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Abstract: This work explores a simple way to regulate the morphology and structure of biomass-
based carbon and effectively utilize its internal functional groups as the substrate for the next energy
materials. The unique randomly oriented and highly interconnected cordyceps-like 3D structure
of rice husk is formed by direct high-temperature carbonization, and the main component is SiC.
The well-arranged cordyceps-like structure of SiC demonstrates a remarkable structural/chemical
stability and a high rate of electron migration, and further could be used as a stable substrate for
metal deposition and find application in the field of electrocatalysis. The oxygen evolution reaction
catalyst (SiC-C@Fe30y) prepared by chemical deposition exhibits a low overpotential (260 mV), low
Tafel slope (56.93 mV dec™!), high electrochemical active surface area (54.92 mF cm~2), and low Rct
value (0.15 Q) at a current density of 10 mA cm~2 in 1 M KOH electrolyte. The produced natural
Si-C composite materials overcome the limitations imposed by the intricate internal structure of
silicon-rich biomass. The existence of this stable substrate offers a novel avenue for maximizing the
utilization of rice-husk-based carbon, and broadens its application field. At the same time, it also
provides a theoretical basis for the use of rice husks in the field of hydrogen production by electrolysis
of water, thus promoting their high-value utilization.

Keywords: rice husk; Si-carbon material; SiC; controlled; oxygen evolution catalyst

1. Introduction

The electrocatalytic strategy for water splitting is widely regarded as one of the most
feasible methods for producing zero-carbon hydrogen (H;) and environmentally friendly
oxygen (Oy) [1-3]. The oxygen evolution reaction (OER), as a crucial electrode reaction in
water splitting for hydrogen production, involves a four-electron transfer process. Its slow
kinetic reaction and the constraints posed by expensive and scarce precious-metal-based
catalysts have hindered the profound advancement of water splitting technology [4,5].
Nonprecious metal catalysts are promising and effective materials expected to replace com-
mercial precious-metal-based catalysts [6,7]. However, due to harsh reaction environments,
nonprecious-metal-based electrocatalysts in the pure metal state usually do not survive
directly in acidic and alkaline electrolytes; conjugation with a stabilized substrate is an
effective way to alleviate this problem [8,9].

Carbon materials, as a substrate for metal loading, not only provide excellent electrical
conductivity, a high number of active sites, and chemical stability but also enhance the
overall activity and tunability of materials, offering strong support for efficient, cost-
effective, and environmentally friendly electrocatalytic processes [10,11]. Additionally,
the organic combination of carbon materials with metals plays a protective role in metal
catalysts, prolonging their lifespan and improving the efficiency and stability of catalytic
reactions [12]. This is crucial for the widespread application of metal catalysts in the
fields of electrochemistry and catalysis. Transition metal (Co, Ni, Fe, Cu) single-atom
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catalysts anchored on 3D nitrogen-doped porous carbon nanosheets as efficient oxygen
reduction electrocatalysts for a Zn-Air battery could achieve a maximum power density
of 220 mW cm~2 at 368 mA cm 2 [13]. An FeCoNi/chitosan gels/NF OER electrocatalyst
with a 3D porous network architecture was synthesized by an impregnation-foaming-
calcination method and could achieve a current density of 500 mA cm~2 at an overpotential
of 325 mV [14]. The multi-metal (Zn, Co, Ni)@N-doped carbon bifunctional catalysts were
prepared by metal deposition in a N-doped carbon interfacial matrix, which could achieve
a current density of 10 mA cm ™2 at an overpotential of 68 mV for the HER and a current
density of 10 mA cm~2 at an overpotential of 186 mV for the OER [15].

Further research on high-energy-density carbon-based electrodes and low-energy-
barrier metal catalysts using biomass-based carbon as the matrix is an effective way to
solve the double carbon problem [16,17]. Biomass is natural, green, and renewable, with
abundant pore structures; it serves as an excellent precursor for preparing carbon materials.
The effective regulation of biomass-based carbon morphology and pore structure is still an
important research direction to expand its application field [18].

The rice husk is the hard protective coating of the grain that separates during hulling.
It is a biomass rich in silicon (Si). It is a relatively high-volume, low-cost by-product that
contains Si, providing a certain active site on the surface of biomass-based carbon [19,20].
However, the presence of internal Si affects the pore structure of biomass-based carbon,
leading to a narrower pore distribution, smaller pore size, and lower porosity of carbon
materials [21]. The structure and properties of Si within the husk could be leveraged to
regulate the relationship between Si and carbon (C) simply and efficiently, using the rich Si
content present in the rice husk as a starting point, enabling the preparation of a rice-husk-
based Si-C material with controllable morphology and stability. Silicon carbide (SiC) has a
diverse set of favorable mechanical, thermal, chemical, and electrical properties, making it
a highly sought-after non-oxide ceramic material in numerous engineering applications.
The preparation of natural SiC-C composites from renewable rice husks provides a strategy
for sustainable development. At the same time, it also provides an effective way to achieve
the goal of double carbon. Ultrafine SiC is prepared from rice husks by a heat treated—radio
frequency plasma process, which requires high-cost equipment [22]. Rice husks are first
pyrolyzed in inert gas, and then electrochemical treatment is performed in molten NaCl-
KCI-MgCl, to prepare SiC materials, which complicates the whole process and reduces
the treatment efficiency [23]. In addition, SiC can be prepared by the sol-gel process [24],
laser pyrolysis [25], or the microwave method [26]. The sol-gel process requires expensive
precursor solutions and is a complicated process, while the laser synthesis and microwave
synthesis have very high operating costs with expensive equipment. On the other hand,
high-temperature carbonization of rice husks is a simple and effective method to prepare
SiC-C composites with regular morphology. This material could serve as a valuable stable
matrix for new biomass-based carbon applications, providing an essential theoretical
foundation for energy storage and conversion. This approach holds significant promise for
advancing biomass-based carbon material research and development, and also promotes
the realization of high-value utilization of biomass materials.

This study aimed to use rice husk as a raw material and regulate the morphology of
carbon within them through high- and ultra-high-temperature carbonization. The objective
was to analyze the composition and connection mode of carbon in rice husk, with the aim
of effectively constructing a stable and controllable Si-C composite.

2. Results and Discussion

Rice husk contains approximately 30-50% organic carbon [27]. It accounts for around
20% of the weight of rice. The components of rice husk have been analyzed. The cellulose
content was found to be 50%, while the lignin content was 25-30%. Moreover, the silicon
dioxide (SiO;) content was between 15% and 20%, and the moisture content typically
ranged from 10% to 15% [28]. As rice is an aquatic plant, it absorbs orthosilicic acid
(Si(OH)4, a water-soluble mono-silicic acid molecule, which combines with its hydrophilic
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components through intermolecular interaction to generate SiO;-nH,O). This compound is
finally deposited on epidermal cells, cell walls, and cell spaces, which explains why the Si
element content is the highest among non-wood raw materials [29].

The morphologies of rice husk samples after carbonization at different temperatures
are assessed using a scanning electron microscope (SEM), and the images are displayed in
Figure 1. The RH-1000, RH-1100, RH-1200, and RH-1300 samples exhibit abundant pore
structures (Figure la—d). However, the pore walls gradually collapse with an increase in
carbonization temperature, and the pore structures are destroyed. Interestingly, when the
carbonization temperature increases to 1400 °C, 1500 °C, or even 1600 °C, the pore structures
in the materials are almost entirely destroyed. For instance, the RH-1400 sample shows a
long rod-like structure (Figure le), the RH-1500 sample shows a cuboid shape (Figure 1f),
and the RH-1600 sample displays a particular cordyceps morphology (Figure 1k). The
morphologies of samples after carbonization at 1520 °C, 1540 °C, 1560 °C, and 1580 °C are
investigated to further explore the morphological trend at these temperatures (Figure 1g—j).
They all exhibit similar morphological characteristics, with long bar structures cross-linked
with a few cordyceps structures present among them.

IS pm

Figure 1. SEM images of RH-1000 (a), RH-1100 (b), RH-1200 (c), RH-1300 (d), RH-1400 (e), RH-1500
(f), RH-1520 (g), RH-1540 (h), RH-1560 (i), RH-1580 (j), and RH-1600 (k).

The chemical structures of the RH samples, including RH-1000, RH-1100, RH-1200,
RH-1300, RH-1400, RH-1500, and RH-1600, were characterized using Fourier transform
infrared (FT-IR) spectroscopy to elucidate their composition. As evidenced in Figure 2,
the curve trends of the samples are generally consistent, indicating the presence of similar
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functional groups. The two infrared absorption peaks at 1093.2 cm~! and 475.3 cm™!
are related to the stretching vibration of 5i-O-5i, and the additional absorption peaks at
828.1 cm~! correspond to Si-C groups, indicating that the Si element in carbonized rice
husk exists in the form of Si-O-5i and Si-C groups [30]. However, the intensity variation in
the absorption peaks corresponding to the two groups is opposite, which may be attributed
to the occurrence of the following reactions [31]:

SiO, + 3C = SiC + 2CO 1)
| _RrRH-1600
g
Q)
<@ H-1400)
= :
&
z RH-1300 -
g | _RH-1200 -
RH-1100
RH-1000 3
2500 2000 1500 1000 500

Wavenumber (cm™)
Figure 2. FT-IR spectra of RH-1000, RH-1100, RH-1200, RH-1300, RH-1400, RH-1500, and RH-1600.

With the progress of the reaction, SiO, is gradually consumed, resulting in a gradual
decrease in the peak intensity of the Si-O-Si groups, and, in contrast, the peak intensity
of the Si-C groups gradually increases. Higher carbonization temperatures promote the
occurrence of the reaction, so the maximum SiC content is achieved at a carbonization
temperature of 1600 °C.

The synthesis of SiC through the carbothermal reduction of silica is considered a
multi-stage process involving vapor—solid growth mechanisms and a series of chemical
reactions that lead to the formation of either particles or whiskers. Because of the intimate
contact available between carbon and silica in rice husk, SiC is formed at a relatively lower
temperature [32]. The reaction is a gas—solid interaction between SiO and C:

SiO, + C = SiO + CO @)

SiO + 2C = SiC + CO 3)

SiC is over-generated and deposited due to the continuous reaction, forming SiC
crystal nuclei and crystal particles. When SiO, and carbon are gradually consumed by
Reaction (2), they no longer remain in contact. Then, CO produced by Reaction (2) reacts
with SiO, to form SiO and CO,.

Si0, + CO = SiO + CO, @)

At higher carbonization temperatures, SiO and CO react as follows, which is a gas—gas
interaction [33]:
SiO + 3CO = SiC + 2CO, ®)

SiC continues to be deposited and grow in its original direction, leading to the for-
mation of whiskers. However, crystal defects (e.g., dislocations and stacking faults) occur
during the SiC growth, resulting in significant surface irregularities and a cordyceps-like
structure [34,35].

The X-ray diffraction (XRD) patterns of the RH-1560, RH-1580, and RH-1600 samples
are depicted in Figure 3a. As can be seen in the partially enlarged view of the 20-30° range,
the sharp diffraction peak at 26.5° corresponds to the (011) crystal face of SiO, (JCPDS card
no. 47-1144). While the diffusion scattering peak at 25.9° is related to the (002) crystal face



Molecules 2023, 28, 6117

50f 15

of the carbon materials, confirming the amorphous characteristics of the samples [36-39].
Moreover, other diffraction peaks of the sample correspond to hexagonal SiC (JCPDS card
no. 29-1131) with space group P63mc (186), indicating the presence of SiC [40].

/
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Figure 3. (a) XRD pattern and (b) Raman spectra of RH-1560, RH-1580, and RH-1600.

The degree of defects in the samples was further studied using Raman spectroscopy.
As shown in Figure 3b, the D band (1340 cm™ 1) corresponds to the disordered or defective
structure in the carbon materials, while the G band (1580 cm™!) represents the ordered
graphitic carbon structure in carbon materials [41]. Additionally, the Ip/Ig ratios of the
RH-1560, RH-1580, and RH-1600 samples are 1.34, 1.09, and 0.98, respectively. The ratios
exhibit a decreasing trend, which is attributed to the gradual accumulation of regular SiC
in the samples as the temperature increased, resulting in an increasing ordering degree of
the samples.

Figure 4a represents the X-ray photoelectron spectroscopy (XPS) full spectrum of the
sample, containing C, O, Si, and other elements. The high-resolution spectral diagrams of
the RH-1560, RH-1580, and RH-1600 samples are fitted to segregate peaks, and the spectral
diagrams of C1s (Figure 4b) display three Gaussian peaks corresponding to C-C (284.7 V),
C-O-C (285.8 €V), and C=0 (288.1 eV), respectively. As shown in Figure 4c, the O-1s core
XPS spectra of the RH-1560, RH-1580, and RH-1600 samples display two Gaussian peaks
corresponding to O-Si and C-O/C=0 groups, respectively. The binding energy position of
these peaks is shifted, which may be due to the SiO, + 3C = 5iC + 2CO reaction occurring
during the high-temperature carbonization process. Furthermore, the area ratio of O-5i and
C-O/C=0 bonds decreases, which is related to the consumption of SiO; as a reactant [42].
As can be seen from Figure 4d, the XPS spectra of the Si 2p core level illustrate two Gaussian
peaks: Si-C (100.9 eV) and Si-Oy (102.5 eV). With the generation of SiC and the consumption
of 5i0,, the area ratio of the Si-C and Si-Ox bonds gradually increases. This may be due
to the higher carbonization temperature, which facilitates the reaction [43]. Combined
with the FTIR and XRD patterns, the XPS spectra demonstrate the presence of SiC in the
material [44].

The N, absorption and desorption curves, along with the pore size distribution curves,
of the RH-1560, RH-1580, and RH-1600 samples are shown in Figure 5. As shown in
Figure 5a, all samples exhibit type IV isotherms and H3 hysteresis rings when the relative
pressure (P/Pg) ranges from 0.1 to 1.0, indicating the presence of mesopore and micropore
structures [45]. The pore size distribution diagram reveals that the pore sizes of the samples
are mainly distributed in the ranges of 2-4 nm and 10-15 nm (Figure 5b). The respective
BET specific surface areas of the RH-1560, RH-1580, and RH-1600 samples are 100.2, 107 4,
and 121.9 m? g~!, respectively (Table 1). Compared with conventional biomass-based
carbon materials, their specific surface areas are relatively low, likely due to a higher
mesopore content and a lower micropore content, as indicated by their micro-mesopore
ratio. This effect is attributed to the presence of Si within the Si-C material, which could
impact the pore structure and porosity of biomass-based carbon [46]. Consequently, their
electrochemical storage capacity is limited. The samples also exhibit pore volumes of 0.191,
0.205, and 0.278 cm3 g~ ! and average pore sizes of 8.2, 8.7, and 9.1 nm, respectively. As the
carbonization temperature increased, the collapse of the pore structure led to an increase in
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mesopores and macropores. This resulted in the destruction of the pore structure, causing
a gradual increase in both the pore volumes and average pore diameters of the samples.
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Figure 4. (a) XPS patterns of RH-1560, RH-1580, and RH-1600 and high-resolution spectra of (b) C 1s,

(c) O 1s, and (d) Si 2p of RH-1560, RH-1580, and RH-1600.
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Figure 5. (a) N adsorption and desorption isothermal curves and (b) pore size distribution curves of
RH-1560, RH-1580, and RH-1600.

Table 1. Pore structure parameters of RH-1560, RH-1580, and RH-1600.

SBET Smeso/SBET Pore Volume Average Pore
Sample (m2g-1) (%) (cm3 g~1) Size (nm)
RH-1560 100.2 91.3 0.191 8.2
RH-1580 107.4 88.9 0.205 8.7
RH-1600 121.9 83.5 0.278 9.1

To investigate the performance of RH samples as electrode materials for superca-
pacitors, the cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) of the
RH-1560, RH-1580, and RH-1600 samples were tested in a three-electrode system with an
electrolyte solution of 1.0 M KOH, and the results are shown in Figure 6. Figure 6a shows



Molecules 2023, 28, 6117

7 of 15

the cyclic voltammetry (CV) curves obtained for all samples at a scan rate of 50 mV s~ 1.
The curves exhibit rectangular-like shapes without distinct oxidation or reduction peaks,
indicating that the capacitance of the samples is primarily provided by the electrostatic
double-layer capacitor (EDLC) [47]. Furthermore, the enclosed area of the CV curve reflects
the capacitance value of the electrode material. Among them, the RH-1600 sample exhibits
the largest enclosed area in the CV curve, indicating the highest capacitance value. The gal-
vanostatic charge-discharge (GCD) curves of the samples at a current density of 0.1 A g~!
are displayed in Figure 6b. The curves exhibit a triangular shape, resembling an isosceles
triangle. Among them, the RH-1600 sample shows the longest discharge time, indicating
the highest specific capacitance. The specific capacitance is calculated from the discharge
plots by the following equations [48]:

C = IAt/(mAV) (6)

where C is specific capacitance (F g '), I is discharge current (A), and AV is the potential
change within the discharge time At (s).
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Figure 6. (a) Cyclic voltammograms curves (CV) at 50 mV s~1 scan rates for different samples;
(b) galvanostatic charge—discharge (GCD) of different samples at 0.5 A gfl ; (c) the CV of RH-1600
sample from 10 to 100 mV s~ ! scan rate, (d) the GCD of RH-1600 sample from 0.1to 5 A g_l.

After calculation, the specific capacitances of the RH-1560 and RH-1580 samples are
found to be 11.3and 7.9 Fg~! at 0.5 A g1, respectively. The RH-1600 sample exhibits the
highest specific capacitance, calculated to be 12.4 F g~! at 0.5 A g~!, which is consistent
with the results reflected in the CV curves and GCD curves. To further investigate the
capacitance performance of the RH-1600 sample, CV curves are obtained at different scan
rates (10-100 mV s~ 1), as shown in Figure 6¢. The curve shape remains relatively stable as
the scan rate increases, indicating a stable structure of the sample [49]. Figure 6d illustrates
the galvanostatic charge-discharge (GCD) curves of the RH-1600 sample at various current
densities (0.1-5 A g !). The curves exhibit a triangular shape similar to an isosceles triangle,
and the longest discharge time corresponds to a current density of 0.1 A g~!. Due to the
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ultra-high temperature carbonization process, the pore structure of the material is seriously
damaged, which affects the capacitive performance of the material.

In order to further explore the applicability of cordyceps-like SiC in the field of
electrochemistry, an OER catalyst containing Fe3O4 nanoparticles was prepared using the
metallic chemical deposition—carbonization method using the Si-C cordyceps structure
as a matrix. Preliminary implementation of the process resulted in the deposition of
Fe30O4 nanoparticles on the SiC-C@Fe;04 sample, forming relatively regular spheres with
an average diameter of 15 nm, distributed around the cordyceps structure, as shown in
Figure 7a,b. The uniform deposition of the Fe304 nanoparticles could provide a greater
active area and promote the occurrence of the oxygen evolution reaction [50].

Figure 7. (a) SEM and (b) TEM images of SiC-C@Fe3O4 sample.

XRD patterns of the RH-1600 and SiC-C@Fe30O4 samples are displayed in Figure 8a.
Compared with the RH-1600 sample, the SiC-C@Fe304 sample shows different sharp
diffraction peaks. These sharp diffraction peaks belong to the typical cubic phase Fe3O; of
the space group Fd-3m (227), corresponding to the standard card of Fe3O, (JCPDS card no.
19-0629), suggesting the successful deposition of Fe30, nanoparticles [51].

(a) (311) ¢C 4SiC Fe,0, (b) D-bond
(102) _ .
~ |siccc@ g% ' s - G-bond
= LFe,0, o 2 ]
g . A s
z z |1b/1=1.06
'z =
5 £
S S
= g
1,/1,=0.98 RH-1600
10 20 30 40 50 60 70 80 800 1000 1200 1400 1600 1800 2000
2 theta (degree) Wave number (cm™)

Figure 8. (a) XRD patterns and (b) Raman spectra images of RH-1600 and SiC-C@Fe304 samples.

Figure 8b represents the Raman spectra of the RH-1600 and SiC-C@Fe304 samples. The
D band (1340 cm’l) corresponds to a disordered or defective structure in carbon materials,
while the G band (1580 cm™!) represents the ordered graphitic carbon structure in carbon
materials. According to the Ip/Ig values of the RH-1600 and SiC-C@Fe30O4 samples, it
can be concluded that the defect degree of the SiC-C@Fe30,4 sample increases after metal
deposition. Moreover, these defect structures provide more active sites and promote the
production of intermediate ions in the OER [52].

The N; adsorption and desorption isothermal curves and pore size distribution curves
of the samples for RH-1600 and SiC-C@Fe30O, are shown in Figure 9. Similar to the isotherm
curves of the RH-1600 sample, the SiC-C@Fe;0, sample exhibits a type IV isotherm with
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a type H3 hysteresis ring at a relative pressure (P/P) ranging from 0.1 to 1.0, indicating
the coexistence of micropore and mesopore structures. Moreover, the pore size of the SiC-
C@Fe304 sample is mainly distributed in the ranges of 2-4 and 12-17 nm (Figure 9b). After
metal deposition, the specific surface area of the sample increases from 121.9 (RH-1600)
to 125.5 (SiC-C@Fe304) m? g~! (Table 2). The increase in the specific surface area of the
sample may be due to the deposition of Fe304 nanoparticles, which creates a partial pore
structure [53]. At the same time, the Smeso/ SBET, pOre volume, and average pore size of the
SiC-C@Fe;04 sample also increase to 83.6%, 0.327 cm® g1, and 10.4 nm, respectively. The
high specific surface area and suitable pore size of the SiC-C@Fe30O4 sample promote ion
penetration and mass transfer, and improve the catalytic activity of the OER [54].

E
B (; = —— RH-
2| (a) £ 5000020 RH-1600 (b)
E| —— RH-1600 7 5 —— SiC-C@Fe,0,
& ikl # _
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Figure 9. (a) N, adsorption and desorption isothermal curves and (b) pore size distribution curves of
RH-1600 and SiC-C@Fe304 samples.

Table 2. Pore structure parameters of RH-1600 and SiC-C@Fe3;04 samples.

SBET Smeso/SBET Pore Volume Average Pore
Sample (m2g-1) (%) (cm3 g1 Size (nm)
RH-1600 121.9 83.5 0.278 9.1
SiC-C@Fe304 125.5 83.6 0.327 104

The electrocatalytic OER of the RH-1600 and SiC-C@Fe3O,4 samples was evaluated
using the standard three-electrode system in 1 M KOH solution. As can be seen from
Figure 10a, the RH-1600 sample requires an overpotential of 360 mV to provide a current
density of 10 mA cm~2, while the SiC-C@Fe;0, sample requires 260 mV to achieve a
current density of 10 mA cm ™2, showing excellent catalytic performance. The Tafel slopes
of RH-1600 and SiC-C@Fe30, are 127.9 mV dec ! and 56.93 mV dec ™!, respectively. The
smaller Tafel slope of SiC-C@Fe3;0, indicates that it has better OER kinetic activity. The
electrochemical active surface area (ECSA) of the samples was evaluated using the elec-
trochemical double-layer capacitance (Cq;) proportional to the ECSA. As demonstrated in
Figure 10c, the Cg; value of SiC-C@Fe30, (54.92 mF cm~?) is larger than that of RH-1600
(8.26 mF cm~2), which reveals that SiC-C@Fe;0,4 has more active sites, thus promoting
the occurrence of the oxygen evolution reaction [55]. Furthermore, EIS was performed to
further demonstrate the excellent catalytic performance of the samples. Charge transfer
resistance (Rct) at the interface between the sample and the electrolyte solution is indicated
by the semicircle observed in the high-frequency region [56]. As detailed in Figure 10d, the
Rct value of RH-1600 is 0.88 (2. Compared with the RH-1600 sample, SiC-C@Fe;04 has
a small Rct value of 0.14 (), indicating that the electron transfer rate of the SiC-C@Fe304
sample is greatly increased after the deposition of Fe304 nanoparticles, thus promoting the
transfer of charge in the oxygen evolution reaction. As can be seen in Figure 10e,f, the CV
curves obtained for the RH-1600 and SiC-C@Fe30,4 samples exhibit rectangular-like shapes
without distinct oxidation or reduction peaks, indicating that the capacitance in the range
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of 0-0.1 V is mainly provided by the electrostatic double-layer capacitor. Furthermore,
the enclosed areas of the CV curves reflect the capacitance value of the electrode material.
SiC-C@Fe30y could reach a larger current range over the same voltage, indicating the
excellent activity, which is consistent with the results of ECSA.

100 440
(a) 420
80 400
~ | — RH-1600 E w0
% i , = 360
E SiC-C@Fe,0, g 36
g 340
oW 2 30
< 2 300
pract -] ¥e Oy
> 280 siIc-Le ="
20 © 20 — 2693 MV ¢
e i iy 240
0 - 220
10 L1 12 13 14 15 16 17 18 0.8 1.0 12 14 1.6
Potential (V vs.RHE) log[j (mA em?)]
05
6F(c) % (d) .
.
sl * RH-1600 Py 04 1
| SiC-C@Fe,0, 7 = RH-1600
' Pt E 03 Ret=0.88€
) y 9 =
3 N )
< s C1 >
g, . N 0.2
= v 8 i ! SiC-C@Fe,0,
4 2 §.26 mF cm ot f - Ret=0.149 \
0 l
0.0
0 20 40 60 80 100 1.6 18 20 22 24
Scan rate (mV s™') Z'(ohm)
8
10 AL
- = 4
Z 05 < /
E E 2 L —
00 E O g twmvs /4
@ | -4 1l = — —
E s 2 /%
s = 7
(@] -0.5 [
-6 STal el -
1.0 RH-1600 s SiC-C@Fe,0,
000 002 004 006 008 0.10 0.00 002 004 006 008 0.10
E (V) E (V)

Figure 10. (a) LSV curves of RH-1600 and SiC-C@Fe3Oy; (b) Tafel plots of RH-1600 and SiC-C@Fe3O4;
(c) plots of corresponding current density against scan rate for RH-1600 and SiC-C@Fe30y; (d) EIS
Nyquist plots of RH-1600 and SiC-C@Fe3O;; (e) CV curves of RH-1600 from 10 to 100 mV s~ ! scan
rate; and (f) CV curves of SiC-C@Fe;0; from 10 to 100 mV s~ scan rate.

The catalytic performance research shows that the as-prepared samples exhibited
comparable or even better catalytic performance for the OER in an alkaline solution than
other similar materials, with a relatively low overpotential (260 mV) and Tafel slope
(56.93 mV dec™!). Table 3 shows the catalytic effects of similar materials. The present study
focused on the regulation of rice husk, and thus, only presented a preliminary application
of the electrocatalytic performance. However, the details of this performance need to be
further studied in the future.

Table 3. Electrocatalytic parameters of SiC-C@Fe3O, composites compared with other samples.

Current .
Material Electrolyte Density Overpotential  Tafel Slofle Reference
2y (mV) (mV dec™1)
(mA cm—2)
Fe3O4 /NCMTS-
800(IL) 1.0 M KOH 10 310 80.81 [57]
Fey@N/HCSs 1.0 M KOH 10 289 52.4 [50]
H-COQSg /
Fe30,@SNC 0.1 M KOH 10 280 87 [58]
Fe;04/CoOCNTs 1.0 M KOH 10 270 59 [59]
SiC-C@Fe30, 1.0 M KOH 10 260 56.93 Present

study
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3. Experimental Method
3.1. Materials
3.1.1. Preparation of Rice-Husk-Based Carbon Materials

The rice-husk-based carbon material (RH) was prepared by crushing and sifting rice
husks (60 mesh), washing them with deionized water, and drying them at 105 °C. Next, a
specific amount of rice husks was carbonized in a high-temperature tube furnace under a
protective atmosphere of nitrogen for 2 h at a heating rate of 5 °C min~!. The carbonization
temperatures used were 1000 °C, 1200 °C, 1300 °C, 1400 °C, 1500 °C, 1520 °C, 1540 °C,
1560 °C, 1580 °C, and 1600 °C. The obtained rice-husk-based carbon materials are expressed
here as RH-X, where X is the carbonization temperature. The resulting samples exhibited
different properties depending on the carbonization temperature used.

3.1.2. Preparation of Fe;0,/Rice-Husk-Based Carbon Composites

The Fe30,/rice-husk-based carbon composites were prepared by dissolving 5.5 g
FeCl3-6H,0 and 3.4 g Fe;SO4-7H,0 in 100 mL DI water, followed by the addition of 2 g
RH-1600 and 12 mL 25 wt.% NH3-H>O. The solution mixture was stirred for 2 h at 90 °C.
The resulting mixtures were washed with DI water until they reached a neutral pH, and
further carbonized at 500 °C for 2 h, at a heating rate of 5 °C min~! under a N, atmosphere.
The obtained Fe;O4-carbon composites were designated as SiC-C@Fe3Oy.

A schematic diagram of the sample preparation is shown in Figure 11.

Fe2+\ Fe3+
NH; H,0

Carbonization 5 @ .

Rice husk 1000-1600 °C RH-1600 Chemical

deposition
i —
i — e
I e
Electrocatalytic test SiC-C@Fe;0, Carls)gglfétwn

Figure 11. Schematic diagram of sample preparation.

3.2. Characterization

The surface morphology of the samples was examined using an environmental scan-
ning electron microscope (JSM-7401F, Hitachi, Tokyo, Japan) at an accelerating voltage of
10 kV. Nitrogen adsorption—-desorption isotherms and pore size distributions were deter-
mined using Micromeritics ASAP 2460 (Maike, Smyrna, Georgia, USA). The analysis was
conducted using the low-temperature liquid nitrogen (77 K) adsorption method at relative
pressures (P/Py) ranging from 1 X 1075 to 1. The Brunauer-Emmett-Teller (BET) method
was used to measure the specific surface area, and the pore volume was determined at
P/Py =0.99. The pore size distribution was established using the density functional theory
(DFT) method. The degree of graphitization of the samples was studied using an X-ray
diffractometer (D8-ADVANCE, Bruker, Rheinstetten, Germany). The defect degree of the
carbon materials was analyzed using laser confocal Raman spectroscopy (InVia reflex,
Renishaw inVia, London, UK). The chemical bonds in the samples were investigated using
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X-ray photoelectron spectroscopy (ESCALABXi+, Thermo Fisher Scientific, Waltham, MA,
USA). The electrochemical properties of the carbon materials were investigated using an
electrochemical workstation (IVIUM, Eindhoven, The Netherlands).

3.3. Electrochemical Test

The electrocatalytic performance of each sample was evaluated using the CHI-660E
electrochemical workstation (CHI Instruments, Shanghai, China) with 1 M potassium
hydroxide (KOH) solution as the electrolyte. A nickel foam working electrode with a surface
area of 1 cm? was used, and the loading was a composition comprising 80 wt.% of active
material (biochar composite ball milling for 24 h), 10 wt.% of conductive agent (carbon
black), and 10 wt.% of binder (PTFE powder). The reference electrode and the opposite
electrode used were Ag/AgCl electrodes filled with graphite rods and a saturated KCl
solution, respectively. The prepared sample was mixed with carbon black and polyvinyl
fluoride at a ratio of 8:1:1, followed by the addition of an appropriate amount of pyrrolidone
solution. The mixture was ultrasonically treated for 15 min to achieve uniform mixing.
The resulting mixture was evenly applied onto a nickel sheet, dried at 105 °C for 12 h, and
pressed under 6 MPa pressure using a tablet press for 30 s. High-purity O, was introduced
into the KOH solution for 30 min before the electrochemical measurement.

Subsequently, the electrode was prepared by cyclic voltammetry (CV) and scanned
to stabilize the electrode current (from 0 to 1 V, 200 cycles). The polarization curves of the
linear sweep voltammetry (LSV) measurements were acquired via ohmic potential drop (iR)
correction in 1 M KOH solution at a scan rate of 10 mV s~ 1. The CV tests were conducted
from 0 to 0.1 V (vs. RHE) at different scan rates (from 10 to 100 mV s~!) to determine the
electrochemical double-layer capacitance (Cq;). Electrochemical impedance spectroscopy
(EIS) studies were performed within the frequency range of 10° to 0.01 Hz at an amplitude
of 5mV.

4. Conclusions

This study mainly investigated the morphology changes and formation mechanism of
rice-husk-based carbon at different carbonization temperatures. At a carbonization temper-
ature of 1600 °C, the successfully prepared SiC shows a regular cordyceps-like morphology.
Moreover, it presents a randomly oriented and highly interconnected 3D structure. Com-
pared with other preparation processes such as the molten salt method, sol-gel method, and
plasma method, the carbonization process is simpler and more convenient. Although this
cordyceps SiC has a regular morphology, its low porosity limits its application in adsorption
or double-layer supercapacitors, but this structure is suitable for the deposition and growth
of metals or metal oxides. Its electron mobility is high, making it capable of carrying large
current densities. Furthermore, it possessed good chemical stability, making it suitable for
electrochemical tests. Therefore, Fe3O4 was deposited on the cordyceps-like SiC matrix,
and the electrocatalytic performance of the SiC-C@Fe30,4 sample was evaluated. Compared
with other materials, the as-prepared samples displayed good catalytic performance for
the OER in an alkaline solution with a relatively low overpotential (260 mV), low Tafel
slope (56.93 mV dec™!), high electrochemical active surface area (54.92 mF cm~?2), and low
Rct value (0.15 )). The effective regulation of rice husk structures to produce natural Si-C
composites overcame the limitations caused by the complex internal structure of Si-rich
biomass and demonstrated the efficient use of Si in Si-rich biomass. The application of
Si-rich biomass waste in energy storage and conversion was also expanded. The existence
of this matrix structure provides a novel approach for further using rice-husk-based carbon,
and also promotes the high-value utilization of silicon-containing biomass materials.

Author Contributions: Conceptualization, X.Z.; Methodology, FK. and H.C.; Software, EK_; Valida-
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