistic
effect between ionic diffusion and the surface capacitive effect,
the relationship between the current and the scan rate at a fixed
potential can be described as follows:

I(V) = kll/ + kzl/”z (6)
IV = k' + ky (7)

where both k; and k, are constants at each fixed potential, while
kw and kyp'? correspond to the current contributions of the
surface capacitive effects and diffusion-controlled intercalation/
extraction processes, respectively. To quantitatively estimate the
current contributions of the surface capacitive effects and
diffusion-controlled insertion/extraction processes, a series of
k, and k, for each potential was solved by plotting I(V)/»*? vs.
»*2, in which the slope and y-axis intercept of the plot corre-
spond to k; and k,, respectively. The ratio of capacitive contri-
bution to the total capacity was determined from the integrated
area of the plot (ky» vs. potential) and the total integrated area of
the CV curve. Fig. S3a-ff show the CVs of BGC, NBGC and
MnO,/NBGC doped with different loadings of MnO, at various
sweep rates between 0.1 and 2.2 mV s, respectively. It can be
observed that all anodic peaks had shifted to higher potentials,
and the cathodic peaks moved to lower potentials with the
increase in scanning rate. This reflects high polarization at high
sweep rates. Fig. 6b—g present the ratios of capacitive contri-
bution to the total capacity obtained by integrating the area of
capacitive current (k,v) vs. potential curve in comparison with
the total area of the CV curves at the selected scan rates of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2 mV s '. While, the capacity contribution ratios between
capacitive effect to the diffusion controlled process are
summarized in Fig. 6h. The values of k; and k, at various
potentials were calculated by employing eqn (7). Regarding the
behavior, the samples were classified into two groups, namely
(i) BGC and NBGC and (ii) the MnO,/NBGC composites with
various MnO, contents, to analyze the kinetics of the ionic
storage mechanism. For BGC and NBGC, the capacities mainly
depended on the surface capacitive effect, as indicated by the
high capacitive contribution, that is, roughly more than half,
including 48-53% for BGC and 88-92% for NBGC. The high
capacitive contributions may be attributed to the high surface
area of the materials. Especially, the significantly high capaci-
tive contribution (more than 80%) in the case of NBGC may
result from its abundant exposed electron rich-N functional
groups that readily attract the lithium ions. Compared with
their parent, i.e. NBGC, the MnO,/NBGC composites showed
less influence of the capacitive effect on their capacities. With
the addition of MnO,, it was clearly seen that the ionic storage
mechanism was increasingly controlled by the synergistic
impact of the surface capacitive effect and diffusion-controlled
insertion/extraction processes. The capacitive contributions of
the MnO,/NBGC composites at varying scan rates ranging from
1-2.2 mV s~ were 27-46%, 73-86%, 49-71%, and 12-19%, for
5-MnO,/NBGC, 10-MnO,/NBGC, 40-MnO,/NBGC, and 100-
MnO,/NBGC, respectively. Interestingly, with the increase in
MnO, doping, the ionic capacity seemed to basically rely on
the capacitive effect or adsorption at the surface of the active
MnO,/NBGC electrode composites up to an optimum condi-
tion. With a further increase in MnO, doping, the ionic storage
process predominantly depended on ionic diffusion-controlled
intercalation/extraction to the crystalline structure of the active
material. Notably, 5-MnO,/NBGC, which had a comparable
specific surface area and N content but a relatively lower
amount of MnO, than 10-MnO,/NBGC (see Tables 1 and S17),
showed quite a low capacitive contribution. The reason for the
greater role of the diffusion-controlled process in the case of the
5-MnO,/NBGC sample may be the better crystallinity of its
structure as it was grown with a more diluted KMnO, precursor.
A high initial KMnO, concentration may cause very rapid
growth of MnO, crystals on the carbon surface, leading to the
formation of MnO, nanocrystals with denser or lower crystal-
linity. Hence, 5-MnO,/NBGC, which has a better crystalline
structure of the MnO, active material, would better support the
process of Li" intercalation/extraction. This can promote its
ionic capacity thereby high storage capability of the MnO,
compound. The 10-MnO,/NBGC sample, which possesses lower
MnO, crystallinity while holding a comparable surface area to 5-
MnO,/NBGC, would then prefer ionic storage via surface
adsorption processes. Further increasing MnO, doping on the
NBGC, as the cases of 40-MnO,/NBGC and 100-MnO,/NBGC,
did not only reduce the specific surface area due to blockage of
the porous structure, but the thick MnO, coating would also
shield the exposed N-functional groups on NBGC. In addition,
their MnO, nanocrystallites may exhibit low crystallinity under
a dense crystalline growth. This may result in a lower capacitive
contribution to the ionic capacity and also low capacity due to
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limited ionic intercalation in the poor crystalline structures. In
particular, 100-MnO,/NBGC, which contained a substantially
high MnO, content while possessing the lowest surface area,
acted more like bulk MnO,, thereby favoring an ionic storage
mechanism via the intercalation/extraction processes. More-
over, the fraction of capacitive contribution to the total capacity
of all the MnO,/NBGC composites mostly increased with the
scanning rate and current density (Fig. 6h), indicating that at
high charge/discharge rates, they are likely to rely on the surface
capacitive effect or surface adsorption process to sustain their
ionic capacity. The high contribution of pseudocapacitance
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Fig.7 The voltage profiles of bagasse-derived carbon material (BGC),
N-doping bagasse-derived carbon (NBGC), and MnO,/NBGC

composites with various MnO, loadings at the (a) 1st cycle, (b) 2nd
cycle, and (c) 50th cycle.
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would be beneficial to the electrochemical performance of
electroactive materials at high rate capacities.

The voltage profiles of BGC, NBGC and the MnO,/NBGC
composites at a current density of 186 mA g~ * (approximately
0.5C based on the theoretical capacity of graphite,
~370 mA h g~* as the reference) in the 1st, 2nd and 50th cycles
are presented in Fig. 7. For BGC and NBGC, only a sloped
discharge potential, as generally found in carbon-based elec-
trodes, could be observed. In the case of the MnO,/NBGC
composites, an obvious plateau was observed at around 0.45 V
in the discharge process, corresponding to the reduction of
Mn** to Mn°. In the charging process, the sloped potentials at
around 1.51 V and 2.25 V were ascribed to the two steps of Mn
oxidation, in agreement with the CV scan result. It was found
that the composites with greater MnO, loadings (such as 40-
MnO,/NBGC and 100-MnO,/NBGC) exhibited similar charac-
teristics to pure MnO,, where the long plateau potential at
0.45 V was obviously observed. The 1st cycle discharge capac-
ities of most MnO,/NBGC composites were higher than the
theoretical capacity of MnO, (1230 mA h g ), reflecting the
mixed processes of ionic storage. The extreme decay of the
specific capacity in the 2nd cycle resulted from the formation of
the SEI due to the decomposition of the electrolyte at the elec-
trode interface during the 1st discharge process. The formation
of the coating layer limits ionic accessibility to the electrode in
the subsequent cycles.*® This irreversible capacity from the first
cycle is highly dependent on the mobility of Li* and e~ during
the Li extraction process. Li* transport can be enhanced by the
formation of a nanoporous SEI structure at the end of the first
discharge cycle that can facilitate the penetration of the elec-
trolyte into the nanopores of the electrode. However, electron
transport in the electrode may not be affected since the elec-
trolyte cannot supply free electrons to the electrode. Therefore,
electron mobility is highly dependent on the original particle
size. In the following cycles, charging and discharging were
quite reversible due to the stability of the SEI microstructure
after several cycles. After 50 cycles, only the MnO,/NBGC
composites with medium to low MnO, loadings, namely 5-
MnO,/NBGC and 10-MnO,/NBGC, exhibited high capacity
retention of more than 90% relative to the capacity obtained in
the 2nd cycle.

As shown in Fig. 8, the cycling performances of the bagasse-
derived carbon anode material and its composites with various
MnO, loadings were compared with that of pure MnO, nano-
particles to explore the benefit of the doped N-functional groups
and the MnO, nanoparticles dispersed on the carbon porous
substrate, as well as the impact of the MnO, coating layer on the
corresponding electrochemical performance. As shown in
Fig. 8a, the half-cell tests were cycled between 0 and 3 V at
a current density of 186 mA g~ ! for 50 cycles. The initial capacity
of the parent carbon materials, namely BGC and NBGC, the
doped MnO,/NBGC composites, including 5-MnO,/NBGC, 10-
MnO,/NBGC, 40-MnO,/NBGC, and 100-MnO,/NBGC, and the
pure synthesized MnO, were 815, 1016, 1394, 1348, 1265, 1232
and 1450 mA h g™, respectively. These obtained capacities were
higher than the theoretical capacities of graphite and the MnO,
crystalline material, reflecting the combination of the ionic

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04008a

Open Access Article. Published on 11 January 2024. Downloaded on 10/20/2025 6:32:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

1600

3 *  pure MnO2
1400 ~ BGC

4+ NBGC

*  5-Mn02/NBGC
10-Mn02/NBGC

< 40-MnO2/NBGC

* 100-Mn02/NBGC

= e
o N
S 9
S O

@
=]
o

Specific Capacity (mAh/g)
00
o
o

N
o
=)

N
Q
=]

o

o
=
1S)
~N
o
w
o
B
o
[
t=]

Cycle

17504 5-Mn0,/NBGC@372 mA g

1500

- Pure MnO,
BGC

- NBGC

- 5-MnO,/NBGC
10-MnO,/NBGC

- 40-MnO,/NBGC
100-MnO,/NBGC

Specific Capacity (mAh/g)
RO
w ~ o N
o w (=] v
o o o o

# 5:MnO/NBGC@372 mAs
1254 o pure

B6C
& NBGC
1204 v 5MnO/NBGC
© 10.Mn0/NBGC
4 40-Mn0,/NBGC
b 100-Mn0,/NBGC

Coulombic Efficiency (%)

T T T T T
0 20 40 60 80 100 120 140
Cycle

Fig. 8 Cycling performance of BGC, NBGC, MnO,/NBGC at various
MnO, loadings and pure synthesized MnO,: (a) cycling at a current
density of 186 mA g2, (b) cycling at a current density of 774 mA g~*
and (c) their corresponding coulombic efficiency at a current density
of 774 mA gt

storage mechanisms. In the 2nd cycle, all samples had
substantial capacity decay reaching 457, 535, 853, 816, 586, 536,
and 442 mA h g ', respectively. This capacity decay typically
results from the influence of SEI formation. However, all
samples showed great coulombic efficiencies of almost 100%
during the 50-cycle tests. Regarding the reduction in carbon
content with increasing MnO, doping amount (see Table S17),
the obtained capacities of the MnO,/NBGC composites were
quite dependent on the MnO, compound. After 50 cycles, all
MnO,/NBGC composites with different MnO, loading concen-
trations and even the un-doped bagasse-based carbon materials
exhibited much better cycling performance than that of the
pure MnO, electrode. After 50 cycles, 5-MnO,/NBGC, 10-MnO,/
NBGC, 40-MnO,/NBGC, and 100-MnO,/NBGC could retain
specific capacities of 759, 722, 468, and 382 mA h g™, which
correspond to about 54%, 54%, 37%, and 31% capacity reten-
tion, respectively. Meanwhile, the parent porous carbon
substrates NBGC and BGC exhibited specific capacities of 422
and 368 mA h g~ ', demonstrating capacity retention of 45% and
42%, respectively. Although the pure MnO, electrode expressed
a very high initial capacity (~1450 mA h g™"), its 2nd cycle

© 2024 The Author(s). Published by the Royal Society of Chemistry
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capacity considerably dropped and continually decreased
through the end of the 50th cycle, finally holding a specific
capacity of only 156 mA h g™, corresponding to 11% retention.
This clearly reveals the dramatic instability of the bulk pure
MnO, compound. Compared with their parent substrates (i.e.
NBGC and BGC) and pure MnO,, the superior capacity of the
MnO,/NBGC composites reflects the influence of the high-
capacity MnO, active compound in addition to the capacitive
effect of the N-functional groups and the large surface area of
the parent carbon substrate. However, the composite samples
that contained a high density of deposited MnO,, such as 40-
MnO,/NBGC and 100-MnO,/NBGC, behaved more like the bulk
MnO,, hence displaying significantly lower capacity than the
samples with less MnO, doping, namely 5-MnO,/NBGC and 10-
MnO,/NBGC. Relative to the capacity observed in the 2nd cycle,
where the formed SEI layer was quite stable, the samples BGC,
NBGC, 5-MnO,/NBGC, 10-MnO,/NBGC, 40-MnO,/NBGC, 100-
MnO,/NBGC, and pure MnO, demonstrated 81%, 79%, 89%,
88%, 80%, 71%, and 35% capacity retention, respectively. All
the bagasse-based electrodes exhibited high capacity retention
above ~80%, except for pure MnO,, which still showed low
retention of about 35%. The poor cycling stability of the pure
MnO, electrode is attributed to its typically large volume
expansion, which causes weaker adhesion with the current
collector after several cycling tests.'® Considering the impact of
the MnO, coating amount on the electrochemical performance
of the composite electrodes, increasing the MnO, loading
amount either led to a reduction in the specific capacity of the
composites or resulted in MnO, structures with poor crystal-
linity due to the dense crystalline growth. With thin MnO,
coatings, the 5-MnO,/NBGC and 10-MnO,/NBGC samples
exhibited high performance because of the synergistic effect of
the high-capacity MnO, active material and the supported
capacitive effect arising from the exposed N-containing defects.
In addition, the thin coating allowed better adhesion of MnO,
with the carbon surface and could better tolerate the high stress
from its large expansion. In contrast, thick MnO, coatings, as
found in the 40-MnO,/NBGC and 100-MnO,/NBGC samples,
would not only block the pore channels of the parent carbon
material, leading to a reduction in the specific surface area but
also would shield the capacitive effect of the N-containing
functional groups on the carbon substrate from the contact-
ing electrolyte. In addition, the low crystalline quality resulting
from rapid crystalline growth at high concentrations of MnO,
would limit the diffusion-controlled intercalation/extraction
process of Li' through the MnO, compound. Large MnO,
agglomerates would also result in weak adhesion with the
substrate and may generate non-uniform expansion during
cycling, causing instability or detachment of some MnO, coat-
ings after several cycles. To evaluate the long-term cyclic
performance of the MnO,/NBGC electrode materials, their as-
assembled LIBs were cycled at 774 mA g ' (~2C based on the
theoretical capacity of graphite with ~370 mA h g™ ' as the
reference) for 150 cycles, as depicted in Fig. 8b. The cells
assembled from 5-MnO,/NBGC, 10-MnO,/NBGC, 40-MnO,/
NBGC, 100-MnO,/NBGC, NBGC, BGC, and pure synthesized
MnO, exhibited average reversible discharge capacities of
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390.03, 306.94, 211.63, 66.29, 233.32, 208.11 and
43.05 mA h g7, respectively. All samples showed great revers-
ibility with the coulombic efficiency reaching nearly 100%, as
shown in Fig. 8c. The observed long-term capacity behaviour at
high rates also confirms the synergistic influence of the high-
capacity MnO, compound and the pseudocapacitive effect
arising from the N-containing defects and the large surface
area, as previously mentioned. For instance, the composite
comprising a thin MnO, coating exhibited high storage capa-
bility compared to the samples that were coated with thick
MnO, layers. It was found that even at a relatively high current
density, 5-MnO,/NBGC exhibited a specific capacity of
390 mA h g ' (487.6 mA h g ' at 372 mA g '), which is higher
than the capacity of typical graphite (~370 mA h g~"). Thicker
MnO, coating layers at elevated MnO, doping levels resulted in
declined ionic capacity. Interestingly, the 100-MnO,/NBGC
sample with a very thick MnO, coating exhibited a substantial
drop in capacity, even lower than that of BGC, which is the
carbon material without N-doping. Moreover, it behaved more
like the bulk pure MnO, instead of the MnO,/NBGC carbon
composite, delivering a comparatively low capacity as the
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Fig. 9 Rate performance of bagasse-derived carbon material (BGC),
N-doping bagasse-derived carbon (NBGC), MnO,/NBGC carbon
composite with various MnO, loading concentrations and the pure
hydrothermally synthesized MnOs.
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unstable MnO,. The high pseudocapacitive effect in NBGC,
which does not hold a MnO,, could promote high rate capa-
bility, leading to a higher specific capacity than that of the 40-
MnO,/NBGC sample.

As shown in Fig. 9, different current densities were applied to
investigate the rate performance of the MnO,/NBGC samples
with various MnO, loadings and compared with their parent
bagasse-derived porous carbons (NBGC and BGC), as well as,
the synthesized pure MnO,. Different current densities,
including 74.4 mA g~ ", 186 mA g~ ', 372 mA g ', 1860 mA g/,
3720 mA g~ !, which are approximately equivalent to about 0.2C,
0.5C, 1C, 5C, and 10C, respectively, (based on the 1C graphite
theoretical capacity of about 372 mA g~ ') were consecutively
applied for 10 cycles, 10 cycles, 10 cycles, 50 cycles, and 50
cycles, respectively, and eventually restored back to 74.4 mA g~
for 10 cycles. As summarized in Table 2, all samples exhibited
good rate performance, achieving great capacity retention of
more than 70% even under high applied current densities of
1860 mA g ' and 3720 mA g ' over almost 100 cycles.
Compared with the MnO, composite samples, pure MnO,
exhibited poor reversibility with quite a low capacity retention
of ~59%. Similar to the trend achieved in the cycling perfor-
mance assessment, regarding the synergistic impact of the
inserted high-capacity MnO, compound and N-doping, the
MnO,/NBGC composite samples with low to medium MnO,
loadings, namely the 5-MnO,/NBGC and 10-MnO,/NBGC
composites, displayed distinctively great rate performances.
Interestingly, 5-MnO,/NBGC could deliver a high specific
capacity of up to 388 and 301 mA h g~ " at high current densities
of 1860 and 3720 mA g~ ', or about 5C and 10C, respectively. At
low to relatively high current densities (74.4-1860 mA g "),
though exhibited comparable performance 10-MnO,/NBGC was
found to exert a slightly higher capacity than 5-MnO,/NBGC.
This may imply its favorable thermodynamics-controlled
ionic storage at low current density due to higher MnO,
doping. However, when tested at a very high current density of
3720 mA g ', 5-MnO,/NBGC showed distinctively higher
capacity than 10-MnO,/NBGC. Their comparable performance
at low to medium current densities may be attributed to their
similar specific surface area and comparable amounts of N-
containing groups, which support the accessibility of the elec-
trolyte to the electrode material and promote the pseudo
capacitive effect. However, higher amounts of loaded MnO, may

Table2 The specific capacity of bagasse-derived carbon material and its composites with different MnO, loadings under varying current density

Average specific capacity at varied current densities (mA h g™*)

Carbon composite 74.4 (mAg ") 18 (mAg ') 372(mAg ") 1860 (mAg ") 3720(mAg ") 744 (mAg ') Capacity retention (%)
Pure MnO, 493 242 171 12 4 292 59
BGC 300 212 192 89 65 301 100
NBGC 521 363 321 183 125 475 91
5-MnO,/NBGC 767 580 519 388 301 780 101
10-MnO,/NBGC 833 603 514 365 228 784 94
40-MnO,/NBGC 578 332 256 77 17 447 77
100-MnO,/NBGC 526 308 225 93 32 410 77
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form thicker coating layers that shield the exposed N-functional
groups on the carbon substrate and drive poor MnO, crystalline
growth. In addition, depositing MnO, at higher KMnO,
concentrations may increase the dispersion of the MnO, clus-
ters, leading to lower dimensional stability because of their non-
uniform and large volume expansion under high current
densities, such as 3720 mA g_l. Both 5-MnO,/NBGC and
10-MnO,/NBGC showed great reversibility with high capacity
retention of more than 90% and even full recovery in the case of
5-MnO,/NBGC, when restored back to the low rate of
74.4 mA g '. Notably, such high-capacity compound MnO,
seems to play a greater role than the surface capacitive effect
when operated under low current densities, such as
74.4 mA g~'. However, the higher specific capacity of NBGC
than those of the high MnO,-loaded composites, such as
40-MnO,/NBGC and 100-MnO,/NBGC, at high current densities
suggests a major impact of the capacitive effect arising from the
doped N-containing groups, as well as, the large surface area on
the ionic conduction and stability of the MnO, coating layer to
sustain the capacity at high rates. In agreement with the results
from the cycling test, thick MnO, coating layers may not be able
to tolerate large dimensional changes under fast rates and
cause weak adhesion, leading to a dramatic capacity drop
possibly due to the detachment of MnO, from the carbon
substrate.

The electrochemical impedances of BGC, NBGC, 5-MnO,/
NBGC, 10-MnO,/NBGC, 40-MnO,/NBGC and 100-MnO,/NBGC
were analyzed by using electrochemical impedance spectros-
copy (EIS) in the frequency range of 0.1-100000 Hz and
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a voltage of 10 mV, as illustrated in Fig. 10a. Based on the
electrical equivalent circuit (EEC) shown as the inset, all the
Nyquist plots composed of a single semicircle in the high-to-
medium frequency range and a diagonal inclined line in the
middle-to-low frequency range, corresponding to the charge
transfer resistance (R.) and lithium ionic diffusion ability,
respectively. The electrochemical charge transfer resistance
(Rc¢) of each sample was obtained from the extrapolated inter-
cept of the semicircle plot in the medium-frequency range on
the X-axis. The electrochemical impedance generally reflects the
ion transport ability within the bulk electrolyte through the
electrode material. In particular, the charge transfer resistance
denotes the transport of ions through the interface between the
electrode material and electrolyte solution. BGC, NBGC, 5-
MnO,/NBGC, 10-MnO,/NBGC, 40-MnO,/NBGC, and 100-MnO,/
NBGC revealed R, values of 65.2, 46.1, 33.2, 38.5, 41.0 and 57.5
ohms, respectively. These can be ranked as R (5-MnO,/NBGC)
< Re (10-MnO,/NBGC) < R, (40-MnO,/NBGC) < R (NBGC) < R
(100-MnO,/NBGC) < R (BGC). This ionic conduction trend is
quite consistent with that of their specific capacities. Moreover,
it is most likely influenced by the crystallinity of the doped
MnO, nanoclusters and the specific surface area. For instance,
a better crystalline structure when combined with a large
specific surface area tends to promote higher ionic conduction.
Furthermore, the reduction in ionic conductivity of the MnO,/
NBGC electrode after cycling at 774 mA g~ for 150 cycles was
explored by TEM and the EIS of representative carbon
composite electrode materials, namely NBGC, 5-MnO,/NBGC,
and 100-MnO,/NBGC, as illustrated in Fig. 10c-e. The Nyquist

30
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Fig. 10 Electrochemical impedance of (a) the fresh carbon composite anode electrodes and (b) carbon composite anode electrodes after
cycling at 774 mA g~ for 150 cycles; the TEM images of some spent carbon composite electrodes: (c) NBGC, (d) 5-MnO,/NBGC, and (e) 100-

MnO,/NBGC.
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plots of the used electrode material seemed to depict an addi-
tional second semicircle at medium frequencies, reflecting the
formation of a secondary phase or additional resistance
generated after the cycling tests. They also showed higher
charge transfer resistances compared with the fresh electrodes
and could be arranged as R.; (NBGC) < R (5-MnO,/NBGC) < R,
(100-MnO,/NBGC). A comparison of the TEM images of the
spent electrodes relative to the fresh ones depicted in Fig. 2
revealed that the NBGC and 5-MnO,/NBGC electrode materials
did not clearly show morphology changes, whereas, the obvious
flaky structure of the MnO, coating layer for the 100-MnO,/
NBGC sample disappeared after long cycling. This may imply
the degradation of the unstable thick MnO, coating layer due to
non-uniform expansion during cycling, eventually leading to its
detachment from the porous carbon substrate and causing
large resistance due to the collapse of the crystalline structure.

Table 3 demonstrates the comparison of previously reported
electrochemical performances of manganese oxide compound/
carbon composites in various fabricated structures. Most of the
developed manganese oxide/carbon composite electrodes
exhibited a capacity of more than 400 mA h g™, which is higher
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than the theoretical capacity of the typical graphite electrode.
This may be attributed to the utilization of carbon nanotubes or
graphene sheets as the highly conductive carbon substrate with
enhanced specific surface for the nanocrystalline growth of
high-capacity manganese oxide compounds. However, though
porous graphene or carbon nanotubes deliver high ionic
capacity at high current densities, the materials are expensive
and require elaborate fabricating methods. In comparison with
the manganese oxide/carbon composite electrodes from
previous studies, our best sample 5-MnO,/NBGC delivers quite
a high reversible capacity (~722 mA h g " at a moderate current
density of 186 mA g~ ', ~0.5C based on theoretical graphite
capacity). Moreover, it shows relatively high capacity and good
stability at high current densities: 488 at 372 mA g~ ', and 390 at
744 mA g '. This great storage capability may arise from the
synergistic effect of the stable MnO, nanocrystalline structures
deposited onto the porous carbon substrate with enhanced
surface area containing high-capacitive N-functional groups. In
addition, the appropriate density of the MnO, nanocrystalline
particles on the porous substrate promotes the formation of
good crystalline and optimizes the obtained specific surface

Table 3 Comparison of the electrochemical performance of various composites of manganese oxide compounds and carbon materials

Sample Material Specific capacity (mA h g™*) Potential range (V) References
MnO,/CNT Composite of coated MnO, 620 at 200 mA g~ after 50 0.01-3 16
nanoflakes on connected cycles
carbon nanotubes
0-MnO,/GNS Composite of a-MnO, 693.7 at 0.05C and 387.7 at 0.01-3 34
nanosheets distributed on 0.2C after 30 cycles
graphene surface
MnO,/CNTs Composite of hybrid coaxial 500 at 50 mA g~ after 15 0.02-3.2 36
structured MnO, and carbon cycles
nanotubes
C/MnO-L Composite of commercial 400 at 400 mA g ! 0.01-3 42
MnO coated with sugar-
derived carbon material
N-MnO/GNS Composite of N-doped MnO 772 at 100 mA g~ ! after 90 0-3 43
distributed on graphene cycles
nanosheets
MnO@C core-shell Composite of core-shell 770 at 200 mA g ' after 30 0.001-3 44
nanoplates MnO nanoplates coated with cycles
carbon material
MnO,/CNHs Composite of MnO, 565 at 100 mA g’1 after 60 0.05-3 45
nanoflakes coated on carbon cycles
nanohorns (CNHs)
MnO, NFs@GF Interconnected MnO, 1200 mAh g’1 at 500 mA g’1 0.01-3.00 46
nanoflakes (NFs) assembled after 300 cycles and
on CVD-grown graphene 500mAhg 'at5Ag"
(GF) foam
GMG Composite of graphene- 612mAhg 'at400 mA g’ 0.01-3.00 47
coated MnO, deposited on after 250 cycles
graphene nanoribbons
(GNRs)
MnO, nanotube/graphene Thin film composites of 495mAhg ' at 100 mA g " 0.01-3.00 48
layered-by-layered graphene after 40 cycles
and MnO, nanotubes
5-MnO,/NBGC Composite of dispersed 722 at 186 mA g ' after 50 0.01-3 This work

MnO, nanoparticles on the
N-doped bagasse-derived
porous carbon material
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cycles, 488 at 372 mA g~
after 150 cycles, and 390 at
744 mA g~ after 150 cycles
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area of the composite products. The proposed utilization of
agricultural wasted sugarcane bagasse, might promote the
concept of using sustainable raw materials to produce a higher-
value electrode material for electrochemical storage devices that
can sustain comparable performance to expensive electrode
materials.

To further align the academic and industrial practices for the
potential utilization of our proposed 5-MnO,/NBGC anode
material, the energy density of the full-cell fabricated using 5-
MnO,/NBGC coupled with an LFP cathode was calculated based
on the method presented by Son et al.** The calculated full-cell
energy density was then compared with the case where the
common graphite anode material was employed. The calculated
results for both cases are illustrated in Fig. S4.1 Basically, the
energy density of the full cell mainly relies on the practical
capacity of the cathode material and the nominal voltage
between the cathode and the anode. The nominal voltage of the
full cell may be roughly approximated from the potential differ-
ence between the plateau voltages derived from separate half-cell
GCD tests of each cathode and anode material vs. Li/Li". With the
same cathode material, the anode material which provides lower
voltage may gather a higher output of nominal voltage when
coupled in the full cell. Based on the energy density calculation
shown in ESI,{ with the same electrode mass loading, the
calculated full-cell energy densities for the LFP-5MnO,/NBGC
and LFP-graphite electrode couples were 137.42 and 151.16 A h
kg™, respectively. The lower full-cell energy density of the LFP-
5MnO,/NBGC couple compared to that of the LFP-graphite pair
results from its higher half-cell testing nominal voltage (0.45 V)
relative to 0.15 V for typical graphite. Though it is predicted to
deliver slightly lower full cell energy density compared with the
common graphite anode, 5-MnO,/NBGC showed quite an
impressive rate performance (i.e. 388 mA h g ' at a current
density of 1860 mA g™, approximately 5C) and good cycling
stability. This promising rate performance and cycling stability of
5-MnO,/NBGC may promote its potential usage in batteries for
fast-rate applications and ensure a longer lifetime.

Conclusions

Composites of the N-doped bagasse-derived porous carbon with
dispersed MnO, nanoparticles (MnO,/NBGC) were fabricated
via a practical method. Controlled loading of MnO, nano-
particles on the porous carbon substrate could be achieved by
varying the KMnO, precursor concentration in the reduction
reaction. Increasing the MnO, loading content caused the
formation of thick flake-like MnO, coating layers on the porous
carbon surface, leading to a reduction in the specific surface
area and shielding of the capacitive effect originating from the
N-containing functional groups. In addition, high concentra-
tions of the KMnO, precursor caused the formation of MnO,
with low crystallinity. The superior electrochemical perfor-
mance of the MnO,/NBGC nanocomposite electrode was ach-
ieved from the synergistic impact of the hierarchical
architecture according to appropriate MnO, loading on the
porous carbon and the capacitive effect from the N-containing
defects on the carbon material. These combined effects could

© 2024 The Author(s). Published by the Royal Society of Chemistry
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facilitate great adhesion of the MnO, nanoparticles on the
substrate, limiting its large volume expansion and enabling fast
ion and electron transport. The optimized carbon composite,
namely 5-MnO,/NBGC, exhibited a high reversible capacity of
about 760 mA h g~" at a current density of 186 mA g~ after 50
cycles, 488 mA g ' at 372 mA g ' and up to 390 mA g~ ' at
774 mA g ' after 150 cycles. It also showed good reversibility,
with the coulombic efficiency reaching nearly 100%. Moreover,
it delivered good rate capability with high specific capacity up to
388 and 301 mA h g~ even when tested under high current
densities of 1860 and 3720 mA g, respectively, for at least 50
cycles. Compared to similar MnO,/carbon composite anode
materials reported in previous studies, our proposed MnO,/
NBGC anode material exhibits quite impressive performance
and utilizes sustainable agricultural wasted, sugarcane bagasse
as the base material. The approximated energy density calcu-
lation of the LFP-coupled 5-MnO,/NBGC full cell expectedly
revealed a lower energy density compared to that of the LFP-
graphite anode couple, regarding its higher nominal half-cell
testing voltage. However, the good rate and cycling perfor-
mance of the proposed 5-MnO,/NBGC anode may benefit
potential usage in batteries for fast-rate applications with
a longer lifetime. Here, the proposed MnO,/NBGC composites
show potential for further development not only as promising
electrode materials for rechargeable batteries (Li", Na*, and K"
batteries) and supercapacitors but also as active materials for
other applications, such as catalysis and sensing.
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