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The necessity to explore high-efficiency and high-value utilization strategy for biomass-waste is
desirable. Herein, the strategy for direct conversion biomass-waste (rice husks) to Si/C composite
structure anode was built. The Si/C composite materials were successfully obtained via the typical
thermal reduction with magnesium, and the Si nanoparticle was uniformly embedded in carbon frame, as
revealed by Raman, X-ray diffraction (XRD) and transmission electron microscope (TEM) measurement.
The carbon structure among rice husks was effectively used as a protective layer to accommodate the

gg;:gggf;vaste volume variation of Si anode during the repeated lithiation/delithiation process. Benefitting from the
Rice husks structure design, the batteries show a superior electrochemical stability with the capacity retention rate

above 90% after 150 cycles at the charge/discharge rate of 0.5 C (1 C = 600 mAh/g), and hold a high charge
capacity of 420.7 mAh/g at the rate of 3 C. Therefore, our finding not only provides a promising design
strategy for directly conversion biomass-waste to electrochemical storage materials but broadens the
high-efficiency utilization method for other biomass by-products.
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Rice one of the most crop species is planting spread all over the
world. In recent years, large amount of rice has been needed to
meet the demand for the living life of increasing population of the
world [1]. Huge amount of rice husks (RHs) by-product was
concomitantly produced, which is an environmental nuisance
giving rise to severe stress for global environment [2]. However,
the applications for RHs have suffered from the dilemma of low
added value, such as fertilizer additives, stockbreeding rugs, fuels,
and landfilling or paving materials. Hence, exploring high-
efficiency and high-value utilization strategy for RHs is desirable
and in accord with the policy of the global sustainable
development [3-5].

Lithium ion batteries regarded as a green electrochemical
storage technology are widely used in our daily life such as cell
phone, computer and electric vehicle [6,7]. Meanwhile, graphite as
the most intriguing anode materials has awarded much more
attention since their commercialization by Sony. In recent years, a
wide range of modification strategies have been used to improve
the capacity of graphite [8,9], which nearly reached the peak of
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their theoretical capacity and could not be improved [10,11].
Pursuing for high energy density and long-range endurance
mileage, it is significant to explore anode materials with higher
capacity to replace the currently used graphite anode [12-15].
Silicon as the promising anode materials with the ultrahigh
theoretical capacity (Li;5Sis, 3580 mAh/g) has made much atten-
tion in the field of electrochemical energy storage [16,17].
However, suffering from inferior cycling stability for silicon anode
is a major reason to limit their further development because of the
tremendous volume variation, up to 300% during lithiation
/delithiation process, which makes the electrode materials crack
and loss the electrical contact in bulk electrode [18-21]. Besides,
continuously consume lithium ion to form fresh solid electrolyte
interphase (SEI) for cracking electrode is another issue to lead the
fading of the capacity and calendar life [22-25]. Therefore,
extensive efforts have been devoted to ameliorate the above-
mentioned issues in order to stabilize the structure of anode
materials and ensure the available electrical contact among
electrode materials [26-29]. The development of Si/C composite
structure is an effective strategy, in which nano/micro Si
nanoparticle embedded in the C skeleton could accommodate
the volume change during the lithiation/delithiation process and
provide effective electron transfer pathway [30-34]. The com-
monly used method to derive the Si/C compounds is electrostatic
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spinning, ball milling and spray drying [35,36]. Nevertheless, the
derived compounds could not ensure the nano/micro Si uniformly
mingle with the C protective skeleton. The facile and effective
method to obtain Si/C composite materials is urgently needed to
meet the demands of rapid growth hybrid electrical vehicles and
portable electronic devices [37-39]. The recent pioneer works have
proved that high amounts of silica in the form of nanoparticle was
possessed in RHs, meanwhile the nanosized Si particle was
reduced from silica, then mixed with carbon nanotube or graphene
to construct Si/C composite structure [40]. However, the naturally
existed carbon matrix among RHs were destructed and unavoid-
ably it could impact the naturally composite structure.

Herein, the strategy for direct conversion biomass-waste (rice
husks) to Si/C composite structure anode was built. The Si/C
composite materials was successfully obtained via the typical
thermal reduction with magnesium, and the Si nanoparticle was
uniformly embedded in carbon frame, as revealed by Raman, XRD
and TEM measurement. The carbon bulk among rice husks was
effectively used as the protective layer to accommodate the
volume variation of Si anode during the repeated lithiation/
delithiation process.

The R-Si/C composite anode was fabricated based on the route
of Fig. 1. Firstly, the RHs were collected from rice plants (RPs) at the
mature stage, which was treated at 105 °C for 24 h to eliminate the
moisture among the materials. Then, the treated RHs was directly
carbonized at 900 °C to obtain the precursor of rice husk derived
carbon (R-C). Finally, the typical magnesiothermic reduction
strategy was adopted to convert the R-C precursor to the hybrid
anode materials of rice husk derived Si/C (R-Si/C) under Ar inert
atmosphere at the temperature of 680 °C for 3h, and the
morphology variation for electrode materials from R-C to R-Si/C
was shown in Fig. S1 (Supporting information). The TEM
measurement was carried out to investigate the internal structure
of R-C and R-Si/C (Fig. 2a). In comparison with the typical
amorphous form of R-C (Fig. S2 in Supporting information) and
crystal structure of nano-Si (Fig. S3 in Supporting information),
some nano Si crystalline regions with the size of 20 nm were
observed among R-Si/C electrode materials, as displayed in Figs. 2b
and c. Meanwhile, it is effectively to utilize the intrinsic carbon
structure of rice husk without additional carbon source introduc-
ing to preparation process. Furthermore, the carbon structure as a
protective layer uniformly wrapped the reduction Si nanoparticles
(Si NPs), which could mitigate the volume variation during the
repeated lithiation/delithiation process. The carbon substrate and
Si nanodomains were clearly shown in Figs. 2d and e, and the
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Fig. 1. Schematic illustration for the synthesis of R-Si/C composite anode.
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Fig. 2. (a) The TEM image and (b, c) high-resolution TEM images of R-Si/C. Details
information for R-Si/C (d) Si and (d) C region; (f) TEM image and corresponding EDS
mapping for (g) Si and (h) C element.
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Fig. 3. (a) The XRD curves of R-Si/C and R-C. (b) The typical Raman spectra of R-Si/C,
R-C and nano-Si.
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Fig.4. (a) The XPS survey of R-C, nano-Si and R-Si/C materials. The XPS result for the
surface message of (b) nano-Si, (¢) R-C and (d) R-Si/C.
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Fig. 5. (a) The CV curves of R-Si/C during the lithiation /delithiation process with a scan rate of 0.1 mV/s. (b) The rate performance result of R-Si/C with the charge rate ranging
from 0.2 C to 3 C. (c) The cycling test profiles and (d) corresponding stability result at the rate of 0.5 C.

interplanar spacing is 0.312nm corresponding to the (111)
crystalline plane (PDF-77-2108) [41]. The energy dispersive
spectroscopy (EDS) result shows that the Si and O elements are
homogeneously distributed among composite anode, as presented
in Figs. 2f-h.

Additionally, the further demonstration of R-Si/C composite
structure was revealed by XRD and Raman spectrum analysis. The
typical amorphous XRD pattern for R-C was obtained as seen from
Fig. 3a. Different from the R-C materials, the signals of amorphous
carbon and silicon grain were also contained in R-Si/C, indicating
that the composite electrode was successfully converted from
biomass-waste, which was in accord with the result of TEM. The
peak located at 518 cm™! belongs to the Si characteristic peak, and
the other peaks located at 1352 and 1598 cm ! are attributed to the
typical D band and G band of carbon, respectively (Fig. 3b) [42].
According to the Raman spectrum of separated nano-Si and R-C, it
also could be seen that the Si characteristic peak and the typical D
band and G band belonging to the nano-Si and R-C were detected,
respectively. The X-ray photoelectron spectroscopy (XPS) was
employed to investigate the surface condition of R-C, nano-Si and
R-Si/C. The signals locating at 103.1 and 154.6 eV are attributed to
the Si 2p and Si 2s, respectively (Fig. 4a). Meanwhile, the Si 2p peak
could be de-convoluted into five valence states: Si(0), Si(I), Si(II),
Si(Ill) and Si(1V), as shown in the Figs. 4b-d. In comparison with the
Si 2p signal of R-C materials, the signals of Si(0) and Si(I) were
observed from R-Si/C and nano-Si materials respectively [43,44],
further demonstrating that the Si NPs was successfully converted
from silica among R-C with the method of magnesiothermic
reduction, which is consistent with the results of TEM, XRD and
Raman measurement.

The cyclic voltammetry (CV) test was conducted to evaluate the
electrochemical behavior of R-Si/C anode materials during
lithiation/delithiation process. The irreversible broad cathodic
peak centered at 0.8 V corresponds to the formation of SEI at the
first cycle [45-47], which is in accordance with the result of
electrochemical impedance (Fig. S4 in Supporting information). In
addition, the cathodic peak at 0.21 V was ascribed to the lithiation
process of Si, while the other two anodic peaks located at 0.34V
and 0.51V originated from the delithiation reaction of Li,Si alloy
(Fig. 5a) [48]. After the first cycle, the subsequent profiles were
stable, indicating that the activation process is completed. The Li|
Si half battery was used to further measure the rate performance of

R-Si/C with the rate ranging from 0.2 C to 3 C (Fig. 5b). The result
shows that the R-Si/C exhibit a superior rate performance with the
charge capacity of 540.3 and 420.7 mAh/g at the rate of 0.2 and 3 C,
respectively (Fig. S5 in Supporting information). Furthermore, the
charge and discharge capabilities of R-Si/C was also compared with
the R-C and commercial graphite anode. The R-Si/C composite
anode with the charge capacity of 501.4 mAh/g at 0.5 C is much
higher than that of R-C and commercial graphite anode materials,
which could exert the charge capacity of 344.2 and 365.3 mAh/g,
respectively (Figs. S6 and S7 in Supporting information), meaning
that the biomass derived Si/C composite anode materials hold the
promising of usage in high energy density batteries type. The result
of cycling stability for R-Si/C composite anode was displayed on
Fig. 5d. An excellent cycling stability for R-Si/C anode with the
capacity retention above 90% was acquired.

In summary, we have successfully established a strategy for
direct conversion biomass-waste (rice husks) to Si/C composite
structure anode. The Si/C composite materials were successful
obtained via the typical thermal reduction with magnesium, and
the Si nanoparticle was uniformly embedded in carbon frame, as
revealed by Raman, XRD and TEM measurement. The carbon
structure among rice husks was effectively used as a protective
layer to accommodate the volume variation of Si anode during the
repeated lithiation/delithiation process. Thanks to the structural
design, the batteries with Si/C composite anode show a superior
electrochemical stability with the capacity retention rate above
90% after 150 cycles at the charge/discharge rate of 0.5 C (1 C =600
mAh/g), and hold a high charge capacity of 420.7 mAh/g at the rate
of 3 C. Therefore, our finding not only provides a promising design
strategy for directly conversion biomass-waste to electrochemical
storage materials but broadens the high-efficiency utilization
method for other biomass by-products.
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