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Abstract: With the rapid depletion of fossil fuels and a series of environmental problems, it is urgent to develop and to utilize new
electrochemical energy storage devices, and the design, preparation and optimization of electrode materials are key factors to
determine the performance of supercapacitors. Hydrothermal method was used to convert hollyhock stalks into porous carbon
matrix with MnO and Co nanocrystals anchored on it. Results show that the prepared biocarbon has porous structure and good
electron transport properties, and the nanosrystal MnO-Co on it has high capacitance. Due to the unique nanostructure of carbon
skeleton and large specific surface area (345.9 m*g™'), MnO-Co nanocrystal/porous carbon shows excellent electrochemical

capacitance (146 F-g™'at 1 A-g™") and cycle stability. After 1000 cycles, the specific capacity still remains 99.4%.
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With the increasing demand for energy, human are facing
the dilemma of fossil fuels depletion and serious environ-
mental pollution problems caused by burning them'. There-
fore, new energy such as solar energy, wind energy and
biomass energy are introduced into the energy system.
However, some of the new energy cannot be used efficiently
because of its poor consistency property. So the energy
storage devices such as supercapacitors have gained great
interests, especially for electric vehicles and electronic
products” ™. In fact, the large-scale commercial application of
supercapacitors depends largely on the development of
electrode materials. Nature endows biomass with accessibility,
low cost and special microstructures. In particular, biomass
carbon with the hierarchical porous structure can be obtained
from agricultural or domestic waste. Therefore, as an
important renewable energy material, biomass carbon and its
composites  have attention  for

attracted much
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supercapacitors”

In recent years, a variety of biomass has been extensively
studied as a precursor to prepare biomass carbon and its
composites for supercapacitors use, such as fruit”, stems"”
and fungi"". The results show that the hierarchical structure of
biomass carbon promotes electrolyte penetration and reduces
ion transport pathways. In addition, Nitrogen atoms in
biomass can induce heteroatom doping of carbon materials,
which may endow it higher conductivity and more active

12 Therefore, due to various

sites
environmental protection functions, natural abundance and
simple preparation methods, biomass carbon and its compos-
competitive
supercapacitor and battery materials. For example, Liu et al”
has produced robust 3D porous carbon from low-cost biomass
through high-temperature carbonization and subsequent KOH

activation, and found that the electrode material exhibits high

layered structures,

ites have been considered as extremely
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volumetric capacitance of 476 F-cm” in 6 mol/L KOH
electrolyte and its energy storage efficiency can still be
maintained at 91% after 10000 cycles.

In fact, metallic compound"*'” are usually introduced due
to its pseudocapacitance behavior to prepare mixed electrode
materials with high specific capacitance. Among the transition
metals, Mn has the largest number of oxides, most of which
have a special tunnel structure that can undergo bulk redox
reactions. The higher theoretical capacitance, wider potential
window and higher natural abundance make MnO /"'
species the main electrode material for energy storage
applications. Cobalt oxide (Co0,0,) has a high theoretical
capacity (3560 F-g"), and exhibits excellent electrochemical
performance'”. However, it is still challenging to manufacture
supercapacitors based on Co,0, with high specific capaci-
tance, because the specific capacitance observed in many
cases is much lower than the theoretical value®™ *"". When the
Co0,0, composite material undergoes a phase change with
respect to the electrolyte medium, it may show a sharp
decrease in cycle performance over a longer period of use.
This is due to the continuous change of the oxidation state
from Co?/Co” to Co™/Co™™), and the transfer of charge
causes an increase in resistance and a significant decrease in
cycle performance. Therefore, the uneven distribution of
metal oxides and structural collapse are two difficult problems
that restrict the development of biomass carbon/metal oxide
hybrid supercapacitor electrodes.

In this work, MnO and oxide-free Co metal was embeded
into the biocarbon matrix to mitigate the problems of phase
transition and the structural collapse caused by the phase
transition. Cobalt metal also plays an important role in
preventing crystal caking, and it interacts with MnO during
the crystallization process to prevent crystals from caking to
form smaller nanoparticles™>*. Through the water-absorbing
and water-retaining capacity of hollyhock stems, the dried
stems can absorb the required metal salt solution. Finally, a
uniformly distributed MnO-Co/biocarbon composite was
prepared by calcination. The morphology, pore structure and
supercapacitor performance of MnO-Co/biocarbon composite
were tested, and the electrochemical storage mechanism was
proposed.

1 Experiment

1.1 Chemicals and materials

Manganese acetate tetrahydrate and cobalt nitrate hexahy-
drate were of analytical grade and used without further purifi-
cation. They were purchased from Aladdin Industrial
Corporation (Shanghai, China). Hollyhock stalks were
collected in campus and used after a series of treatments.

1.2 Template preprocessing

The green epidermis of the hollyhock stalks was stripped
away by means of peeling, leaving only the white part of the
interior. The long stems were sterilized in an ultra-clean bench
(sterilization time: 15 min). Then, the long stems were cut into
small segments with a basically consistent length of 4 cm to

5 cm. The samples were rinsed 3 or 4 times with deionized
water to remove impurities from the stalks themselves during
the stripping process. The preprocessing solution was
prepared as follows: deionized water and absolute ethanol
(C,H,OH) were introduced into the prepared beaker in a
volume ratio of 1:1, and then the pre-formulated 0.1 mol/L
hydrochloric acid (HCI) was dropwise added to adjust the pH
value as 2 —3. An appropriate amount of hollyhock stalks
aforementioned were introduced. The beaker with prepro-
cessing solution and hollyhock stalks was sealed by transpar-
ent plastic wrap and the stalks were fully immersed in the
solution for 3 d.

The hollyhock stalks obtained were rinsed by deionized
water for several times, and then the preprocessing process
was repeated for another 3 d. Then, after rinsed by distilled
water several times to neutral state to avoid residue of ethanol
or hydrochloric acid, the pre-template samples were produced.
Finally, the pre-template samples were put into a vacuum
drying box at 40 °C for about 24 h, and the stem template
material was obtained.

1.3 Preparation of MnO-Co/biocarbon

A certain amount of Mn(CH,COO),"4H,0 and
Co(NO,),6H,0 were calculated and weighed according to the
molar ratio of Mn:Co as 4:1, 2:1 and 1:1. Then, the weighed
metal salt was stirred thoroughly with deionized water until it
was completely dissolved into the transparent solution.
Hollyhock stems were pretreated with the same quality of the
template and divided into three parts. Then, the stems sunk in
the completely dissolved metal salt solution for 24 h until the
mixture reached an osmotic pressure equilibrium. The soaked
stalks were transferred to a polytetrafluoroethylene lining with
50 mL ethanol and reacted at 160 °C for 6 h. After cooling to
room temperature, the stems were put in a porcelain boat and
dried at 60 °C in a vacuum drying oven. Finally, the porcelain
boat was put into a tube furnace charged with N, at a heating
rate of 5 °C-min"' to 800 °C and held for 4 h, and the MnO-Co/
biocarbon composite material was prepared.

1.4 Material characterization

Morphology and structure of MnO-Co/biocarbon composite
material were identified by JOEL JEM-2100F transmission
microscope (TEM) equipped with energy dispersive spectro-
scope (Bruker EDS X Flash 6T|60). Phase of the MnO-Co/
biocarbon composite material was collected by X-ray diffrac-
tion (XRD, D8 Advanced XRD, Bruker, Germany, wavelength
=0.151 48 nm) with Cu Ka radiation within the 26 range of
10°—80°. A micromeritics ASAP 2020 apparatus was used to
measure the surface areas of as-prepared sample at liquid
nitrogen temperature after the sample was degassed in a
vacuum at 200 °C for 2 h. X-ray photoelectron spectroscopy
(XPS, Thermo ESCALAB 250XI) was used to analyze the
surface components of the MnO-Co/biocarbon composite
material. All binding energies referred to the C 1s peak at
284.8 eV.

1.5 Electrochemical measurements

In the three-electrode system, the saturated calomel
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electrode (SCE) was used as a reference electrode, the
platinum electrode was used as a counter electrode, and the
prepared material was used as a working electrode. The
electrolyte was 0.5 mol/L Na,SO, aqueous solution. The
electrochemical performance was estimated by the cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD),
and AC impedance tests.

2 Results and Discussion

The thermodynamic decomposition process of marsh-
mallow stalk impregnated with Mn and Co metal salt solution
was analyzed by thermogravimetry (TG) method. Fig.1 shows
the TG curve of marshmallow stem after impregnation. It can
be seen that the mass loss of the sample can be divided
into three stages. The first stage is from room temperature to
100 °C, which is mainly the evaporation process of physically
adsorbed water. In the second stage (100—360 °C), the sample
mass decreases significantly, mainly due to the carbonization
of the stem template and the decomposition of metal salts. In
the third stage, mass loss is slow from 360 °C to 800 °C, and
tends to stabilize at 800 °C. In conclusion, 800 °C was used
to carbonize the pretreated biological template.

Fig. 2 shows XRD patterns of MnO-Co/biocarbon
composites. It can be seen that the peak intensity and position
are well matched with Co phase (JCPDS 15-0806) and MnO
phase (JCPDS 75-1090). The diffraction peaks at 44.2°, 51.5°
and 75.8° correspond to the (111), (200) and (220) phases of
Co, respectively. The diffraction peaks at 34.8°, 40.3°, 58.6°,
70.0° and 73.7° are assigned to the (111), (200), (220), (311)
and (222) phases of MnO, respectively. There is no obvious
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Fig.1 TG curve after immersion in Mn and Co metal salt solution
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Fig.2 XRD patterns of samples with different Mn:Co ratios

impurity peak, indicating that the particles loaded on the C
template are MnO and Co. Comparing XRD patterns of
samples with different proportions, it can be seen that the
sample with Mn: Co=4:1 has the strongest diffraction peak,
higher peak strength and narrower half peak width, indicating
that the particle crystallinity is better. It can be speculated that
it is easy to agglomerate due to the high content of
manganese. The main diffraction peak intensity of Co in the
sample with Mn:Co=1:1 is relatively weak, indicating that the
crystallinity of nanoparticles is not good. The crystallinity of
the sample with Mn: Co=2:1 is moderate and the half peak
width is wider.

Fig. 3a is the SEM image of manganese and cobalt
nanocrystals under hydrothermal conditions. It can be seen
that manganese oxide is prone to agglomerate and to form
large particles without spatial limitation of carbon template.
Fig. 3b — 3d are SEM images of different proportions of
manganese and cobalt under the biochar template. It can be
seen that the particles are uniformly distributed on the biochar
material, indicating that the existence of template carbon plays
a good restrictive role. The large specific surface area of
carbon makes it conducive to contact with electrolyte, which
limits the domain of particles and effectively prevents particle
agglomeration. From Fig.3b—3d, it can be seen that the size of
the composite material gradually increases with the increase in
Mn content, because the increase in Mn content leads to
insufficient Co metal to interact with MnO in the
crystallization process, resulting in crystal growth and an
increase in particle size. The larger the particle size, the easier
the partial agglomeration.

The TEM images of MnO-Co/biocarbon at different
magnifications are shown in Fig.4a—4c. From Fig.4a, it can be
observed that the particles are uniformly distributed on the
carbon substrate, the particles are fine, and the carbon layer is
thin. The inset in Fig.4a shows the particle size distribution of
the material, and it can be seen that the main size of the
prepared nanocrystals is 15—20 nm. The carbon layer is further
enlarged. The particle size is relatively uniform without
obvious agglomeration in Fig.4b. The particle size is 10—25
nm, which is basically consistent with the statistical particle
size shown in the inset of Fig.4a. Fig.4c clearly shows lattice
fringes of the (111) crystal plane of MnO nanoparticles, with a
crystal plane spacing of 0.25 nm. The lattice fringes of most
of the particles are not clear, and it is presumed that the
particles are embedded in the carbon layer, resulting in
unclear lattice lines. This phenomenon is attributed to the
porous structure, in which nanoparticles are embedded,
avoiding the agglomeration phenomenon. Fig.4d is the energy
spectrum of this region. It can be seen that the sample
contains C, Mn, Co and O elements, and no other elements
exist, suggesting that the material is relatively pure.

XPS is used to further analyze the surface chemical
composition and valence state of elements in MnO-Co/
biocarbon composites, as shown in Fig.5. Fig. 5a shows the
XPS full spectrum of MnO-Co/biocarbon composites,
indicating that the prepared samples are mainly composed of
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Fig.3 SEM image of Mn and Co nanocrystal (Mn:Co=1:1) (a); SEM images of biocarbon-loaded nanocrystals with Mn: Co ratios of 1:1 (b),

2:1 (c), and 4:1 (d)
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Fig.4 TEM images of MnO-Co/biocarbon at different magnifications (a—c) and EDS spectrum corresponding to Fig.4c (d)

C, O, Mn and Co elements. At the same time, there is no
obvious impurity peak, indicating that the elements in the
material are relatively pure. As shown in Fig. 5b, the
characteristic peaks corresponding to Co just conform to 2p,,
and 2p,,, indicating that Co element mainly appears in the
form of metal phase in the material®. The high-resolution
spectra of O 1s in Fig. 5¢ can be simulated into two peaks,
corresponding to Mn-O bond with binding energy of 529.3 eV

and C-O bond formed by surface amorphous carbon with
binding energy of 531.4 eV. Fig.5d shows the high-resolution
C 1s spectra, which can be divided into three peaks with
binding energies of 283.9, 285.03 and 288.8 eV. The peak at
the binding energy of 283.9 eV is attributed to the C-C
coordination of surface amorphous carbon. Fig.Se shows the
high-resolution Mn 2p spectra, in which two distinct peaks at
640.6 and 652.6 eV can be ascribed to Mn 2p,, and Mn 2p,,
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Fig.5 XPS full spectrum (a) and fine spectra of each element (b—f) of MnO-Co/biocarbon

of Mn(Il) state, which pass through the two characteristic
peaks with AE=12 eV?*?". Peaks at 642.5 and 645.8 eV are
ascribed as the shake-up peak and the satellite peak,
respectively™ . Fig.5e shows the high-resolution Mn 3s with
spectra with two characteristic peaks (AE=5.9 eV). It can be
concluded that Mn exists in the form of MnOP”, which is
consistent with the results of XRD.

The N, adsorption-desorption isotherm in Fig. 6a shows a
typical type I isotherm and has a unique H, hysteresis loop,
which is a typical shape of materials containing a large
number of micropores”'. In the region of low relative
pressure, the gas adsorption capacity increases rapidly. This is
mainly due to micropore filling. The subsequent approximate
horizontal platform shows that the micropores have been
filled. The relative pressure P/P, has H4 type hysteresis loop
from 0.42P", which is due to the existence of long and narrow
cracks and pores in the accumulation of sheet samples,
resulting in capillary condensation and the non-coincidence of
adsorption and desorption isotherms and hysteresis loop. The
BET specific surface area (S,,) is calculated as 345.9 m*g".
Fig.6¢ shows a typical capillary pressure curve. The mercury

injection curve is hillside-type, which means that mercury first
penetrates into the large pores and then into the smaller pores.
The general model of N, adsorption method covers the pores
with 5—50 nm in diameter. The ultra-low pressure model of
nitrogen adsorption method covers the pores with 0.5—-5 nm in
diameter, while the pore size range covered by MIP is 50—100
pm. Through the pore size distribution diagrams (Fig.6b and
6d), it can be seen that the sample has plenty of macropores,
slit mesopores and micropores. Plentiful pore structure and
large specific surface area are conducive to high energy
storage density, rapid charge and discharge performance and
long service life.

Fig.7a shows the CV curves of different reference samples
tested at a scanning rate of 100 mV-s" in three electrode
mode. The shape of the CV curves deviates from the
rectangular shape because there are redox peaks in the CV
curve. It is reported that during the initial electrochemical
activation, MnO nanoparticles can be oxidized to Mn,0, and
MnO,, and then work based on the charge storage mechanism
of Mn,0, and MnO,, corresponding to the redox of the CV
curve in Fig. 7a"*?Y. These results suggest the coexistence of
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Fig.7 CV curves of MnO-Co/biocarbon with different Mn:Co ratios at the scanning rate of 100 mV/s (a); CV curves of MnO-Co/biocarbon with
Mn: Co=4:1 at different scanning rates (b); charge-discharge curves of MnO-Co/biocarbon at different current densities (c); impedance

Nyquist plots of MnO-Co/biocarbon with different Mn: Co ratios (d); capacitance retention of samples measured at a current density of
1A-g' (e)

electric double-layer capacitance and pseudocapacitance. load is certain. Select the sample with Mn:Co=4:1 for the next
According to the area of CV curves, the larger the ratio of Mn test. The shape of CV curves remains unchanged (Fig. 7b),
to Co, the greater the specific capacitance when the amount of while the redox peak current increases linearly with the
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increase in scanning rate from 10 mV-s' to 100 mV-s".
According to the charge-discharge test (Fig. 7c), the specific
capacitance of the test sample is 146, 126.4 and 89.9 F-g" at
1,2 and 5 A-g" current densities, respectively. It shows that
the introduction of MnO-Co effectively increases its
capacitance performance. When the current density increases
to 2 A-g', the specific capacity remains at 86.6%. When the
current density increases to 5 A-g', the specific capacity
remains at 61.6%, showing good performance. Fig.7d shows
corresponding impedance diagram of the material. The
resistance value of MnO-Co/biocarbon composites with
different proportions is about 4.0 Q, indicating that the
material has good conductivity. Fig. 7e shows the specific
capacitance loss measured during 1000 cycles for the sample
with Mn:Co=4:1. After the whole process test, there is about
99.4% of the specific capacitance left, which means that the
materials has good stability as electrode material.

3 Conclusions

1) MnO-Co/biocarbon composites can be prepared through
a simple and low-consumption way. The large pores composed
of carbon-rich layers and mesoporous accumulation of metal
particles in the material and the good electron transmission
ability of the biocarbon material itself provide a broad space
for the loading of metal particles and the transfer of electrons.

2) Since the carbon material surface is loaded with metal
composite nanocrystalline particles, the electrode material
exhibits high capacitance of 146 F-g" at 1 A-g"' and its energy
storage efficiency can still be maintained at 99.4% after 1000
cycles.
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