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Wood-derived carbons have been demonstrated to have large specific capacities as the anode materials of
lithium-ion batteries (LIBs). However, these carbons generally show low tap density and minor volumet-
ric capacity because of high specific surface area and pore volume. Combination with metal oxide is one
of the expected methods to alleviate the obstacles of wood-derived carbons. In this work, the composites
of MnO loaded wood-derived carbon fibers (CF@MnO) were prepared via a simple and environmentally
friendly method, showing decreased specific surface area due to the generation of MnO nanoparticles
on carbon fibers. Furthermore, the CF@MnO compostites exhibit superior electrochemical performance as
anode materials of LIBs, which show high reversible capacity in the range of 529-734 mAh/g at a cur-
rent density of 100 mA/g. The optimal CF@MnO product (MnO:carbon = 1:2) delivers reversible capacity
of 734 and 265.3 mAh/g at current density of 100 and 2000 mA/g, respectively. Besides, the material
presents outstanding stability with coulombic efficiency around 100% after 200 cycles at a high current
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density of 400 mA/g, revealing a potential as promising anode materials for high-performance LIBs.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nowadays, with the continuous application of lithium-ion bat-
teries (LIBs) in consumer electronics, aerospace and automobile,
etc., the market demand is also constantly increasing. However, up
to date, the current LIBs still have a few great limits of sufficient
price and enough capacity to compete with traditional fossil fu-
els [1]. Therefore, it has attracted much attention to continuously
improve the electrochemical performance and reduce the cost as
much as possible. Among present anode materials, carbonaceous
materials show good prospects as negative electrodes in LIBs. The
graphite is commercially used as anode material due to its long-
term cycling stability and low operating electrochemical potential
(~0.2 V vs. Li[Li*). However, the further application of graphite an-
odes is hindered by several drawbacks, such as low specific capac-
ity and poor rate performance [2,3]. Therefore, it is highly imper-
ative to develop renewable, environmentally friendly, inexpensive
anode materials with high electrochemical performance [4,5].
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Recently, biomass-derived carbons (e.g., rice husk [6,7], silk [8],
coconut oil [9] and corn cob [10]) have been used as the most
promising anode materials because of their low cost and high spe-
cific capacity. Pomelo-peels were utilized as the carbon source for
lithium-ion battery anodes, exhibiting large reversible capacity up
to 402.3 mAh/g at 50 mA/g, and delivering high cycling coulom-
bic efficiency of 100% [11]. However, most of the biomass-deliverd
carbons often suffer from low tap density and minor volumet-
ric capacity becausse of their high specific surface area and pore
volume [12]. Two typical methods have been reported to solve
these problems. One way is to dope heterogeneous atoms (e.g.,
B [13], N [14-17], S [18,19], P [20], expanded graphite [21]) on
carbon materials. The conjugated planar carbon of graphite is de-
stroyed by the doped heteroatoms, which can improve the polarity
and chemical activity of carbon anodes, resulting in the enhance-
ment of lithium storage capability. The other important way is to
combine carbon materials with large-capacity nanoparticles (e.g.,
MxNy (M = Mn, Sn, Sb, Li and Si, N = O, N, P, §, etc.) [22-32]).
Through this way, the surface and micro-/macropore of biomass-
derived carbons would be partly filled resulting in increased gravi-
metric capacity and volumetric capacity. The former strategy can
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Fig. 1. (a) XRD patterns of the CF powders and CF@MnO-3 composite. (b) Raman
spectra of the CF powders and CF@MnO-3 composites. (¢) TG/DSC curve of the de-
composition of CF@MnO-3 composite (Atmosphere: air, heating rate: 10 °C/min). (d)
Nitrogen sorption isotherms of CF and CF@MnO-3 composite.

change the intrinsic properties of carbon materials, while the lat-
ter one can bring in a synergistic effect to further improve the per-
formances of carbon materials. It is well known that the biomass-
derived carbons are generally disordered with large specific sur-
face area and abundant pores, which provide favorable space to
embed nanosized functional materials. Many nanosized transition
metal materials (e.g., MnO, Sb,03, Sn0O,, SnS;, Sb,S3, Li;TiO3) have
been reported to be used as anodes for LIBs because of their high
capacity. Among them, MnO is one of the most attractive anode
materials for LIBs due to its high density (5.43 g/cm3), high theo-
retical capacity (756 mAh/g), low cost, low toxicity and abundant
resources of manganese [33].

Herein, our work develops a facial approach to synthesize MnO-
loaded carbon fiber composits (CF@MnO), which was conducted
by converting pine wood into carbon fibers (CF) through a delig-
nification treatment followed by carbonization, and then integrat-
ing nanosized MnO into the carbon fibers. The CF@MnO composite
shows a large reversible capacity of 734 mAh/g at a current density
of 100 mA/g and 265.3 mAh/g at 2000 mA/g. The effect of different
weight ratio of MnO in CF@MnO on electrochemical performance
was also investigated. Our strategy to prepare carbon fibers from
pine wood not only paves a new avenue of manufacturing sustain-
able high-performance anode materials for LIBs, but also improves
the utilization of renewable resources for applications in the field
of chargeable batteries.

The CF@MnO composite is formed via a subsequent calcina-
tion process (see Experimental for details of the synthesis in Sup-
porting information). The schematic illustration for the preparation
of CF@MnO composites is shown in Fig. S1 (Supporting informa-
tion). Firstly, the pine wood flour is converted into uniform cel-
lulose fibers in nitric acid solution through a simple delignifica-
tion process. Secondly, the cellulose fibers are further transformed
into individual microtubular carbon fibers (CF) by a carbonization
treatment. Thirdly, MnO nanoparticles are deposited on the surface
of CF by the decomposition of KMnO4 under hydrothermal treat-
ment to obtain the CF@MnO composites. The samples of CF@MnO-
1, CF@MnO-2 and CF@MnO-3 correspond to different amount of
KMnO4 with X = 0.2, 0.3 and 0.4, respectively.

The structure and composition characterization of CF and
CF@MnO-3 were further examined by X-ray diffraction (XRD)
shown in Fig. 1a. Two broad peaks at 22.3° and 43.8°/26 are ob-
served in CF, which are corresponding to (002) and (100) bands,
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Fig. 2. (a) XPS spectra of CF@MnO-3 composite: survey spectrum. High-resolution
XPS spectra of (b) Mn 2p, (c) O 1s, (d) C 1s.

respectively, revealing that the carbon is almost amorphous [10]. In
contrast, CF@MnO-3 displays five diffraction peaks at 35°, 40°, 59°,
70° and 73°/26, which are assigned to the crystal faces of (111),
(200), (220), (311) and (222) of tetragonal MnO (JCPDS No. 06-
0592), respectively [34-36]. The diffraction peak of CF in CF@MnO-
3 is not obvious because the intensity of CF is relatively delicate
compared to that of CF@MnO-3 composite material. Raman spectra
were captured to further confirm the structure of CF and CF@MnO-
3 (Fig. 1b), in which obvious bands centered at 1342 and 1591
cm~! are allocated to the disordered carbon (D band) and the
ordered graphitic carbon (G band), respectively [37]. Typically, D
band is featured with structural defects of carbons and G band is
originated from sp? hybridization of carbons. It is well known that
the ratio of the integrated areas of the D band and G band (Ip/Ig)
manifests the order degree of carbon materials [38]. The Ip/Ig val-
ues of CF and CF@MnO-3 are estimated to be 0.99 and 1.01, respec-
tively, indicating comparable structure orders of carbons in both
samples. In addition, a band at 646 cm~! is attributed to the char-
acteristic Raman band of Mn-0 in CF@MnO-3, confirming the exis-
tence of MnO [39], consistent with the XRD results.

The thermogravimetric analysis (TG/DSC) of CF@MnO-3 was
conducted in air to estimate the weight of MnO in CF@MnO-3
(Fig. 1c), showing a distinct endothermic peak at 445 °C accom-
panying a significant thermal weight loss, which is caused by oxi-
dation of carbon at elevated temperatures. Notably, as the temper-
ature increases from 550 °C to 650 °C, a slight increase in the TG
curve is observed, which is caused by oxidation of MnO to form
high-valence manganese compounds. The TG curve shows that the
content of MnO retains 56.8% after 800 °C. Nitrogen physisorption
measurements were carried out at 77 K to analyze the textural
characteristics of CF and CF@MnO-3 (Fig. 1d), exhibiting the promi-
nent type-III isotherms. The surface area of CF is 13.9 m2/g with a
pore volume of 0.097 cm3/g, whereas the surface area of CF@MnO
is 15.5 m%/g with a pore volume of 0.048 cm?3/g. Therefore, after
loading MnO the specific surface area of CF does not change sig-
nificantly, whereas the pore volume decreases to half of that of CF,
indicating that the loaded MnO nanoparticles occupy or fill into a
part of macro-/micropores of CF.

The XPS analysis was conducted to investigate the valence and
electronic state of Mn on the surface of CF@MnO-3 (Fig. 2a). The
predominant peaks at about 284.2, 531.6, 641.0 and 976 eV are
assigned to C 1s, O 1s, Mn 2p and Mn 2s, respectively [40]. The
Mn 2p spectrum shows two peaks of Mn 2p;3;, and Mn 2py; lo-
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Fig. 3. SEM images of (a, b) CF, (¢, d) CF@MnO-3, (e, f) TEM images and (g) HRTEM
image of CF@MnO-3 composite (inset in f: SAED pattern).

cated at 641.2 and 653.1 eV (Fig. 2b), respectively, attributing to the
level splitting of Mn ions, resulting in energy difference of 11.9 eV,
which confirms the main existence of Mn(Ill) in the CF@MnO-3
[23]. The XPS spectrum of C 1s shows two deconvoluted peaks
at 284.7, 285.3 eV (Fig. 2c), assigned to C-C and C-O bonds, re-
spectively. The O 1s spectrum shows three main peaks at 530.0,
5314 eV and 532.8 eV, which are attributed to Mn-O, C-O and
0-C=0 bonds (Fig. 2d), respectively, indicating that O atoms are
bound with Mn and C atoms [41].

The morphology and microstructure of the CF and CF@MnO-3
samples were investigated by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). It shows that the
sample of CF is twisting and macro-porous (Figs. 3a and b). Ap-
parently, the surface of carbon fibers in CF@MnO-3 is rough and
covered by MnO nanowires after loading MnO (Figs. 3¢ and d). The
TEM images clearly show the uniform dispersion of MnO nanopar-
ticles embedded in the CF (Figs. 3e and f). The diffraction rings ob-
tained from selected-area electron diffraction (SAED) pattern (inset
in Fig. 3f) demonstrate that polycrystalline MnO nanoparticles are
highly dispersed in CF@MnO-3, similar to the reported MnO quan-
tum dots [42]. In the HRTEM image of CF@MnO-3 (Fig. 3g), the
lattice spacing is measured to be about 0.22 nm, corresponding to
the (200) interplanar distance of the MnO phase [41]. These results
reveal that the MnO nanoparticles are highly distributed in the CF
to obtain a CF@MnO composite, consistent with the above XRD,
Raman and XPS results. The carbon fiber skeletons can provide
superior merits and facilitate fast electron transport and lithium
ions migration, the existence of inner space for carbon fiber can
also facilitate the in-situ growth of MnO on the surface of carbon
fiber and can accommodate the volume changes of MnO during re-
peated charge/discharge processes, while the CF@MnO-3 composite
has many advantages as a negative electrode material for LIBs.

Fig. 4a shows the CV curves for three cycles of CF@MnO com-
posites with different proportions of MnO. It can be seen that the
discharge curve exhibits a weak cathode reduction peak between
0.7 V and 0.8 V, which is caused by the formation of SEI film dur-
ing the first lithium intercalation process. The curve shows a re-
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Fig. 4. (a) The 1%, 2" and 3" cycle profiles of CVs for various CF and CF@MnO
samples at a sweep rate of 0.1 mV/s. (b) Charge/discharge voltage profiles at
50 mA/g, (c) charge/discharge rate performance at different current densities (d)
and cycling stability at 100 mA/g for various CF@MnO samples (black, red, blue,
magenta represent CF, CF@MnO-1, CF@MnO-2, CF@MnO-3, respectively).

duction peak around 0.2 V, due to the reduction of manganese ox-
ide to metallic manganese [43]: MnO + 2Li* + 2e~ — Mn + Li,0.
Apparently, the main cathodic peak of the CF@MnO sample shifts
to about 0.3-0.4 V in the 2" and 3" scan, indicating that the lithi-
ation voltage is higher than that in the first cycle (~0.2 V), which
is primarily caused by the enhanced kinetics of the CF@MnO elec-
trode arising from the microstructure alteration and formation of
Li,O and metal Mn after the first lithiation process. The peak lo-
cated at 1.26 V corresponds to the Li desorption in nanopores and
oxidation of manganese [44]: Mn + Li,O0 — MnO + 2Lit + 2e".
The peak voltage of the cathode is close to 0 V during the dis-
charge process and the apparent anode peak of 0.1 V during charg-
ing corresponds to Li adsorption and desorption on both sides of
the nanopore walls, respectively.

The initial galvanostatic charge/discharge curves for different
CF@MnO composites and CF at a current density of 50 mA/g
are displayed in Fig. 4b. A steady stage around 0.2 V in the
discharge branches and around 1.2 V in the charge branches of
CF@MnO composites is observed, agreeing well with the CV re-
sults. The initial discharge capacities of CF, CF@MnO-1, CF@MnO-2
and CF@MnO-3 are approximately 583, 718, 904 and 923 mAh/g,
respectively, and the charge capacities are 367, 433, 481 and 514
mAh/g with coulombic efficiency around 63%, 60%, 51% and 55%,
respectively. It can be seen that the capacity of CF@MnO-3 is
higher than those of CF, CF@MnO-1 and CF@MnO-2, which is as-
cribed to the increased proportions of loaded MnO and superior
lithium-ion storage capacity. However, the CF@MnO-3 delivers the
highest irreversible capacity because the increased amount of MnO
leads to more irreversible lithium-ion consumptions during the ini-
tial lithiation process.

Fig. 4c shows the rate performance of CF and CF@MnO com-
posites. As expected, CF@MnO-3 exhibits the superior specific ca-
pacities of 404, 352, 311, 266, 255 and 258 mAh/g at current
densities of 100, 200, 400, 800, 1000 and 2000 mA/g, respec-
tively. After 10 cycles at the current density of 2000 mA/g, the
charge current density was gradually reduced to 100 mA/g, and
the CF@MnO-3 delivers increased capacities from 272 mAh/g to
734 mAh/g, which can be considered by the electrolyte infiltration
and electrode material. The above results show that the rate per-
formance of CF is greatly improved after combination with MnO. It
is speculated that the MnO nanoparticles embedded on the CF may
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be activated deeply after repeated cycling at large current densi-
ties resulting in enhanced lithium-ion storage capacity. Also, the
synergic effect between CF and MnO may contribute to the im-
provement of the electrochemical performances. Fig. S2 (Support-
ing information) shows the charge and discharge curves of CF and
CF@MnO composites at current densities of 50, 100, 200, 400, 800,
1000 and 2000 mA/g, respectively. It can be seen that the charge
and discharge curves of the CF@MnO composites exhibit similar
shapes, all of which have obvious slopes and capacity deteriora-
tion with increasing of the current density, suggesting that the
CF@MnO composites display the same mechanism of lithium de-
/intercalation. In contrast, the CF delivers a considerable capacity
(235 mAh/g) at a potential of approaching 0 V when the current
density is 50 mA/g. Therefore, graver decays are observed for CF at
elevated current densities due to increasing electrochemical polar-
izations prevailing in universal electrodes.

Fig. 4d shows the cycling performance of CF and CF@MnO com-
posites at a current density of 100 mA/g. The CF@MnO-3 exhibits
the highest specific capacity of 522.8 mAh/g after 200 cycles. The
capacity retentions of CF, CF@MnO-1, CF@MnO-2 and CF@MnO-3
are 60.2%, 51.0%, 73.6% and 78% with coulombic efficiency around
100% (Table S1 in Supporting information), respectively, indicat-
ing that the cycling performance of CF@MnO is steadily improved
with the increase of MnO proportion. This result further confirms
the advantages of CF@MnO as anode materials. Fig. S3 (Support-
ing information) displays the Nyquist plots and the equivalent cir-
cuit diagram of CF@MnO composites, in which the EIS map con-
sists of a compressed semicircle and a diagonal line. The depressed
semicircle in the high-frequency region represents the transfer
impedance of charge passing through the electrode/electrolyte in-
terface (Ret), and the linear Warburg impedance (Zy in the low-
frequency region represents the diffusion of lithium ions in the
electrode material [45,46]. The values of the R, for CF@MnO-1,
CF@MnO-2 and CF@MnO-3 electrode was 72.02, 69.92 and 63.97
2, respectively. The CF@MnO samples exhibit roughly approximate
Rct values, which have a comparable effect on the rate perfor-
mance of electrodes, in consistence with the charge/discharge re-
sults (Fig. 4b).

In summary, pine-derived CF@MnO composites were prepared
as the anode materials for lithium-ion battery. It is demonstrated
that the MnO nanoparticles are uniformly embedded on CF to
construct the desired microstructure. Compared with the wood-
derived carbon fibers, the CF@MnO composites show decreasing
pore volumes resulting from the generation of MnO nanoparti-
cles on macro-/micropores of carbon fibers. The carbon fiber skele-
tons facilitate fast electron transport and lithium ions migration,
which can also accommodate the volume changes of MnO dur-
ing repeated charge/discharge processes. Among all the CF@MnO
composite materials, CF@MnO-3 composite (the weight ratio of
1:2) exhibits larger capacity, superior rate and cycling performance.
Therefore, the CF@MnO composites show considerable potential as
a sustainable anode for LIBs.
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