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Hybrid silica/carbon particles were synthesized from rice husk as sustainable precursor material.
Synthesized material was subjected to low temperature plasma treatments in presence of different gas
sources like Argon, Oxygen and Sulphur Hexafluoride. Effects of plasma treatments were characterized
using various techniques. It was found that plasma treatments were effective in altering surface proper-
ties like surface binding energies, functionalities and morphology. Plasma treatments did not have any
substantial effects on bulk properties of rice husk biochar. However, in case of oxygen plasma treatments
it was found to be effective in surface level etching resulting in increased nanoporous structure.

� 2021 Published by Elsevier B.V.
1. Introduction

Nanomaterials with high surface area, superior reactivity and
improved thermal, mechanical and electrical properties are very
desirable in the various fields of engineering for energy, environ-
ment and structural applications [1,2]. However, synthesis of such
materials using fossil fuel sources require very sophisticated proce-
dures and has serious environmental concerns. Instead, there are
many sustainable agricultural materials which have huge potential
to be used as precursors for developing advanced materials with
high performance and multifuntionality [3]. Among such natural
precursors, rice husk is of particular importance due to presence
of silica (SiO2) making it a naturally occurring organic–inorganic
composite material. Rice husk typically contains of cellulose
(35–40 wt%), hemicellulose (15–20 wt%), lignin (20–25 wt%) and
silica (15–28%) [4].

Carbon derived from sustainable sources is of limited use
mainly due to inactive surface functionalities and reduced sur-
face area. Activation of such materials is typically achieved
through wet chemical processes. The objective of activation is
to increase surface area and/or to introduce active functional
groups. There are many approaches to fine tune surface proper-
ties like covalent, non-covalent and defect functionalization. But
these approaches tend to deteriorate desirable properties of car-
bon sometimes. To overcome these problems researchers are
exploring new methods to improve the surface properties of car-
bon materials without affecting their bulk properties. Nowadays,
plasma technology is being regarded as a highly efficient tool for
material preparation or modification [5,6]. Usually, plasma tech-
nology is a low energy, cost effective process. It also does not
yield any harmful chemical waste making it a sustainable route
for material modifications. Low-temperature plasmas (LTPs) are
a unique state of matter due to the presence of neutral atoms
and molecules, radicals, excited states, ions, and electrons [7].
During a typical plasma material modification process, the ener-
getic radicals attack the surface of material and then a series of
physical and chemical reactions occur during the energy
exchange, the redundant reactants then are removed from the
material surface and thus change the physical and chemical
properties of the material [8–11]. Valentini et al. functionalized
Carbon nanotubes (CNT) and Graphene sheets using CF4 gas to
activate surface through covalent C-F bonds and induce
structural disorder due to impregnation of fluorine atoms within
graphitic structure [12,13]. Edge-rich and dopant-free metal-free
electrocatalysts of graphene and CNT’s with superior perfor-
mance were developed using Argon RF plasma. Plasma treat-
ments were effective in increasing defect sites by generating
holes and edges [14]. The objective of current work is to imple-
ment low temperature plasma process in presence of various
gases to modify surface functionalities and morphology of rice
husk derived silica/carbon hybrid particles. To best of our
knowledge, this is the first time effects of plasma treatments
on biochar derived from agricultural products is being reported.
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2. Experimental

Rice husk (RH) provided by three H’s LLC was washed with dis-
tilled water to remove surface impurities, it was dried in oven
overnight at 100 �C to remove moisture contents and then ball
milled for 3 h to reduce size. Then the powder was sieved using
45 mmesh to exclude bigger particles and achieve uniform powder.
Thus, obtained RH powder was pyrolyzed at a heating rate of
10 �C/min upto a temperature of 1000 �C and held for 2 h under
autogenic pressure using high-pressure/temperature reactor to
obtain Rice Husk Ash (RHA). Plasma treatment of RHA was done
using PE-100 Plasma Etch setup equipped with a rotating circular
drum to ensure uniform functionalization of the powder. RHA
was plasma treated in presence of Argon (Ar), Oxygen (O2) and Sul-
phur Hexafluoride (SF6) gas individually at a chamber pressure of
0.2 Torr and constant flow of 30 ccm. Radiofrequency (RF) power
of 150 W generated at a standard frequency of 13.5 MHz was used
to treat samples for a duration of 30 min each. Plasma treated sam-
ples were then characterized using X-ray photoelectron spec-
troscopy (XPS), Fourier transform infrared spectroscopy (FTIR) for
surface energy and functional changes. Transmission electron
microscope (TEM), Field emission scanning electron microscope
(FE-SEM)/ Energy dispersive X-ray spectroscopy (EDS) and X-ray
diffraction (XRD) techniques were used to study morphological
changes due to plasma treatment.
3. Results and discussion

The RHA (60% yields) obtained after pyrolysis contained of
about 52% CO2 and 48% SiO2 confirmed by TGA analysis in presence
of oxygen. TEM micrographs (Fig. 1a) of RHA revealed that the sil-
ica particles are highly crystalline and with nanoporous structure.
The amorphous carbon particles are randomly oriented along with
embedded silica particles. The silica particles appear to have very
small sizes between 10 and 20 nm. These nanoporous nature of
the particles can facilitate better interactions when treated with
plasma gases. The elemental composition of RHA using SEM/EDS
spectroscopy revealed that the samples contained carbon
(67.07%), Oxygen (24.33%) and Silicon (20.56%) in its atomic form
as shown in Fig. 1(b–f).
Fig. 1. (a) TEM image of RHA.
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XPS survey of untreated and plasma treated RHA using various
gases have shown changes in surface energies due to plasma
induced changes during treatment. The surface atomic composi-
tion data shows that for all the treatments C content (C1s)
decreased from 80.5% to 76.0, 71.2 and 50.8% for Ar, O2 and SF6
plasma treatments respectively shown in table 1. However, oxygen
content (O1s) was highest for oxygen plasma treatment which was
23.9% compared to 15.6% for untreated samples. In case of SF6 trea-
ted samples there was additional fluorine content (F1s) of about
22.7% due to fluorine atoms from the gas reacting with surface car-
bon of RHA show in Fig. 2(e). Deconvoluted graphs of C1s XPS
(Fig. 2(a–d) and Table 1) gave further insights into surface level
energies of carbon content due to plasma treatments. Ar plasma
treatments improved the carbon surface energies (~285.0 eV)
which was primarily due to presence of reactive species in plasma
during treatment. In case of oxygen plasma treatments, it was
found that there was decrease in surface energy of atomic carbon
from 51.42 to 37.64% but also there was drastic increase in surface
energy due to C–O (~286.0 eV) from 40.32% to 55.40% due to reac-
tive oxygen ions reacting with surface carbon of RHA during
plasma treatment process. Finally, with SF6 plasma treatment it
was found that C-O surface energies decreased upto a value of
16.17%. However, the C@O (~288–289 eV) energies increased from
8.26% to 20.54% and there was additional 14.15% energy related to
CF2/CF3 (~292–293 eV) which was unique only to SF6 treatments.
Thus, plasma treatments were effective in increasing surface ener-
gies corresponding to fluorine related reactions. FTIR graphs for
untreated and plasma treated samples further confirmed the effec-
tiveness of plasma treatments on improved surface functionalities
shown in Fig. 2(f). The intensities corresponding to Si-O-Si stretch-
ing at 1100–1000 cm�1 decreased for Ar and SF6 treatments. For Ar
treatments there was slight increase in intensity at 1640–
1680 cm�1 corresponding to alkene (C@C) and at 3000 cm�1 corre-
sponding to C–H. In case of SF6 plasma treatment there was a peak
observed at 700–600 cm�1 corresponding alkyl halide of C-F.

Once surface level changes were confirmed further investiga-
tions to study bulk property changes were done using XRD analy-
sis. It was found that the sharp diffraction peak at 22.4� is ascribed
to the peak of crystalline cristobalite, SiO2 which is corresponds to
the (101) plane with an interlayer spacing of about 0.40 nm as
shown in Fig. 3(a). The particle sizes were estimated from XRD data
(b-f) EDS analysis of RHA.



Table 1
Elemental compositions and relative area (%) corresponding to different chemical bonds from XPS data.

Atom (%) Area (%)

C1s O1s Si2p F1s C–C/C–H C–O C@O CF2/CF3

RHA 80.5 15.6 3.9 – 51.42 40.32 8.26 –
Ar-RHA 76.0 19.3 4.7 – 54.47 37.64 7.90 –
O2-RHA 71.2 23.9 4.9 – 37.05 55.40 7.55 –
SF6-RHA 50.8 19.3 4.7 22.7 49.14 16.17 20.54 14.15

Fig. 2. Deconvoluted C1s XPS graph of (a) Untreated RHA (b) Ar Plasma treated RHA (c) O2 Plasma treated RHA (d) SF6 Plasma treated RHA. (e) XPS graph of untreated and
plasma treated RHA. (f) FTIR graph of untreated and plasma treated RHA.
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using Debye-Scherer’s equation. The full width at half maxima of
100% peak is measured as 0.0099 rad. The particles sizes estimated
from this equation are ~ 15 nm which was also confirmed from
TEM images. It was found that plasma treatments did not have
any major effect in altering crystal lattice structure of RHA, con-
firming that plasma induced changes were confined only to surface
level changes. SEM analysis was performed to study surface level
morphological changes on RHA particles due to plasma treatments.
It was found that there was no noticeable change in surface mor-
phology of Ar plasma treated samples (Fig. 3c). In case of SF6
plasma treated samples shown in Fig. 3e. there was evidence of
some surface level etching. However, in case of oxygen plasma
3

treatment maximum etching effects were observed primarily due
oxidation of surface during reactive ion bombardments as shown
in Fig. 3d. These micro/nano porous structures can be very useful
for applications involving surface area reactions.
4. Conclusions

In summary, from the observations made it can be established
that plasma treatment process can be applied to alter surface ener-
gies of silica/carbon particles derived from rice husk. Oxygen
plasma treatments in particular has potential for surface level



Fig. 3. (a) XRD graph of untreated and plasma treated RHA. SEM image of (b) Untreated RHA (c) Ar Plasma treated RHA (d) O2 Plasma treated RHA (e) SF6 Plasma treated RHA.
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etching of carbonaceous materials. Upon further optimization of
parameters like power, gas composition and treatment duration
desired results can be obtained. Properties like wettability, surface
area, surface energy, pore size and surface conductivity can be
altered. Materials thus obtained has great potential in the areas
of composites, energy, environment and structural applications.
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