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Abstract

Converting waste biomass into biochar is a means for solving both environmental pollution and energy shortage. Here we
transformed Eichhornia crassipes, a harmful floating plant, into a honeycomb-shaped and heteroatoms-rich biochar by KOH
activation during carbonization, and we tested this biochar as anode for lithium-ion batteries. Results show that the biochar
has a high surface area of 278.56 m>-g~!, a honeycomb-like porous structure, and is rich in heteroatoms, e.g., 3.42% N,
20.82% O, and 0.83% S. Biochar anodes displayed a higher initial reversible specific capacity of 697 mAh-g~' at S0 mA-g~', a
higher rate capability of 229.7 mAh-g~! at 3000 mA-g~!, and a better cyclic stability than commercial graphite. The enhanced
electrochemical performance could be attributed to the interconnected porous structure that promotes Li* transfer and elec-
trolyte infiltration, and to the presence of heteroatoms. This approach can be easily industrialized as a substitute of graphite.
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Introduction

With the growth of the growing population and economy,
energy and environmental crises have become the focus of
attention. Rechargeable lithium-ion batteries have received
increasing attention in energy storage devices due to their
high energy density, long cycling life, eco-friendliness, and
safety (Wu et al. 2020). Owing to its long-term cycling sta-
bility and low working voltage (versus Li/Li*), graphite is
widely commercial anode material for lithium-ion batteries
(Fang et al. 2019). But the low theoretical specific capacity
(372 mAh-g~!) and poor rate performance greatly limit its
application in lithium-ion batteries (Yang et al. 2020). Com-
pared to graphene, porous carbon materials have attracted
increasing attention in lithium-ion batteries because they
show high specific capacity and good rate performance,
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because porous carbon can offer a large electrode/electrolyte
interface for the charge transfer and provides shorter diffu-
sion pathways for Li* and electrolyte (Yu et al. 2016). On the
other hand, the heteroatoms-rich (N, P, S) of porous carbon
has been proven to improve the electrochemical performance
because heteroatoms have a different electronegativity com-
pared with C atoms, and then as it can provide more active
sites and enhance carbon materials reactivity (Wang et al.
2013). As we all know, biomass, as environmental-friendly
and low-cost sustainable resource, has already been proved
attractive raw materials for fabricating heteroatoms-rich
porous carbon materials.

Biomass waste is generated in ecological circulation
and causes severe resource waste and environmental pollu-
tions when inappropriately managed and treated; therefore,
transforming biomass waste into useful products based on
the idea of “trash to treasure” is urgently required (Wang
et al. 2020; Tuck et al. 2012). Eichhornia crassipes (E.
crassipes) is an exotic plant ubiquitously found in vari-
ous water environment, and its high rates of regenera-
tion and uncontrolled growth have caused safety issues to
sailing industry and ecological concerns to local fisher-
ies (Mahamadi et al. 2014). E. crassipes, as a renewable
and sustainable source, has transformed into biofuels,
bioethanol, and biochar (Akhil et al. 2021). In particular,
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E. crassipes-derived biochar has been successfully applied
in many fields, such as the remediation of pollutions in soil
and wastewater, due to its excellent physical and chemical
properties (Chen et al. 2018; 2019). Recently, increasing
number of researchers focus on biochar-based materials for
energy storage and conversion given its large surface area,
high porosity, inherent heteroatoms-rich, and amorphous
carbon matrix (Liu et al. 2019; Tan et al. 2012). However,
application of the E. crassipes-derived biochar for energy
storage has been rarely reported.

Herein, a honeycomb-shaped and heteroatoms-rich bio-
char is prepared by carbonizing waste E. crassipes, which is
applied as anode for lithium-ion batteries. Notably, the abun-
dant porosity and high surface area of biochar could facili-
tate electrons and Li* diffusion, and the heteroatoms-rich
(N, O, S) of biochar can tailor the electronic structure. The
biochar shows good electrochemical performance, including
high specific capacity, cycle stability, and rate performance.
The present work provides a substitute for graphite produc-
tion and for solving both environmental pollution and energy

Fig.1 Synthesis process of E.
crassipes-derived biochar (a);
scanning electron microscopy
images (b, ¢); and elemental

mapping of C, N, O, and S (d)
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storage issues; moreover, this kind of carbon materials can
be easily industrialized.

Results and discussion
Structure characterization

E. crassipes were chosen as the promising candidates to
fabricate the porous biochar because not only they possess
porous cell wall-like structure (Fig. S1), but also they are
inherent heteroatoms-rich. The detailed synthesis procedures
are illustrated (Fig. 1a). The biochar revealed a hierarchi-
cal porous structure with abundant channels and smooth
surface, and these pores and channels were interconnected
similar to a honeycomb structure (Fig. 1b, c). High-reso-
lution transmission electron microscopy images confirm
biochar shows porous carbon with a disordering micro-
structure (Fig. S2). Furthermore, signals of C (74.93%), N
(3.42%), O (20.82%), and S (0.83%) elements were recorded
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in elemental mapping images of biochar (Fig. 1d). The broad
diffraction peak centered at 20=24.16°, which is assigned
to disordered carbon (002) plane (Wang et al. 2013), and the
weak diffraction peaks centered at 20 =42.37°, correspond-
ing to the crystalline carbon structure (100) plane (JCPDS
#41-1487, Fig. 2a). Moreover, the calculated average inter-
layer spacing (d,) for biochar is 0.367 nm according to
Bragg’s equation (d =nM\/2sinB), which is larger than that of
graphite (0.334 nm), and indicates that the heteroatoms are
located into carbon matrix.

Three characteristic Raman peaks were observed at
1359 cm™" (D band), 1590 cm™ (G band), and 2852 cm™'
(D* band) (Fig. 2b). The I/I; ratio is 0.846, which dem-
onstrates that biochar possesses defect structures and
graphite layers (Li et al. 2013). Several functional groups

characteristic peaks were observed in Fourier trans-
form infrared spectroscopy spectra (Fig. 2d), including
3438 cm™~! (O — H groups from surface-bound water mol-
ecules) (Yu et al. 2016), 2350 cm™! (O—C=0 vibra-
tions), 1709 cm™' (C=0/N), 1612 cm™" (C=C in aromatic
ring), 1428 cm™! (C=N stretching vibrations), 1237 cm™!
(C=NJ/0), 1027 cm™! (C=18), and 673 cm™! (O-H) (Li
et al. 2020). Moreover, the absorption—desorption curve
of biochar showed a type-I isotherm featured with H, hys-
teresis, revealing the existence of microporous property.
The Brunauer—-Emmett—Teller surface area can be up to
278.56 m>g~! (Figs. 2c, S3). The pore size distributions of
biochar were estimated using nonlocal density functional
theory (Fig. S5), indicating that biochar possesses the
micropores (8-12 A).
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The chemical bonding environment of biochar was
characterized by the X-ray photoelectron spectroscopy
(Fig. 2e). It is observed that the biochar is made up of C
(82.91 at%), N (2.94 at%), O (13.33 at%), and S (0.81 at%),
respectively, which are almost consistent with the energy-
dispersive X-ray spectroscopy results. The C 1 s spectra
(Fig. 2f) exhibited four bands, related to the graphitic C
(sp?, 284.6 eV), C—C (sp?, 285.0 eV), C—N/O (285.6 eV),
and C=N/O (288.3 eV) (Singh et al. 2014). The peak of N
1 s was observed at 400 eV (Fig. 2g), which was deconvo-
luted into four peaks at 398.8 eV (pyridinic — N), 400.5 eV
(pyrrolic —N), 401.2 eV (graphitic — N), and 404.5 eV (oxi-
dized —N). The O 1 s spectra can be deconvoluted into two
peaks at 531.8 and 533.4 eV (Fig. 2h), assigned to the C—O
and C=0 groups (Wang et al. 2013). Moreover, the S 2p
spectra were deconvoluted into two peaks at 165.65 and
167.4 eV (Fig. 2i), assigned to the C—S—C bond (thiophene-S
structure) and the oxidized sulfur groups (C-SO;,—C) (Huo
et al. 2018).

Electrochemical performance

The electrochemical performance of biochar anode for lith-
ium-ion batteries was investigated in a coin cell countered
with a lithium foil counter electrode (Cai et al. 2016). Cyclic
voltammograms of the anode were conducted to investigate
the kinetic process in the initial three cycles in the potential
range of 0.01-3.0 V (versus Li/Li") at a scanning rate of
0.1 mV-s~! (Fig. 3a), consistent with those of previously
reported carbon-based anode materials (Wu et al. 2020). In
the first cycle, the reduction peak located at 1.16~0.36 V is
due to the formation of a solid-electrolyte interphase on the
surface of the biochar. The cyclic voltammograms curves
almost overlapped in the following two cycles, indicative of
the formation of a stable solid-electrolyte interphase layer
(Fang et al. 2019).

The galvanostatic discharge/charge curves for three
cycles of anode are at a current density of 50 mA-g~ in the
voltage range of 0.01~3.0 V (versus Li/Li") (Fig. 3b). The
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shape of the discharge/charge profiles matches well with the
cyclic voltammograms curves. The initial reversible specific
capacity of anode is approximately 697 +4.3 mAh-g~! at
50 mA-g~!. The galvanostatic discharge/charge curve of
biochar matched well with the representative plot of hard
carbon anode (Yu et al. 2016). The initial high discharge
capacity (1131 mAh-g~!) can be assigned to the presence
of abundant channels and pores in its structure. The initial
capacity loss was possibly attributed to the formation of the
solid-electrolyte interphase layer in the irreversible processes
(Wei et al. 2016). Moreover, the solid-electrolyte interphase
layer and the inevitable decomposition of electrolyte as well
as the insertion of Li* of biochar after the first cycle irrevers-
ible reactions resulted in a long slope of the initial discharge
curve (Su et al. 2011). The discharge/charge capacities were
approximately 697/652 and 666/640 mAh-g~! for the second
and third cycles. Meanwhile, the similar reversible specific
capacities for the second and third cycles suggest a good
reversibility of anode for lithium-ion batteries. Moreover,
the specific capacity of the voltage region below 1.0 V (ver-
sus Li/Li*) was mainly due to the Li* intercalation into the
porous structure of biochar.

Rate capability was performed with increasing cur-
rent densities from 50 to 3000 mA-g~! (Fig. 3c). The spe-
cific capacities of 624.8 +53.2, 559.4 + 14.7, 462.5 + 4.5,
426.3+3.7, 395.2+3.3, 338.2+2.9, 273.5+3.4, and
229.7+0.9 mAh-g~! were obtained at various current densi-
ties of 50, 100, 200, 300, 500, 1000, 2000, and 3000 mA-g~*,
respectively. The significant rate capability originated from
the interconnected porous structure and graphene layers of
biochar (Liu et al. 2019). Noticeably, when the current den-
sity returned to 50 mA-g~! after cycling at different current
densities, the reversible capacity of 649.8 +1.8 mAh-g~! was
well recovered, suggesting that the anode possesses a good
electrochemical stability.

The cycle performance and Coulombic efficiency were
investigated at a current density of 100 mA-g~! (Fig. 3d). In
the second reversible specific capacity of 597.9 mAh-g~!,
it was much higher than those of the conventional graphite
materials (372 mAh-g~!). Subsequently, it remained stable in
capacity earlier at the 60th cycle, and then the slight increase
in capacity from 60 to 170 cycles was due to the possible
activation process of anode and the continuously trapped
Li* (Su et al. 2011). The anode can sustain high capacity of
720 +30.2 mAh-g~! at 100 mA-g~! even after 200 cycles.
The electrochemical performance of biochar in our work has
been compared with other biomass-derived carbon anodes
for lithium-ion batteries (Table S2). The high oxygen con-
tent could cause in the irreversible reaction to produce Li,O
(Dong et al. 2018). Thus, the reversible specific capacity
decreases with oxygen content increased, resulting in the
low initial Coulomb efficiency (Cai et al. 2018; Matsuo et al.
2018).

To understand the electrochemical characteristics of
anode, the electrochemical impedance spectroscopy data for
the anode of fresh and after 1st, 200th cycles were measured
and corresponding Nyquist plots were obtained (Figs. 3e-3f,
S6). The electrochemical impedance spectroscopy spectra
were fitted by ZSimpWin software based on the electrical
equivalent circuit (Table S1) (Han et al. 2011). The Nyquist
plots include a semicircle at the high-frequency region and
a straight line over the low-frequency region, where R, is
the solution resistance, R, is the charge/transfer resistance,
R, is the interface resistance, and R; is the solid-electrolyte
interphase resistance (Yu et al. 2016). A smaller semicir-
cle diameter and a larger slope of the straight line after
Ist, 200th cycles indicate the favorable ionic diffusion and
charge transport in anode. The values of R /R, decrease and
R;increase for anode after first cycle compared with those of
the fresh anode, which might be attributed to the inevitable
decomposition of electrolyte, the insertion of Li* of bio-
char, and the formation of solid-electrolyte interphase (Han
et al. 2011). Moreover, the structure after 200th cycles was
almost unchanged compared with the fresh anode (Fig. S7).
These results suggesting the anode resistance is stabilized,
and the biochar can stabilize the solid-electrolyte interphase
layer. The prominent electrochemical performance of anode
could be ascribed to the following reasons: (1) E. crassipes-
derived biochar not only offers large electrode/electrolyte
contact area but also sufficient space for Li*; (2) intercon-
nected structures shortened the Li* diffusion pathway; (3)
graphene and heteroatom-rich boosted the electronic con-
ductivity and electrochemical stability.

Conclusion

Hierarchically porous heteroatoms-rich biochar was suc-
cessfully prepared from E. crassipes and used as anodes
for lithium-ion batteries. The biochar exhibits a good rate
capacity of 229.7 +0.9 mAh-g~! at 3000 mA-g~! and high
initial reversible specific capacity of 697 +4.3 mAh-g~!
at 50 mA-g~!, and the remaining capacity was
720 +30.2 mAh-g~! after 200 cycles. The superior elec-
trochemical performance of biochar could be ascribed to
hierarchically porous structure and high surface area and
inherent heteroatom rich. This approach can easily realize
industrial production, and it will have a promising applica-
tion in energy storage and environmental issues. Moreover,
porous carbon is expected to be applied to other fields such
as supercapacitors, catalysis, adsorption, and pollutants
purification.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10311-021-01221-y.
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