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Abstract: The nanocomposites of activated-carbon-decorated silicon nanocrystals (AC<nc-Si>AC)
were synchronously derived in a single step from biomass rice husks, through the simple route of
the calcination method together with the magnesiothermic reduction process. The final product,
AC<nc-Si>AC, exhibited an aggregated structure of activated-carbon-encapsulated nanocrystalline
silicon spheres, and reveals a high specific surface area (498.5 m2/g). Owing to the mutualization of
advantages from both silicon nanocrystals (i.e., low discharge potential and high specific capacity)
and activated carbon (i.e., high porosity and good electrical conductivity), the AC<nc-Si>AC
nanocomposites are able to play a substantial role as an anodic source material for the lithium-ion
battery (LIB). Namely, a high coulombic efficiency (97.5%), a high discharge capacity (716 mAh/g),
and a high reversible specific capacity (429 mAh/g after 100 cycles) were accomplished when
using AC<nc-Si>AC as an LIB anode. The results advocate that the simultaneous synthesis of
biomass-derived AC<nc-Si>AC is beneficial for green energy-storage device applications.
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1. Introduction

The lithium-ion batteries (LIBs) have garnered global interest because of its high energy capacity,
low toxicity, long lifetime, high rate capability, and no memory effect. Due to their ample popularity in
various applications (e.g., electric vehicles and portable electronic systems) [1–4], high-power LIBs
have been of great interest as next-generation energy-storage devices. The electrochemical performance
of LIBs is closely related to the choice of anode material; thus, various anode materials (e.g., Si, C, Sn,
NiO, VOx etc.) have been studied so as to improve the LIB characteristics. Among them, Si is one of
the prominent candidates as a LIB anodic source, because Si has extraordinary properties of a high
specific capacity (~4200 mAh/g for Li22Si5) and a low discharge potential (~0.1 V per Li/Li+) [5–11].
The Si-based LIB anode, however, still suffers from a critical issue of tremendous volume change
(≥300%) after multiple processes of Li alloying and de-alloying. This causes both the pulverization
and the fracture of the Si lattices, and creates a metastable solid–electrolyte interphase (SEI) layer.
The continual formation of such an SEI layer tends to degrade the energy capacity and the cyclic
stability of the LIBs [12–18]. To reduce this drawback, it has been proposed that the structure of Si be
modified into the nanoscale and used to form several types of composite material mediums [15–23].
For instance, Si nanoarchitectures (e.g., nanoparticles, nanopores, hollow nanospheres, nanotubes, and
nanowires) have been known to significantly reduce physical strain, volume change, and mechanical
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fracture loss [24–29]. Although there are several methods to prepare Si nanostructures (e.g., chemical
vapor deposition [30], chemical doping [31], wet etching [32], and laser ablation [33,34]), a simple and
cheap approach is still fascinating.

Meanwhile, the derivation of electrode materials from recyclable, earth-abundant, eco-friendly
substances is one of the pivotal steps required for the design of green technology. Since agricultural
biomass wastes contain a large percentage of inorganic constituents, several kinds of electrode materials
have been derived from various biomass resources. For example, rice husks are one of the most
impressive siliceous and carbonaceous precursors for producing silica [35–37], silicon [38–40], silicon
tetrachloride [41], silicon nitride [42], silicon carbide [43], graphene [44–46], and activated carbon
(AC) [47]. Due to the advantages of both silicon nanoarchitectures (i.e., low discharge potential and high
specific capacity) and carbon nanostructures (i.e., high porosity and good electrical conductivity), there
have been several attempts to derive both silicon- and carbon-based materials from a single biomass
resource of rice husks [20,48,49]. However, the simultaneous derivation of Si-AC nanocomposites from
rice husks through a single synthesis process has rarely been reported so far, despite the synergetic
effects of both Si and AC on the electrochemical performances of the LIBs.

Herein, we report the synchronous derivation of Si-AC nanocomposites from a single biomass
resource via a single-step simultaneous synthesis method. High quality, AC-decorated Si nanocrystals
(AC<nc-Si>AC) are derived from brown rice husks (BRHs) through a simple process of magnesiothermic
reduction. In comparison with other techniques, our method is very beneficial for the following reasons:
(i) the whole process is time- and energy-efficient, (ii) the entire process does not require commercial
sources of carbonaceous and siliceous precursors, and (iii) the final products of AC<nc-Si>AC
nanocomposites have a unique structure that can enhance LIB performance. To identify the physical
and electrochemical properties of the BRH-derived AC<nc-Si>AC nanocomposites, we also show and
compare the material characteristics of nc-Si and AC that were synthesized from same BRHs.

2. Experimental

2.1. Synthesis of AC-Decorated nc-Si

The AC<nc-Si>AC nanocomposites were synthesized using BRHs (produced in Tamil Nadu,
India) through the magnesiothermic reduction process (Figure 1). To collect the ashes of BRHs, BRHs
were first annealed in air at 500 ◦C for 120 min. We then mixed 1.0 g of BRH ashes with 0.2 g of Mg
powder. The BRH-Mg mixtures were transferred into an alumina crucible, and were subsequently
annealed in Ar at 700 ◦C for 120 min. During this step, the constituents of AC<nc-Si>AC, Mg2Si, and
MgO could be produced through magnesiothermic reduction via the following reaction:

2Mg + SiO2/C (BRH ashes) →
700°C

2MgO + AC〈nc− Si〉AC.

To extract AC<nc-Si>AC nanocomposites and to remove Mg2Si precipitates, MgO residues,
and naive SiO2 impurities, the annealed mixtures were stirred for 6 h in 1 M HCl, and were reacted
with HF (5%) for 1 h. Thereafter, the reacted solution was filtered and rinsed in deionized water to
collect the wet products of AC<nc-Si>AC. Finally, the resultant products were dried in vacuum for 10 h
at 80 ◦C. To identify the material characteristics of the BRH-derived AC<nc-Si>AC nanocomposites,
we also prepared and characterized nc-Si and AC from the same biomass resource of BRHs (See
Supplementary Materials for the experimental procedures used for nc-Si and AC.).

2.2. Characterization of Material Properties

The morphological properties of nc-Si, AC, and AC<nc-Si>AC were examined by scanning
electron microscopy (SEM, Phillips, Eindhoven, The Netherlands). In addition, the microstructures
were also monitored by transmission electron microscopy (TEM, JEOL USA Inc. Peabody, MA, USA)
and in situ selective-area electron diffractometry (SAED). The structural and vibrational properties were
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examined by x-ray diffractometry (XRD, Bruker, Madison, WI, USA) and Raman scattering spectroscopy
(HORIBA Jobin Yvon Inc. Edison, NJ, USA), respectively. The pore characteristics were assessed using
nitrogen adsorption–desorption isotherm (N2 ADI, MicrotracBEL, Osaka, Japan) measurements.
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Figure 1. Experimental procedures for the synchronous derivation of activated-carbon-decorated silicon
nanocrystal (AC<nc-Si>AC) nanocomposites from the biomass resource of brown rice husks (BRHs).

2.3. Analyses of Electrochemical Performances

The electrochemical performances of nc-Si, AC, and AC<nc-Si>AC as the LIB anodes were
measured utilizing a 2032 type coin cell with a separator of Celgard PP/PE/PP and a counter
electrode of Li foil. To fabricate the LIB anodes, firstly, we first prepared three different types
of slurries by mixing a carbon black (10 wt.%) + polyvinylidene difluoride (10 wt.%) mixture with
three different active materials, namely nc-Si (80 wt.%), AC (80 wt.%), or AC<nc-Si>AC (80 wt.%),
in N-methyl-2-pyrrolidinone solution. Each slurry product was casted on the Cu foil, and each sample
was subsequently cured in a vacuum at 110 ◦C for 5 h. The 2032 type coin cells with three different
active materials were then fabricated under Ar (99.999%) ambience in a glove box. Here, we used an
electrolyte solution mixed with 1 M LiPF6 solvent with an 1: 1 mixture of OC(OCH3)2 and (CH2O)2CO.
The cyclic voltammetry (CV) and the galvanostatic charge–discharge (GCD) characteristics were
evaluated at a potential widow of 0.01–3.0 V (vs. Li/Li+). Finally, the charge-transfer impedance
characteristics were assessed by electrochemical impedance spectrometry (EIS) measurements at
frequencies ranging from 0.01 Hz to 100 kHz.

3. Results and Discussion

3.1. Morphological Properties

The morphological properties of the BRH-derived nc-Si, AC, and AC<nc-Si>AC were investigated
by SEM. In the case of nc-Si (Figure 2a), a lot of spherical Si nanocrystals (15–20 nm) were interconnected
in the form of densely-aggregated nc-Si bundles. The interconnected morphology of spherical nc-Si
is of benefit for promoting electrochemical action in LIB devices because of both the high specific
capacity [5–9] and the minimal change in surface-to-volume ratio during the ion storage process [50].
On the other hand, AC displayed a nanosheet-like morphology (Figure 2b), and each AC nanosheet was
spread along the surface direction. This two-dimensional nature of AC is favorable for enhancing both
ion diffusion and ion storage in LIBs [51,52]. Similarly to nc-Si, AC<nc-Si>AC showed an aggregated
structure of spherical nanoparticles with the increased diameter of 40–60 nm (Figure 2c,d). The increase
in the particle size is relevant to wrapping of Si nanocrystals with AC nanosheets (see also Figure 3c).
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From the energy dispersive x-ray analysis, nc-Si, AC, and AC<nc-Si>AC were confirmed to possess
their main species of Si, C, and Si-C, respectively (Supplementary Materials), which means that the
samples were effectively synthesized from the biomass siliceous and carbonaceous resource of BRHs.
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Figure 3. Bright-field transmission electron microscope (TEM) images of (a) nc-Si, (b) AC, and (c)
AC<nc-Si>AC nanocomposites. High-resolution TEM images of (d) nc-Si, (e) AC, and (f) AC<nc-Si>AC
nanocomposites. Selective-area electron diffractometry (SAED) patterns (g) nc-Si, (h) AC, (i)
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3.2. Microstructural Properties

To glean further insights into the microstructures of the samples, we performed TEM and SAED
measurements. For the BRH-derived nc-Si (Figure 3a), it was confirmed that the Si nanoparticles had a
regular shape of nanospheres with an average diameter of ~18 nm. As indicated in Figure 3d, the spacing
between the interlayer fringes was ~0.31 nm, and this value was consistent with that of the Si (111) plane.
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Additionally, the SAED pattern of nc-Si revealed a regular array of diffraction patterns, spotted along
with four well-placed diffraction rings (Figure 3g). These verified that the BRH-derived nc-Si had a
crystalline nature. In the case of AC (Figure 3b), the sheet-like two-dimensional morphology was clearly
observable. As can be seen from Figure 3e,h, the AC nanosheets were amorphous. In Figure 3c, the
microstructure of AC<nc-Si>AC is shown. The sample clearly exhibited a nanocomposite morphology
that comprised spherical Si nanocrystals embedded into the AC nanosheets. Furthermore, the
high-resolution TEM image also shows the Si nanocrystals to be wrapped with amorphous AC carbon
nanosheets (Figure 3f). As shown in the SAED pattern (Figure 3i), both the amorphous phase of AC
and the crystalline phase of nc-Si simultaneously appeared. This implies that the magnesiothermic
reduction method is useful for the synchronous derivation of the AC<nc-Si>AC nanocomposites from
biomass resource of BRHs.

3.3. Crystallographic Characteristics

The crystallographic characteristics of nc-Si, AC, and AC<nc-Si>AC were investigated through
XRD measurements (Figure 4a). From nc-Si, five diffraction patterns were observed at 26.7◦, 47.1◦,
55.1◦, 68.1◦, and 75.8◦, corresponding to (111), (220), (311), (400), and (331) lattice planes of crystalline
Si (JCPDS no. 27-1402) [18,53], respectively. In addition, AC displayed the typical activated-carbon
phases of (002) and (100) at 21.2◦ and 42.6◦, respectively [54–56]. As can be confirmed from Figure 4a,
the diffraction patterns of AC<nc-Si>AC belonged to those of nc-Si and AC, representing an effective
formation of a nanocomposite structure consisting of both nc-Si and AC. Two small MgO peaks were
thought to come from MgO residues. The formation of the nanocomposite structure can also be
confirmed from its Raman scattering characteristics. As displayed in Figure 4b, the AC<nc-Si>AC
nanocomposites clearly showed Raman scattering features from both Si and AC, but revealed no
MgO peaks. The absence of MgO-related peaks indicates that a small amount of MgO residue might
be covered by some parts of nc-Si and AC during the HCl treatment. Namely, the Raman bands at
~519 cm−1 and ~966 cm−1 arose from crystalline Si [18,19], and the D (~1343 cm−1) and G (~1596 cm−1)
bands originated from graphitized carbon [57,58] (see also Figure 4c).
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Figure 4. (a) X-ray diffractometry (XRD) patterns and (b) Raman spectra of nc-Si, AC, and AC<nc-Si>AC
nanocomposites. (c) Highlighted view of the Raman spectra for AC and AC<nc-Si>AC nanocomposites.

3.4. Textural Characteristics

The textural characteristics of the samples were evaluated through N2 ADI measurements.
As shown in Figure 5a, nc-Si and AC<nc-Si>AC exhibited a typical mesoporous characteristic with the
type-IV isotherm [59]. However, AC showed a type-H4 hysteresis loop with the type-II/IV bimodal
sorption isotherm characteristic, representing a coexistence of micro- (≤2 nm), meso- (2–50 nm),
and macro-pores (≥50 nm) in the material [60,61]. Through the Brunauer–Emmett–Teller (BET)
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analysis, the specific surface areas of nc-Si, AC, and AC<nc-Si>AC were determined to be 232.8, 1068.5
and 498.5 m2/g, respectively. From the pore diameter vs. dV/dlog (D) curves (Figure 5b), the pore surface
area of nc-Si, AC, and AC<nc-Si>AC were additionally estimated to be 153.5, 755.8, and 394.9 m2/g,
respectively. Through the Barrett–Joyner–Halenda (BJH) analysis, the average pore diameter and the
total pore volume of the Si nanocrystals were calculated to be 5.83 nm and 0.294 cm3/g, and those of
the AC nanosheets were 2.41 nm and 0.493 cm3/g, respectively. Compared to nc-Si, AC<nc-Si>AC had
a smaller average pore diameter (~2.45 nm) and a larger total pore volume (~0.386 cm3/g) because of
the morphological structure of AC-decorated n-Si in AC<nc-Si>AC (see also Table 1).
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characteristics of nc-Si, AC, and AC<nc-Si>AC nanocomposites.

Table 1. Specific surface area and pore characteristics of the BRH-derived (a) nc-Si, (b) AC, (c)
AC<nc-Si>AC nanocomposites.

Samples

BET Analysis BJH Analysis

Specific Surface
Area (m2/g)

Pore Surface Area
(m2/g)

Pore Volume
(cm3/g)

Average Pore
Diameter (nm)

nc-Si 232.8 153.5 0.2936 5.83
AC 1068.5 755.8 0.4932 2.41

AC<nc-Si>AC 498.5 394.9 0.386 2.45

3.5. Electrochemical Performances

Such a nanocomposite morphology of AC-decorated n-Si (i.e., AC<nc-Si>AC) may improve
the electrochemical performance of the LIB device because of the mutualization of advantages from
both nc-Si and AC. Therefore, the electrochemical properties of the samples were assessed after
fabricating LIB anode structures using nc-Si, AC, and AC<nc-Si>AC. First, the CV characteristics
of the fabricated anodes were measured at 0–3.0 V (vs. Li/Li+) with a scan rate of 0.1 mV/s. In the
LIB sample with the nc-Si anode (Figure 6a), the anodic peaks clearly appeared at ~1.4 and ~2.5 V,
attributed to the intercalation of lithium ions into nc-Si [62]. Additionally, a cathodic peak appeared
at ~0.66 V during the first CV cycle, which might be due to both the electrolyte decomposition and
the SEI layer formation on the electrode surface [63]. Since the SEI film restricts further dissolution of
the electrolyte and improves the LIB stability [39], the subsequent CV curves were stabilized during
the second–fifth cycles. A broad cathodic peak at ~1.65 V was thought to result from the reaction of
Li ions with native SiO2 residing at the nc-Si surface [64,65]. In the case of the AC anode (Figure 6b),
a typical cathodic peak at ~0.2 V was observable for the first CV cycle. The subsequent CV curves
became stable, presumably due to the formation of the SEI layer onto the AC surface [55,66–68].
When using AC<nc-Si>AC as an anodic source for the LIB device (Figure 6c), similarly to the case
of nc-Si, the cathodic peaks were visible at ~0.66 and ~1.65 V. Furthermore, the device revealed two
additional peaks at 0.33 and 0.52 V, attributed to the formation of LixSi and LixC during the lithiation
of Si and C with Li ions [14,69,70]. However, no MgO-related peaks were observed from the device,
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although the nanocomposites involved a small amount of MgO residue. Compared to the nc-Si case,
the anodic reactions of the AC<nc-Si>AC nanocomposites were very strong. Hence, one can conjecture
that a faster electrochemical reaction occurred in AC<nc-Si>AC, presumably because of the existence
of the highly-conductive AC nanosheets in the AC–Si nanocomposite system [71].
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Figure 6. Cyclic voltammetry (CV) curves of the lithium-ion battery (LIB) devices with the (a) nc-Si,
(b) AC, and (c) AC<nc-Si>AC nanocomposites as anode materials. All of the CV measurements were
conducted under the scanning rate of 0.1 mV/s. Galvanostatic charge–discharge (GCD) curves of the
LIB devices with (d) nc-Si, (e) AC, and (f) AC<nc-Si>AC nanocomposites as anode materials. For the
first GCD cycle, a current density of 100 mA/g was applied, and the latter cycles were performed at an
applied current density of 200 mA/g.

The electrochemical performances of the samples were further assessed though GCD
measurements. In the case of nc-Si (Figure 6d), the charge (i.e., delithiation) and the discharge
(i.e., lithiation) capacities were 336 and 75 mAh/g at the first charge–discharge cycle, respectively.
Accordingly, the initial coulombic efficiency reached a low value of ~22%, and this poor efficiency was
considered to result from the lithiation of native oxides [17]. The first discharge curve displays a wide
plateau at ~0.09 V, indicating the formation of Li–Si alloys and SEI layers on the surface of the anode
material [18,19]. In the second cycle, the GCD properties were drastically degraded because of the
poor electronic conductivity, slower chemical reaction, and lower surface area [71]. For the case of
AC (Figure 6e), the charge and the discharge capacity values were 295 and 545 mAh/g, respectively,
yielding a coulombic efficiency of 54%. The initial discharge curve showed a potential plateau at 0.8 V
because of the SEI layer formation. However, the plateau promptly disappeared after the subsequent
charge–discharge cycle, due to the good stability of the carbonaceous LIB anode [51,72]. When using
the AC<nc-Si>AC anode (Figure 6f), the LIB device exhibited a greater charge capacity (510 mAh/g)
and a larger discharge capacity (716 mAh/g) than other samples. Accordingly, the AC<nc-Si>AC
anode also had a higher coulombic efficiency of 71%. The enhanced efficiency can be interpreted as
being due to the configuration of the AC-wrapped nc-Si nanocomposite structure. Namely, such an
encapsulation of nc-Si by AC could effectively suppress the undesired reaction (i.e., Li–Si alloying
behavior) at the nc-Si surface, while the electron diffusion could be enhanced due to the existence
of mesoporous nc-Si [17,73,74]. Three potential plateaus (0.3, 0.5, and 0.8 V) in the first discharge
cycle were believed to result from the SEI layer formation and the lithiation of amorphous LixSi and
Si [15,16,59].

Next, we examined the rate performance and the cyclic stability of LIBs with the AC and the
AC<nc-Si>AC anodes. For this analysis, the LIB device with the nc-Si anode was excluded because of
its poor electrical conductivity, as discussed later in detail. Figure 7a shows the dependence of the
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rate performance on the applied current density. The LIB with the AC anode revealed a reversible
discharge capacity from 214 to 83 mAh/g when varying the applied current density from 100 to
2000 mA/g, respectively. Similarly to the above, the LIB with the AC<nc-Si>AC anode delivered a
reversible discharge capacity from 561 to 199 mAh/g upon varying the applied current density from
100 to 2000 mA/g, respectively. In both cases, the discharge capacity was effectively recovered when
switching the applied current density back to 200 mA/g after 25 cycles. This indicates that both devices
had a good reversibility. However, the initial specific capacity (i.e., under the first cycle with 100 mA/g)
and the specific capacity window (i.e., deviation of the specific capacity upon varying the applied
current density) were approximately 2.6 times and 1.5 times greater for the case of AC<nc-Si>AC,
respectively, compared to the case of AC.
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Figure 7. (a) Rate performance at various current densities for the LIB devices with the anode materials
of AC nanosheets and AC<nc-Si>AC nanocomposites. (b) Cycling performance and coulombic
efficiency measured under the applied current density of 200 mA/g for the LIB devices with the anode
materials of AC and AC<nc-Si>AC nanocomposites.

Furthermore, the AC<nc-Si>AC anode showed not only an excellent cyclic performance, but also
a good coulombic efficiency. As represented in Figure 7b, the AC<nc-Si>AC anode maintained its
high discharge capacity (429 mAh/g) over 100 cycles, whereas the AC anode revealed a 0.38 times
lower discharge capacity (166 mAh/g) than AC<nc-Si>AC. In addition, the LIB with the AC<nc-Si>AC
anode sustained a relatively high coulombic efficiency (~97.5%) during 100 charge–discharge cycles.
Compared to commercial graphite (372 mAh/g) [17], the observed discharge capacity was increased by
a factor of ~1.2 because of the high specific capacity from Si in AC<nc-Si>AC nanocomposites [5–9].
Both the two-dimensional nature and the high electronic conductivity of the AC nanosheets [16,18]
in AC<nc-Si>AC may also enhance ion diffusion and ion storage in the LIBs [18]. Such excellent
rate and cyclic performances can be attributed to the good structural stability of the AC<nc-Si>AC
nanocomposites [63]. In other words, the AC nanosheets helped to minimize the volumetric change of
the Si nanocrystals because the AC nanosheets played a role as an encapsulation layer and/or a shell
of the Si nanocrystals. Since the AC shell accommodated a sufficient area for Li ion diffusion for the
charge–discharge action, the reaction of Li with nc-Si could be considerably inhibited in the entire
solid-state system of the AC<nc-Si>AC nanocomposite. Compared to other state-of-the art Si-based
nanocomposites [15–23], the capacity retention of AC<nc-Si>AC is comparable or even higher than
that of the composites produced by all commercial resources (see Table S1). Even though the initial
capacity should be further improved for our fully biomass-derived AC<nc-Si>AC, doping of nc-Si and
incorporating highly-conductive nanomaterials (e.g., graphene, carbon nanotube, conducting polymer
etc.) can be the next step towards increasing the electrical conductivity and the porosity of the entire
composite material system for further improvement of its electrochemical performance.

Finally, we assessed the electrochemical transport properties of the LIBs through the EIS
measurements at the discharged state before and after the stability test (i.e., 100 charge–discharge
cycles). Figure 8a–c shows the Nyquist plots of the LIB samples with the nc-Si, AC, and AC<nc-Si>AC
anodes, respectively. All of the devices exhibited two distinctive features; i.e., one was a semicircle at
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the high frequency, and the other was a line at the low frequency. The former was attributed to the
charge transfer resistance (Rct) at the electrolyte–electrode interface [17,75], and the latter was associated
with the Warburg impedance (WZ), representing Li ion diffusion into the anodic material [18,76].
Through best fitting on the basis of the equivalent LIB circuit (Figure 8d), the Rct values of the nc-Si,
AC, and AC<nc-Si>AC anodes were calculated to be 329.8, 42.8, and 56.4 Ω, respectively. The nc-Si
sample exhibited a relatively high resistance, leading to a poor electrochemical performance. For this
reason, the measurements of rate performance and cyclic stability excluded the nc-Si. In comparison
with the nc-Si anode, the AC<nc-Si>AC anode revealed a much lower value of Rct because of the
incorporation of highly-conductive AC in the AC<nc-Si>AC nanocomposites. This allowed a faster
electron transfer to the electrode–electrolyte interface [77], and it led to a remarkable improvement in
anodic performance of AC<nc-Si>AC (i.e., enhanced discharge capacity, increased coulombic efficiency,
high rate capability, excellent cyclic stability, etc.).
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4. Conclusions

Nanocomposites of AC<nc-Si>AC were synchronously derived in a single step from BRHs via the
magnesiothermic reduction process. The AC<nc-Si>AC nanocomposites exhibited an interconnected
structure of spherical Si nanocrystals that were completely wrapped with AC nanosheets. Owing to
the synergetic effects from both nc-Si and AC, a high initial discharge capacity (i.e., 716 mAh/g) and a
high reversible specific capacity (i.e., 429 mAh/g) were demonstrated on the AC<nc-Si>AC anode.
Furthermore, the AC<nc-Si>AC anode displayed an excellent rate performance and an outstanding
cyclic stability with the high coulombic efficiency (~97.5%). The results depict that BRH-derived
AC<nc-Si>AC nanocomposites hold huge potential as a high-performance anodic source material for
LIB devices.

Supplementary Materials: The Supplementary Materials are available online at http://www.mdpi.com/2079-4991/
9/7/1055/s1, Synthesis Method for Silicon Nanocrystals; Synthesis Method for Activated Carbon; Compositional
Properties of nc-Si, AC, and AC<nc-Si>AC.
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22. Toçoğlu, U.; Hatipoğlu, G.; Alaf, M.; Kayış, F.; Akbulut, H. Electrochemical characterization of
silicon/graphene/MWCNT hybrid lithium-ion battery anodes produced via RF magnetron sputtering.
Appl. Surf. Sci. 2016, 389, 507–513. [CrossRef]

23. Tao, H.; Xiong, L.; Zhu, S.; Yang, X.; Zhang, L. Flexible binder-free reduced graphene oxide wrapped
Si/carbon fibers paper anode for high-performance lithium ion batteries. Int. J. Hydrogen Energy 2016, 41,
21268–21277. [CrossRef]

24. Tong, Y.; Xu, Z.; Liu, C.; Zhang, G. a.; Wang, J.; Wu, Z.G. Magnetic sputtered amorphous Si/C multilayer thin
films as anode materials for lithium ion batteries. J. Power Sources 2014, 247, 78–83. [CrossRef]

25. Wang, J.; Meng, X.; Fan, X.; Zhang, W.; Zhang, H.; Wang, C. Scalable synthesis of defect abundant Si nanorods
for high-performance Li-ion battery anodes. ACS Nano 2015, 9, 6576–6586. [CrossRef] [PubMed]

26. Xu, Z.-L.; Zhang, B.; Kim, J.-K. Electrospun carbon nanofiber anodes containing monodispersed Si
nanoparticles and graphene oxide with exceptional high rate capacities. Nano Energy 2014, 6, 27–35.
[CrossRef]

27. Wu, H.; Cui, Y. Designing nanostructured Si anodes for high energy lithium ion batteries. Nano Today 2012, 7,
414–429. [CrossRef]

28. Xiao, C.; Du, N.; Shi, X.; Zhang, H.; Yang, D. Large-scale synthesis of Si@C three-dimensional porous
structures as high-performance anode materials for lithium-ion batteries. J. Mater. Chem. A 2014, 2,
20494–20499. [CrossRef]

29. Chang, J.; Huang, X.; Zhou, G.; Cui, S.; Hallac, P.B.; Jiang, J.; Hurley, P.T.; Chen, J. Multilayered Si
nanoparticle/reduced graphene oxide hybrid as a high-performance lithium-ion battery anode. Adv. Mater.
2014, 26, 758–764. [CrossRef]

30. Yang, R.; Buonassisi, T.; Gleason, K.K. Organic vapor passivation of silicon at room temperature. Adv. Mater.
2013, 25, 2078–2083. [CrossRef]

31. Ge, M.; Rong, J.; Fang, X.; Zhang, A.; Lu, Y.; Zhou, C. Scalable preparation of porous silicon nanoparticles
and their application for lithium-ion battery anodes. Nano Res. 2013, 6, 174–181. [CrossRef]

32. Vlad, A.; Reddy, A.L.M.; Ajayan, A.; Singh, N.; Gohy, J.-F.; Melinte, S.; Ajayan, P.M. Roll up nanowire battery
from silicon chips. Proc. Natl. Acad. Sci. USA 2012, 109, 15168–15173. [CrossRef] [PubMed]

33. Morales, A.M.; Lieber, C.M. A laser ablation method for the synthesis of crystalline semiconductor nanowires.
Science 1998, 279, 208–211. [CrossRef] [PubMed]

34. Luo, X.; Zhang, H.; Pan, W.; Gong, J.; Khalid, B.; Zhong, M.; Wu, H. SiOx nanodandelion by laser ablation for
anode of lithium-ion battery. Small 2015, 11, 6009–6012. [CrossRef] [PubMed]

35. Sun, L.; Gong, K. Silicon-based materials from rice husks and their applications. Ind. Eng. Chem. Res. 2001,
40, 5861–5877. [CrossRef]

36. Alshatwi, A.A.; Athinarayanan, J.; Periasamy, V.S. Biocompatibility assessment of rice husk-derived biogenic
silica nanoparticles for biomedical applications. Mater. Sci. Eng. C 2015, 47, 8–16. [CrossRef] [PubMed]

37. Sankar, S.; Sharma, S.K.; Kaur, N.; Lee, B.; Kim, D.Y.; Lee, S.; Jung, H. Biogenerated silica nanoparticles
synthesized from sticky, red, and brown rice husk ashes by a chemical method. Ceram. Int. 2016, 42,
4875–4885. [CrossRef]

38. Xing, A.; Tian, S.; Tang, H.; Losic, D.; Bao, Z. Mesoporous silicon engineered by the reduction of biosilica from
rice husk as a high-performance anode for lithium-ion batteries. RSC Adv. 2013, 3, 10145–10149. [CrossRef]

39. Liu, N.; Huo, K.; McDowell, M.T.; Zhao, J.; Cui, Y. Rice husks as a sustainable source of nanostructured
silicon for high performance Li-ion battery anodes. Sci. Rep. 2013, 3, 1919. [CrossRef]

40. Marchal, J.C.; Krug Iii, D.J.; McDonnell, P.; Sun, K.; Laine, R.M. A low cost, low energy route to solar grade
silicon from rice hull ash (RHA), a sustainable source. Green Chem. 2015, 17, 3931–3940. [CrossRef]

41. Basu, P.K.; King, C.J.; Lynn, S. Manufacture of silicon tetrachloride from rice hulls. AIChE J. 1973, 19, 439–445.
[CrossRef]

42. Pavarajarn, V.; Precharyutasin, R.; Praserthdam, P. Synthesis of silicon nitride fibers by the carbothermal
reduction and nitridation of rice husk ash. J. Am. Ceram. Soc. 2010, 93, 973–979. [CrossRef]

http://dx.doi.org/10.1002/slct.201800650
http://dx.doi.org/10.1039/C8NJ05098H
http://dx.doi.org/10.1016/j.apsusc.2016.07.135
http://dx.doi.org/10.1016/j.ijhydene.2016.07.220
http://dx.doi.org/10.1016/j.jpowsour.2013.08.087
http://dx.doi.org/10.1021/acsnano.5b02565
http://www.ncbi.nlm.nih.gov/pubmed/26014439
http://dx.doi.org/10.1016/j.nanoen.2014.03.003
http://dx.doi.org/10.1016/j.nantod.2012.08.004
http://dx.doi.org/10.1039/C4TA03448A
http://dx.doi.org/10.1002/adma.201302757
http://dx.doi.org/10.1002/adma.201204382
http://dx.doi.org/10.1007/s12274-013-0293-y
http://dx.doi.org/10.1073/pnas.1208638109
http://www.ncbi.nlm.nih.gov/pubmed/22949696
http://dx.doi.org/10.1126/science.279.5348.208
http://www.ncbi.nlm.nih.gov/pubmed/9422689
http://dx.doi.org/10.1002/smll.201502539
http://www.ncbi.nlm.nih.gov/pubmed/26449629
http://dx.doi.org/10.1021/ie010284b
http://dx.doi.org/10.1016/j.msec.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25492167
http://dx.doi.org/10.1016/j.ceramint.2015.11.172
http://dx.doi.org/10.1039/c3ra41889h
http://dx.doi.org/10.1038/srep01919
http://dx.doi.org/10.1039/C5GC00622H
http://dx.doi.org/10.1002/aic.690190304
http://dx.doi.org/10.1111/j.1551-2916.2009.03530.x


Nanomaterials 2019, 9, 1055 12 of 13

43. Sujirote, K.; Leangsuwan, P. Silicon carbide formation from pretreated rice husks. J. Mater. Sci. 2003, 38,
4739–4744. [CrossRef]

44. Wang, Z.; Yu, J.; Zhang, X.; Li, N.; Liu, B.; Li, Y.; Wang, Y.; Wang, W.; Li, Y.; Zhang, L.; et al. Large-scale
and controllable synthesis of graphene quantum dots from rice husk biomass: A comprehensive utilization
strategy. ACS Appl. Mater. Interfaces 2016, 8, 1434–1439. [CrossRef] [PubMed]

45. Muramatsu, H.; Kim, Y.A.; Yang, K.-S.; Cruz-Silva, R.; Toda, I.; Yamada, T.; Terrones, M.; Endo, M.; Hayashi, T.;
Saitoh, H. Rice husk-derived graphene with nano-sized domains and clean edges. Small 2014, 10, 2766–2770.
[CrossRef] [PubMed]

46. Sankar, S.; Lee, H.; Jung, H.; Kim, A.; Ahmed, A.T.A.; Inamdar, A.I.; Kim, H.; Lee, S.; Im, H.; Young
Kim, D. Ultrathin graphene nanosheets derived from rice husks for sustainable supercapacitor electrodes.
New J. Chem. 2017, 41, 13792–13797. [CrossRef]

47. Zhang, W.; Lin, N.; Liu, D.; Xu, J.; Sha, J.; Yin, J.; Tan, X.; Yang, H.; Lu, H.; Lin, H. Direct carbonization of rice
husk to prepare porous carbon for supercapacitor applications. Energy 2017, 128, 618–625. [CrossRef]

48. Liu, Y.; Guo, Y.; Gao, W.; Wang, Z.; Ma, Y.; Wang, Z. Simultaneous preparation of silica and activated carbon
from rice husk ash. J. Clean. Prod. 2012, 32, 204–209. [CrossRef]

49. Liu, Y.; Guo, Y.; Zhu, Y.; An, D.; Gao, W.; Wang, Z.; Ma, Y.; Wang, Z. A sustainable route for the preparation
of activated carbon and silica from rice husk ash. J. Hazard. Mater. 2011, 186, 1314–1319. [CrossRef]

50. Jung, D.S.; Ryou, M.-H.; Sung, Y.J.; Park, S.B.; Choi, J.W. Recycling rice husks for high-capacity lithium
battery anodes. Proc. Natl. Acad. Sci. USA 2013, 110, 12229–12234. [CrossRef]

51. Cui, J.; Xi, Y.; Chen, S.; Li, D.; She, X.; Sun, J.; Han, W.; Yang, D.; Guo, S. Prolifera-green-tide as sustainable
source for carbonaceous aerogels with hierarchical pore to achieve multiple energy storage. Adv. Funct.
Mater. 2016, 26, 8487–8495. [CrossRef]

52. Yu, W.; Wang, H.; Liu, S.; Mao, N.; Liu, X.; Shi, J.; Liu, W.; Chen, S.; Wang, X. N, O-codoped hierarchical
porous carbons derived from algae for high-capacity supercapacitors and battery anodes. J. Mater. Chem. A
2016, 4, 5973–5983. [CrossRef]

53. Kim, J.M.; Guccini, V.; Seong, K.-d.; Oh, J.; Salazar-Alvarez, G.; Piao, Y. Extensively interconnected silicon
nanoparticles via carbon network derived from ultrathin cellulose nanofibers as high performance lithium
ion battery anodes. Carbon 2017, 118, 8–17. [CrossRef]

54. Xiao, K.; Ding, L.-X.; Chen, H.; Wang, S.; Lu, X.; Wang, H. Nitrogen-doped porous carbon derived
from residuary shaddock peel: a promising and sustainable anode for high energy density asymmetric
supercapacitors. J. Mater. Chem. A 2016, 4, 372–378. [CrossRef]

55. Lv, W.; Wen, F.; Xiang, J.; Zhao, J.; Li, L.; Wang, L.; Liu, Z.; Tian, Y. Peanut shell derived hard carbon as
ultralong cycling anodes for lithium and sodium batteries. Electrochim. Acta 2015, 176, 533–541. [CrossRef]

56. Sankar, S.; Saravanan, S.; Ahmed, A.T.A.; Inamdar, A.I.; Im, H.; Lee, S.; Kim, D.Y. Spherical activated-carbon
nanoparticles derived from biomass green tea wastes for anode material of lithium-ion battery. Mater. Lett.
2019, 240, 189–192. [CrossRef]

57. Ahmad, W.; bahrani, M.R.A.; Yang, Z.; Khan, J.; Jing, W.; Jiang, F.; Chu, L.; Liu, N.; Li, L.; Gao, Y. Extraction
of nano-silicon with activated carbons simultaneously from rice husk and their synergistic catalytic effect in
counter electrodes of dye-sensitized solar cells. Sci. Rep. 2016, 6, 39314. [CrossRef] [PubMed]

58. Sekar, S.; Lee, Y.; Kim, D.Y.; Lee, S. Substantial LIB anode performance of graphitic carbon nanoflakes derived
from biomass green-tea waste. Nanomaterials 2019, 9, 871. [CrossRef]

59. Tang, Y.; Yuan, S.; Guo, Y.; Huang, R.; Wang, J.; Yang, B.; Dai, Y. Highly ordered mesoporous Si/C
nanocomposite as high performance anode material for Li-ion batteries. Electrochim. Acta 2016, 200, 182–188.
[CrossRef]

60. Senthilkumar, S.T.; Selvan, R.K. Flexible fiber supercapacitor using biowaste-derived porous carbon.
Chem. Electro. Chem. 2015, 2, 1111–1116.

61. Ren, Y.; Zhang, J.; Xu, Q.; Chen, Z.; Yang, D.; Wang, B.; Jiang, Z. Biomass-derived three-dimensional porous
N-doped carbonaceous aerogel for efficient supercapacitor electrodes. RSC Adv. 2014, 4, 23412–23419.
[CrossRef]

62. Wang, L.; Ding, C.X.; Zhang, L.C.; Xu, H.W.; Zhang, D.W.; Cheng, T.; Chen, C.H. A novel carbon–silicon
composite nanofiber prepared via electrospinning as anode material for high energy-density lithium ion
batteries. J. Power Sources 2010, 195, 5052–5056. [CrossRef]

http://dx.doi.org/10.1023/A:1027475018767
http://dx.doi.org/10.1021/acsami.5b10660
http://www.ncbi.nlm.nih.gov/pubmed/26710249
http://dx.doi.org/10.1002/smll.201400017
http://www.ncbi.nlm.nih.gov/pubmed/24678046
http://dx.doi.org/10.1039/C7NJ03136J
http://dx.doi.org/10.1016/j.energy.2017.04.065
http://dx.doi.org/10.1016/j.jclepro.2012.03.021
http://dx.doi.org/10.1016/j.jhazmat.2010.12.007
http://dx.doi.org/10.1073/pnas.1305025110
http://dx.doi.org/10.1002/adfm.201603933
http://dx.doi.org/10.1039/C6TA01821A
http://dx.doi.org/10.1016/j.carbon.2017.03.028
http://dx.doi.org/10.1039/C5TA08591H
http://dx.doi.org/10.1016/j.electacta.2015.07.059
http://dx.doi.org/10.1016/j.matlet.2018.12.143
http://dx.doi.org/10.1038/srep39314
http://www.ncbi.nlm.nih.gov/pubmed/28000720
http://dx.doi.org/10.3390/nano9060871
http://dx.doi.org/10.1016/j.electacta.2016.03.085
http://dx.doi.org/10.1039/c4ra02109f
http://dx.doi.org/10.1016/j.jpowsour.2010.01.088


Nanomaterials 2019, 9, 1055 13 of 13

63. Sun, L.; Su, T.; Xu, L.; Du, H.-B. Preparation of uniform Si nanoparticles for high-performance Li-ion battery
anodes. Phy. Chem. Chem. Phy. 2016, 18, 1521–1525. [CrossRef] [PubMed]

64. Sun, Z.; Tao, S.; Song, X.; Zhang, P.; Gao, L. A silicon/double-shelled carbon yolk-like nanostructure as
high-performance anode materials for lithium-ion battery. J. Electrochem. Soc. 2015, 162, A1530–A1536.
[CrossRef]

65. Sun, Z.; Song, X.; Zhang, P.; Gao, L. Controlled synthesis of yolk-mesoporous shell Si@SiO2 nanohybrid
designed for high performance Li ion battery. RSC Adv. 2014, 4, 20814–20820. [CrossRef]

66. Li, Y.; Wang, F.; Liang, J.; Hu, X.; Yu, K. Preparation of disordered carbon from rice husks for lithium-ion
batteries. New J. Chem. 2016, 40, 325–329. [CrossRef]

67. Kaskhedikar, N.A.; Maier, J. Lithium storage in carbon nanostructures. Adv. Mater. 2009, 21, 2664–2680.
[CrossRef]

68. Xiang, J.; Lv, W.; Mu, C.; Zhao, J.; Wang, B. Activated hard carbon from orange peel for lithium/sodium ion
battery anode with long cycle life. J. Alloy. Compd. 2017, 701, 870–874. [CrossRef]

69. Wang, B.; Li, X.; Zhang, X.; Luo, B.; Jin, M.; Liang, M.; Dayeh, S.A.; Picraux, S.T.; Zhi, L. Adaptable
silicon–carbon nanocables sandwiched between reduced graphene oxide sheets as lithium ion battery anodes.
ACS Nano 2013, 7, 1437–1445. [CrossRef]

70. Yun, Q.; Qin, X.; Lv, W.; He, Y.-B.; Li, B.; Kang, F.; Yang, Q.-H. “Concrete” inspired construction of a
silicon/carbon hybrid electrode for high performance lithium ion battery. Carbon 2015, 93, 59–67. [CrossRef]

71. Ashuri, M.; He, Q.; Liu, Y.; Zhang, K.; Emani, S.; Sawicki, M.S.; Shamie, J.S.; Shaw, L.L. Hollow silicon
nanospheres encapsulated with a thin carbon shell: An electrochemical study. Electrochim. Acta 2016, 215,
126–141. [CrossRef]

72. Qie, L.; Chen, W.-M.; Wang, Z.-H.; Shao, Q.-G.; Li, X.; Yuan, L.-X.; Hu, X.-L.; Zhang, W.-X.; Huang, Y.-H.
Nitrogen-doped porous carbon nanofiber webs as anodes for lithium ion batteries with a superhigh capacity
and rate capability. Adv. Mater. 2012, 24, 2047–2050. [CrossRef] [PubMed]

73. Yi, R.; Zai, J.; Dai, F.; Gordin, M.L.; Wang, D. Dual conductive network-enabled graphene/Si–C composite
anode with high areal capacity for lithium-ion batteries. Nano Energy 2014, 6, 211–218. [CrossRef]

74. Li, R.; Li, J.; Qi, K.; Ge, X.; Zhang, Q.; Zhang, B. One-step synthesis of 3D sulfur/nitrogen dual-doped
graphene supported nano silicon as anode for Li-ion batteries. Appl. Surf. Sci. 2018, 433, 367–373. [CrossRef]

75. Inamdar, A.I.; Kalubarme, R.S.; Kim, J.; Jo, Y.; Woo, H.; Cho, S.; Pawar, S.M.; Park, C.-J.; Lee, Y.-W.; Sohn, J.I.;
et al. Nickel titanate lithium-ion battery anodes with high reversible capacity and high-rate long-cycle life
performance. J. Mater. Chem. A 2016, 4, 4691–4699. [CrossRef]

76. Jia, D.; Huang, J. A bio-inspired nanofibrous silicon/carbon composite as an anode material for lithium-ion
batteries. New J. Chem. 2017, 41, 4887–4900. [CrossRef]

77. Feng, J.; Zhang, Z.; Ci, L.; Zhai, W.; Ai, Q.; Xiong, S. Chemical dealloying synthesis of porous silicon anchored
by in situ generated graphene sheets as anode material for lithium-ion batteries. J. Power Sources 2015, 287,
177–183. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C5CP06585B
http://www.ncbi.nlm.nih.gov/pubmed/26667776
http://dx.doi.org/10.1149/2.0611508jes
http://dx.doi.org/10.1039/C4RA01871K
http://dx.doi.org/10.1039/C5NJ01970B
http://dx.doi.org/10.1002/adma.200901079
http://dx.doi.org/10.1016/j.jallcom.2017.01.206
http://dx.doi.org/10.1021/nn3052023
http://dx.doi.org/10.1016/j.carbon.2015.05.032
http://dx.doi.org/10.1016/j.electacta.2016.08.059
http://dx.doi.org/10.1002/adma.201104634
http://www.ncbi.nlm.nih.gov/pubmed/22422374
http://dx.doi.org/10.1016/j.nanoen.2014.04.006
http://dx.doi.org/10.1016/j.apsusc.2017.10.061
http://dx.doi.org/10.1039/C5TA10528E
http://dx.doi.org/10.1039/C7NJ00032D
http://dx.doi.org/10.1016/j.jpowsour.2015.04.051
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Synthesis of AC-Decorated nc-Si 
	Characterization of Material Properties 
	Analyses of Electrochemical Performances 

	Results and Discussion 
	Morphological Properties 
	Microstructural Properties 
	Crystallographic Characteristics 
	Textural Characteristics 
	Electrochemical Performances 

	Conclusions 
	References

