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ABSTRACT

Green and environmentally friendly methods have attracted much attention in
the recent research of electrode materials. Natural resources with specific
structure and properties are expected to be utilized, and high-performance
anodes can be prepared by effectively compounding them with the active
components. By choosing kelp with high content of protein as the carbon pre-
cursor, a nitrogen-containing MnO/C hybrid with high electrical connectivity
has been designed and synthesized. As a kind of seaweed, kelp has an out-
standing swelling property in salt solution and its cell membrane is rich in
alginate, which is in favor of incorporating and coordinating with Mn** to form
nanosized MnO particles. Moreover, kelp can be used as a template to build the
unique network structure, which is conductive to accommodate the volume
expansion of MnO during the cycles. The synthesized MnO/C hybrid reveals a
superior electrochemical performance when applied to lithium-ion batteries. A
high reversible capacity of 978 mAh g~ can be retained at a current density of
0.2 A g~'. This synthesis strategy based on biomass provides a possibility for
large-scale preparation of high-capacity electrode materials.
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long cycling lifespan [4, 5]. Graphite is regarded as
the most extensive commercial anode for LIBs
because of the stable chemical properties, low

Introduction

The development of electric vehicles, hybrid vehicles
and many electronic devices has promoted the
researches of the high efficiency energy storage
devices [1-3]. Lithium-ion batteries (LIBs) have
become the research hot spot in recent years due to
their high energy density, faint self-discharge and

charge/discharge potential platform and not obvious
volume expansion. However, it cannot adapt to the
development of high-energy-density LIBs due to its
low theoretical capacity (372 mAh g~") [6-8]. MnO,
as an attractive anode material, has many advantages
such as high storage capacity, low cost, abounding in
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resources and environmental friendliness, which is
considered as a potential anode candidate [9, 10].
Nevertheless, MnO is still not satisfactory due to its
poor intrinsic conductivity and distinct volume
expansion [11-13]. Modification of MnO with carbon
is an effective way to improve its electrochemical
performance [14-16]. However, traditional carbon
modification process is complicated and the mor-
phology is difficult to control. Particles tend to
agglomerate and grow up during the high-tempera-
ture pyrolysis, which seriously restricts the perfor-
mance of the battery. In addition, the large-scale
preparation of high-performance nano-electrode
materials is also a challenge. It is extremely important
to develop a facile, cost-effective and environmen-
tally benign method for the synthesis of nanostruc-
tured MnO/C anodes.

Plenty of natural resources have a highly inter-
connected network with developed porous structure,
so enabling directional and fast transport. Inspired by
nature, a MnO/C hybrid demonstrated a nanoflake
network structure was successfully synthesized by
using auricularia as the carbon precursor and tem-
plate. The obtained MnO/C anode reveals a reason-
able performance of 868 mAh g ' at0.2 A g~ ' witha
good cycle stability [17]. This encouraging result
drives us to explore the higher capacity system by
taking advantage of the existing structure model in
nature.

Herein, we choose an available marine biomass
kelp as the carbon precursor and template based on
the following advantages: (I) It has a typical cellular
structure and a well swelling property in salt solu-
tion. High content of manganese salt solution can be
incorporated into the kelp cells without destroying
the cell structure, and a three-dimensional (3D) net-
work porous structure can be fabricated by the aid of
this unique structure model. (II) As a kind of sea-
weed, kelp has an excellent coordination ability for
metal ions [18, 19]. Kelp is rich in alginate, which
contains abundant hydroxyl and carboxyl functional
groups [20, 21]. Through them, kelp can easily coor-
dinate with Mn?*, preventing the agglomeration and
growth of MnO nanoparticles during the high-tem-
perature treatment. (III) 8 wt% protein is contained in
kelp approximately [22]. The high content of protein
will be transformed into the nitrogen-containing
carbon during the thermal treatment subsequently,
thus improving the electrical conductivity of the
hybrid materials. Some electrochemical devices
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derived from kelp have been reported [23, 24].
However, it has not been reported as carbon source
and template combined with high-capacity transition
metal oxide to prepare lithium-ion batteries anode.
Based on the above assumptions, a porous MnO/C
hybrid with 3D network structure has been designed
via a facile biomass-assisted synthesis route. The
coordination of alginate and Mn®' leads to the
immobilization of nanosized MnO throughout the
highly connected conductive network derived from
kelp. This optimal structure benefit from the syner-
gistic effect between the MnO nanoparticles and
carbon matrix helps to the infiltration of electrolyte
and facilitates the ions diffusion. More importantly, it
can effectively buffer the volume expansion of MnO
during the charge-discharge process, providing the
possibility for a superior long cycling performance.
Meanwhile, nitrogen-containing carbon is more
favorable for enhancing the electrical conductivity of
the hybrid. In addition, this sustainable synthesis
method can be extended to other electrode material
systems and provides a new idea for large-scale
preparation of high-performance electrode materials.

Experimental section
Materials

Manganese chloride tetrahydrate (MnCl,-4H,0) and
Ammonia (NH3-H,0O) were purchased from Tianjin
Kemiou Chemical Reagent Co., Ltd. The thallus of the
kelp Saccharina japonica from Rongcheng, Shandong
Province, China, was used. All chemical reagents
were not further purified before use.

Pretreatment of kelp matrix

Kelp was cut into long strips with a length of 2 cm
and a width of 1 cm approximately, which were
washed with deionized water. The washed kelp
strips were dried at 50 °C for 12 h and named WK.
Put the kelp strips in a polypropylene bottle with
20 mL deionized water without contacting directly
and then put the sealed bottle in the oven at 120 °C
for 2 h. The kelp strips after heat treatment were
washed with deionized water for several times and
dried at 50 °C for 12 h. The obtained sample was
denoted as HWK.
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Material synthesis

A certain quality of WK was soaked into 50 mL
MnCl, solution with a concentration of 1.0 M at
30 °C. After 9 h, the kelp was collected and washed
with DI water to rinse the MnCl, solution on the
surface of kelp. Subsequently, the kelp was put into a
Teflon bottle containing ammonia solution (15 wt%),
avoiding contacting the ammonia solution directly.
Thirdly, the Teflon bottle was heated in an oven at
90 °C for several hours to precipitate the manganese
precursor in situ. The product was then washed
several times with deionized water and ethanol, and
dried at 90 °C for 12 h. Ultimately, the sample was
heated at 150 °C for 1 h and 800 °C for 2 h under a
heating rate of 5 °C min~' in argon atmosphere. The
obtained hybrid was denoted as MC-1. The kelp
immersed in MnCl, solution with a concentration of
2.3 M and 4.0 M, followed by the same ammonia and
heat treatment, could obtain the samples which were
named as MC-2 and MC-3. For comparison, the car-
bon material obtained by pyrolysis from the kelp was
denoted as KC. In addition, a MnO/C hybrid named
HMC-2 could be obtained by soaking HWK sample
in 23 M MnCl, solution followed by the same
ammonia and heat treatment process. In addition,
using MC-2 as an anode, the electrochemical perfor-
mance test was also carried out with the self-made
membrane as the separator.

Characterizations

X-ray diffraction (XRD, Bruker D8 Focus, 40 kV,
40 mA, Cu Ka radiation, 1.5418 A) was performed to
analyze the structure of the samples in the 20 range
from 10° to 90°. Raman spectrometer (LabRAM HR
Evolution) was used to test with a 532 nm laser
excitation. The specific surface area was calculated by
using the Brunauer-Emmett-Teller (BET,
Micromeritics, ASAP2020M) equation based on the
N, adsorption—desorption isotherms which were
recorded by using a Builder SSA-4200 instrument.
The morphologies of the synthesized samples were
examined by using the FEI Nova Nano SEM 450
scanning electron microscope (SEM) at an accelerat-
ing voltage of 10 kV. The sample for TEM measure-
ments was prepared by smearing the sample
dispersion liquid onto a copper grid and dried in air.
The thermogravimetric analysis (TGA, SDT2960) of
the samples was performed at a heating rate of 10 °C
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min~! under air. Fourier transform infrared (FTIR)

spectra were obtained with a Bruker Vector 22 spec-
trometer by using KBr pellets for solid samples from
400 to 4000 cm™" at a resolution of 4 cm™". Elemental
analysis was carried out using an element analyzer
(Flash EA1112). X-ray photoelectron spectroscopy
(XPS) was obtained by using the spectrometer
(ESCALAB 250Xi).

Electrochemical measurements

The active materials, super P and binder (CMC and
LA133) were mixed at the weight ratio of 8:1:1 by
using deionized water as the solvent to form a slurry.
Then, the mixture was coated onto a copper foil and
dried at 100 °C for 12 h in a vacuum drying oven.
After drying, the loaded Cu foil was cut into disk
electrodes with a diameter of 12 mm and calendered
at 10.0 MPa. The mass loading of the active material
on each disk electrodes was close to 1 mg. CR2025
coin-type cells were used to assemble in an argon-
filled glove box. The electrolyte is a solution of 1.0 M
LiPFs in mixed dimethyl carbonate (DMC), ethyl
methyl carbonate (EMC) and ethylene carbonate (EC)
(1:1:1, v/v/v). Lithium metal was used as the counter
electrode and Celgard 2400 membrane as the sepa-
rator, respectively.

The galvanostatic charge-discharge measurements
were delivered on a LAND CT2001A battery test
system from 0.01 to 3.0 V (vs. Li/Li") at room tem-
perature. The cyclic voltammetry (CV) measurements
of the cells were carried out on a CHI660E electro-
chemical workstation at a scan rate of 0.1 mV s~ ..
The electrochemical impedance spectroscopy (EIS)
was conducted in the frequency range from 10° to
1072 Hz. Each assembled coin cell was set still for
12 h before the test.

Results and discussion

The preparation process of the 3D honeycomb-like
porous MnO/C hybrid is shown in Fig. 1. As a
common marine organism, kelp has been proved to
have a good swelling property in salt solutions. After
immersion in MnCl, solution at 25 °C for nine hours,
the volume and weight of kelp increased significantly
(see Fig. S1). In addition, Mn** coordinated with
carboxyl and hydroxyl groups in alginate and
immobilized in kelp cells during the immersion



Mater Sci (2020) 55:10740-10750

J

\
. (o]
O,

MnCl,
immersion
e

Figure 1 Schematic illustration of the porous MnO/C hybrid.

process. After an ammonia treatment at 90 °C and
subsequent carbonization at 800 °C, MnO nanopar-
ticles are in situ produced and encapsulated into the
carbon network.

As a kind of seaweeds, kelp has an excellent ability
to coordinate with metal ions because the cell mem-
brane of kelp is rich in alginate [21]. The functional
groups of kelp matrix were analyzed by FTIR. FTIR
curve has characteristic peaks at 1045, 1384, 1627,
2920 and 3434 cm™' which corresponds to -C-O, -
C=0, -COO, -CH and -OH groups in alginate,
respectively, as shown in Fig. 52. When kelp was
immersed in MnCl, solution, a large number of car-
boxyl and hydroxyl groups in alginate provide good
coordination sites for Mn*", which effectively pre-
venting the growth of nanoparticles during the sub-
sequent high-temperature treatment process. The
molecular structure and properties of alginate can be
destroyed with the removing of bound water in
molecular beginning at 60 °C. According to this
property, we kept the kelp at high temperature of
120 °C for 2 h to destroy the alginate and explored
the influence of alginate on the preparation of MnO/
C hybrid.

Figure 2a shows the microstructure of the MnO/C
hybrid (MC-2) which exhibits a honeycomb-like 3D
porous network structure. This kind of porous net-
work structure can provide enough buffer space for
the volume expansion of MnO during the charge-
discharge process. Meanwhile, this 3D cross-linked

Alginate coordinating with Mn2*
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structure can effectively improve the electrical con-
nectivity of the hybrid. Similar to the structure of
MC-2, MC-1 and MC-3 prepared by changing the
concentration of MnCl, solution also exhibit the 3D
network structure (Fig. S3a, b). To investigate the
effect of alginate on the structure of the hybrid, the
morphology of HMC-2 was observed by SEM
(Fig. 2b). Different from MC-2, HMC-2 shows a not
obvious network feature without the confinement of
alginate, and the synthesized MnO particles tend to
agglomerate and grow up. Therefore the cooperation
of kelp matrix and Mn*" plays an important role in
the formation of this unique network structure. The
TEM image of HMC-2 also proves the vital effect of
alginate on the formation of 3D network structure
(Fig. S4). It can be seen from the image that some
MnO particles in HMC-2 hybrid are exposed outside
the carbon matrix and not be coated completely
without the alginate during the preparation process.
The morphology of carbon by pyrolysis of kelp (KC)
is shown in Fig. 2c which has a rough surface. The
morphology of MC-2 was also examined by TEM. As
shown in Fig. 2d, the MnO nanoparticles are immo-
bilized in the carbon skeleton uniformly. The MnO
particles dispersed without obvious agglomeration
also verifies that the strategy of in situ preparation of
non-agglomerated metal oxides derived from kelp is
feasible. In addition, the TEM image of MC-2 also
exhibits a porous structure. TEM image of MC-2 and
the particle size distribution of MnO nanoparticles
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Figure 2 SEM images of
a MC-2, b HMC-2, ¢ KC and
d TEM image of MC-2.

are shown in Fig. S5. The particle size analysis of
TEM shows that MnO nanoparticles are mainly dis-
tributed in the range of 22-34 nm.

XRD is performed to reveal the crystallographic
structures of the products. As illustrated in Fig. 3a,
the diffraction peaks of MC-1, MC-2 and MC-3 at 20
of 34.9°, 40.5°, 58.7°, 70.1° and 73.8° correspond to the
(111), (200), (220), (311) and (222) planes of MnO
(JCPDS card No. 07-0230) [25]. Received by XRD
Rietveld refinement method, the full width at half
maximum (FWHM) of the (200) peak for MC-1, MC-2
and MC-3 was 0.236, 0.212 and 0.148. The average
sizes of MnO nanocrystals for MC-1, MC-2 and MC-3
are 35, 39 and 56 nm, respectively, which are ana-
lyzed by the Scherrer formula from the (200) peak.
The XRD patterns reveal that the kelp-derived carbon
(KC) owns two broad peaks located at around 23°
and 44°, corresponding to (002) and (101), demon-
strating the presence of graphitic carbon [26, 27]. This
result can also be verified by Raman spectra (Fig. 3b).
The two obvious peaks located at 1352 and 1602 cm ™"
can be ascribed to the disordered carbon (D-band)
and the ordered graphitic carbon (G-band), respec-
tively. And the Ip/Ig ratio of MC-1, MC-2, MC-3 and
KC composites are calculated as 0.96, 0.97, 0.95 and
1.07, suggesting a relatively high degree of graphiti-
zation [28].
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It is noted that with the variation of the MnCl,
solution concentration, the swelling capacity of kelp
is changed, which can be confirmed by TGA. Fig-
ure 3¢ shows the TGA curves of MC-1, MC-2 and
MC-3 under air from room temperature to 900 °C.
XRD pattern of the annealed MC-2 sample under air
condition at 900 °C indicates that MnO was oxidized
to MnzO, (Fig. S6). Therefore, the major weight
change is caused by the decomposition of carbon
skeleton and the oxidation of MnO [29]. The TGA
curves illustrate that the corresponding MnO con-
tents are calculated to be 51.5 wt% (MC-1), 49.2 wt%
(MC-2) and 46.4 wt% (MC-3), respectively. During
the process of material preparation, after being
immersed in MnCl, solution, kelp was washed with
deionized water to clean the Mn>* on the surface of
kelp. With the content of manganese salt solution
increasing, the content of MnO is gradually decreas-
ing based on TGA, which may be because the swel-
ling of kelp is related to the concentration of salt
solution. When the kelp is immersed in low concen-
tration solution, a large number of Mn*" enter kelp
cells to form MnO nanoparticles after ammonia and
heat treatment, resulting in a high content of MnO
loading in MC-1 hybrid. However, in the high con-
centration solution (4 M), the swelling property of
kelp was inhibited, resulting in a small amount of
MnO loading in MC-3 hybrid.
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Figure 3 a XRD patterns of MC-1, MC-2, MC-3 and KC, b Raman spectra, ¢ TGA curves of MC-1, MC-2 and MC-3 under air from
room temperature to 900 °C and d N, adsorption—desorption isotherms of KC and MC-2.

The TEM image of MC-2 exhibits a porous struc-
ture, which can also be verified by nitrogen sorption
at 77 K. The specific surface areas of MC-2 and KC
(Fig. 3d) are 349 and 55 m” g ', respectively. The
pore size (Fig. S7) of MC-2 focus in the range of 1.89
and 3.58 nm and the pore size of KC focus in the
range of 1.73 and 3.88 nm. The formation of meso-
porous is due to the interaction between MnO and
the carbon matrix during pyrolysis. The nitrogen
content measured by elemental analysis is 2.6 wt%,
which can be attributed to the high content protein in
kelp.

XPS spectra confirmed the presence of C, N, O and
Mn in MC-2 hybrid (Fig. 4a). The peaks of Mn 2p, N
1s, and C 1s have been further analyzed by high-
resolution XPS. The high-resolution Mn 2p XPS
spectrum, as shown in Fig. 4b, has two main peaks
that can be attributed to Mn 2p;,, peak at 641.6 eV
and Mn 2p,,, peak at 653.7 eV, which are the char-
acteristic peaks of MnO. The two satellite peaks on

the higher binding-energy sides can be attributed to
the hybridization between the Mn 3d and other
valence orbitals [30, 31]. The high-resolution N 1s XPS
spectrum of MC-2 (Fig. 4c) can be deconvoluted into
three peaks at 397.9, 399.6 and 401.8 eV, interpreting
as the pyridinic, pyrrolic and graphitic types of N
atoms, respectively [32, 33]. This further proves the
existence of nitrogen in the MnO/C hybrid. The C
1s XPS spectrum of MC-2 hybrid is shown in Fig. 4d.
The peaks at 284.6, 285.3, 286.5 and 289.1 eV can be
attributed to C-C, C-N, C-O and O=C-O, respec-
tively [34].

To evaluate the electrochemical performances of as
prepared electrodes, the samples were tested as
anode for LIBs. The CV curves of MC-2 for the first
three consecutive cycles at the scan rate of 0.1 mV s~
are shown in Fig. 5a. The main cathodic peaks
appearing at 0.25 V and 0.75 V, respectively, in the
first discharge process can be interpreted to the
reduction reaction of MnO to metallic Mn and
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Figure 4 XPS spectra of MC-2, a survey scan, b Mn 2p, ¢ N 1s, d C 1s.

formation of the solid electrolyte interphase (SEI) film
on the electrode surface [3]. The anodic peak at 1.27 V
is the oxidation from metallic Mn to MnO and the
decomposition of Li,O [29]. In the next two cycles, the
cathodic peak at 0.25 V shifts to 0.48 V suggesting the
formation of the stable SEI layer and the improved
kinetics in the following cycles [12, 34]. In addition,
the peaks coincide in the subsequent cycles, sug-
gesting the good cycling performance of the
electrode.

Figure 5b and c shows the constant current charge—
discharge curves and the cycling performance of all
the samples, which were carried out at a current
density of 0.2 A g™ between the potential range from
0.01 to 3 V (vs. Li/Li*). The specific capacity is cal-
culated based on the total mass of the active materials
(MnO/C). The discharge and charge capacity for
MC-2 in the first cycle is 1570 and 778 mAh g~'. The
irreversible capacity in the first cycle is mainly
interpreted as the formation of the SEI layer and the

@ Springer

decomposition of electrolyte. Compared with sample
MC-1, MC-3 and KC, MC-2 shows a much higher
capacity and cycling performance. After 250 cycles,
the reversible discharge capacity reaches
978 mAh g*l, which drastically exceeds the theoret-
ical capacity of MnO. This superior capacity upon
cycling may be related to the reoxidation of Mn>* to
higher oxidation states in the MnO/C-based anode
materials due to the synergistic effect of carbon and
MnO [35]. In order to further study the contribution
of alginate in kelp to the electrochemical perfor-
mance, we intentionally used high-temperature
treatment to destroy the alginate in kelp cells and the
MnO/C hybrid (HMC-2) was synthesized by using
this matrix. As shown in Fig. 5c, in the first 100
cycles, HMC-2 exhibits a similar reversible capacity
to that of MC-2. However, after 100 cycles, the
capacity of HMC-2 decreases rapidly, which may be
due to the structural collapse of the MnO/C hybrid.
Without the coordination of alginate, Mn** can
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hardly be immobilized in the kelp cells. The MnO
nanoparticles are easy to grow up due to the lack of
confinement, resulting in large volume change and
capacity fading during cycles. This result further
demonstrates that besides the swelling property, the
coordination of kelp and Mn*" is the key to obtain the
nanosized MnO dispersed highly conductivity
network.

The rate capability of MC-1, MC-2, MC-3, HMC-2
and KC was also measured at various current

Coulombic efficiency (%)

Coulombic efficiency (%)
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densities from 02 to 10.0 A g ' (Fig. 5d). The
capacities of MC-2 are 762, 660, 578, 485 and
311 mAh g™' at 02, 05, 1.0, 2.0 and 5.0 A g},
respectively. Even at 10.0 A g~!, the MC-2 hybrid
also delivers a capacity of 139 mAh g~'. When the
current density recovers to 0.2 A g™, the capacity of
the MC-2 electrode is back to initial level, suggesting
that the highly connected structure of MnO/C hybrid
preserves the integrity of the electrode and thus
enables it to tolerate different charge and discharge
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currents. Compared with HMC-2, the rate perfor-
mance of MC-2 is better than that of HMC-2, which
proves that the alginate in kelp is contribute to the
improvement of electrochemical performance. The
improved cycling stability and high reversible
capacity demonstrate that the 3D network structure
can buffer the huge volume change during charging/
discharging, which is also confirmed by SEM
(Fig. S8). The SEM image exhibits a porous connected
structure with a rough surface. The rough surface
may be the SEI generated during the first cycle, which
may help to keep the structure stable and improve
the cyclic stability of MC-2 [36, 37]. To further test its
high-power applications of rechargeable batteries, the
long-cycling performance at a high current density of
2 A g~! was executed, as shown in Fig. 5e. Over 500
cycles, MC-2 still retains a high average discharge
capacity of 554 mAh g~!, indicating a high cycling
and rate performance. Compared with other MnO/C
anodes reported previously, MC-2 exhibits a superior
electrochemical performance which is compared in
Table S1 (supporting information) [37-45]. The
Nyquist plots of MC-1, MC-2, MC-3 and KC samples
are shown in Fig. 5f. The corresponding equivalent
circuit is shown in Fig. S9, and the results are sum-
marized in Table S2. Compared with that of MC-1
and MC-3, a distinctly smaller semicircle in the high-
frequency region of the impedance spectra is
observed for MC-2, which is close to that of the pure
carbon (KC), indicating the rapid transport of elec-
trons and lithium ions in our synthesized MnO/C
hybrid, thus resulting in improved cycling and rate
performance. In addition, we used self-made sepa-
rator to assemble the battery and tested the electro-
chemical performance of MC-2. The battery assembly
and testing conditions are consistent with the previ-
ous batteries. As shown in Fig. S10, the discharge/
charge capacity in the first cycle is
1270/1124 mAh g~ with an improved ICE of 88.5%.
Over 50 cycles, it can still retain a high reversible
capacity with a coulombic efficiency higher than 99%,
indicating a superior electrochemical performance.

Conclusions

Benefiting from the swelling property and structural
advantages of kelp, a 3D porous network-structure
MnO/C hybrid is obtained via a facile biomass-as-
sisted synthesis method. The prepared nanosized
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MnO particles are uniformly dispersed and encap-
sulated in the nitrogen-containing carbon network
because of the coordination between alginate and
Mn** as well as high content of protein in kelp. The
obtained optimal structure not only has good elec-
trical connectivity, but also can effectively alleviate
the volume expansion of MnO during the cycles.
When applied to the anode for LIBs, it shows an
excellent electrochemical performance, suggesting
that this structure is conducive to the rapid trans-
mission of lithium ions and electrons. In addition,
this sustainable synthesis strategy provides a new
idea for the large-scale preparation of high-perfor-
mance electrode materials for LIBs.

Supplementary material
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