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Abstract

This study reports the extraction, characterization and development of reduced graphene oxide
(rGO) doped silicon dioxide (SiO2) nanocomposite by simple reflux method. The nanocomposite
was confirmed by using X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM) and UV-Visible spectroscopy techniques. The photocatalysis
of malachite green (MG) was carried out for rGO, SiO2 and SiO2/rGO nanocomposite shows higher
MG degradation about 97% compared to rGO, SiO: and follows 1* order kinetics. The antioxidant
action of SiO»/rGO nanocomposite was assessed using DPPH shows a more antioxidant activity
(98 %) and lower 1Csg about 488.35 mg/mL. From electrochemical, the specific capacitance (Csp)
value of SiO2/rGO (114 F/g) was exhibits higher compared to rGO (75 F/g) and SiO2 (96 F/g)
respectively. The CV and sensor detection of bee pollen and cow urine samples were performed
using nickel mesh electrode in 1M KCI in the potential range -1 to 1 V. The SiO./rGO was
employed to analyze bee pollen and cow urine concentrations and the detection limits were found
to be 0.260 mM and 0.413 mM respectively. The prepared electrode plays an important role for
improving sensor detection of bee pollen and cow urine samples.
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1. Introduction

Rice husk ash (RHA) is readily available and abundant as it is a byproduct of burning raw rice
husks in developing countries [1]. Interestingly, RHA contains a significant silica content, ranging
from 80% to 95% by weight, which could render it a valuable asset in the industrial sector. When
RHA is obtained without the process of acid leaching, its silica purity is less than 95 %, and its
surface area measures 200 m?/ g, which does not meet the established criteria for commercial silica
gel [2-4]. After treating 15 grams of rice husk ash with HCI and citric acid, the purity of the
resulting product increased significantly from 82.8 % to 99.3 % and 98.6 %, respectively [5]. In
an experiment involving silica extraction and acid leaching as a pretreatment, the surface area was
enhanced significantly. For HCI leaching, the surface area increased from 116 m%/g to 218 m%/g,
and for HoSO4 leaching, it increased from 208 m?%/g [6]. RHA has found diverse economic
applications. It has been employed in the synthesis of carbon compounds [7], utilized as a source
of energy generation, and incorporated into the production of cement or concrete [8]. Rice Husk
plays a multifaceted role in various applications. It aids in the removal of toxic metals from
wastewater, serves as an organic fertilizer, finds applications in biomedicine, and is utilized for
adsorption purposes [9-10]. Rice husk holds the potential for the production of high-value silicon-
based compounds like zeolite, silicon carbide, silicon nitride, silicon tetrachloride, and silicates,
primarily because of its elevated silica content [11]. Graphene is a two-dimensional material
composed of a single layer of carbon atoms arranged in a two-dimensional sp? network. Its
remarkable physicochemical properties have positioned it as a promising candidate for a wide
range of applications [12-13]. Graphene and its derivatives have found applications in a multitude
of fields, including nano electronic devices [14], transparent conductors [15], transistors [16],
energy-storage capacitors [17], biosensors [18], dye-sensitized solar cells [19], photothermal

treatment [20], and drug delivery systems [21].



Silicon-based materials are considered a primary choice for anodes in lithium-ion rechargeable
batteries (LIBs) because of their distinctive characteristics. These properties include an
exceptionally high theoretical capacity of 4200 mAh g! with Li>Sis and a low and stable plateau
operation voltage of 0.4 V, in contrast to Li/Li* [22-24]. SiO> is of great interest to scientists due
to its anticipated specific capacity of 1961 mAhg! and its low discharge potential, as reported in
studies [25]. During the process of lithiation, an inert matrix composed of lithium oxide (Li2O)
and lithium silicates (Li4Si10O4) is formed, which can effectively withstand volume changes, as
observed in research [26]. However, research revealed that commercial SiO2 nanoparticles
exhibited interactions with lithium ions within a specific voltage range. The reason for this is that
reduced graphene oxide (rGO) can coat SiO2 and form a 3D network architecture, and it can be
produced in large quantities, potentially offering advantages in terms of electrode design and mass
production [27-28]. In a study by Kasinath Ojha et al., it was reported that graphene-like activated
and non-activated porous carbon derived from biomass demonstrated a specific capacitance of
approximately 476 F/g when subjected to a current density of 0.2 A/g. This specific capacitance
value was notably higher than that achieved with graphene oxide (GO). The electrochemical
investigations of these carbon materials reaffirm their potential and promising attributes for use in
supercapacitor applications [29-31]. The combination of SiO2 nanoparticles (NPs) decorating
graphene nanoplatelets (GNPs) offers several hybrid characteristics, including improved
interfacial contact leading to increased surface area, the establishment of conductive pathways,
and the reduction of charge recombination. Graphene/SiO> nanocomposites present a more
efficient pathway for enhancing photocatalytic performance compared to other carbon-based
nanocomposites or SiOz alone, primarily due to their incorporation of these distinctive properties

[30]. Medications can be linked to graphene through either covalent bonding or non-covalent



interactions, facilitated by the synergistic assembly of SiO; and graphene. As a result of these
properties, it can serve as a highly efficient nano-carrier for delivering medication to cancer-
affected areas [32]. SiO; nanoparticles, when used in isolation, lack the capability to achieve this
outcome. The aforementioned advantages imply that graphene/SiO; nanocomposites have the
potential to address the increasing health and environmental challenges associated with water
contamination [33].

Silica is commonly used as a flow aid in the production of nutraceutical and medicinal products
due to its biochemical inertness [34]. Hybrid nanomaterials that integrate nano-sized SiO; particles
with specific functions, such as anti-oxidative properties, hold the promise of synergizing the most
advantageous characteristics of both components. In contrast to organic polymer matrices, solid
inorganic particles like SiO; offer numerous advantages, notably enhanced thermal stability and
chemical inertness [35]. A novel approach to harness the full advantages of natural antioxidants
involves immobilizing them on nanoparticles, creating what are known as "Nano antioxidants."
Antioxidant-functionalized SiO: nanoparticles are investigated for their radical scavenging
capacity (RSC), and the concept of a "nano-antioxidant" is introduced [36-38]. This involves the
covalent attachment of Gallic acid, a naturally occurring antioxidant, onto the surfaces of
commercially available and well-characterized SiO2 nanoparticles with sizes ranging from 8 to 30
nm [39-40]. In the current work, rGO doped SiO2 NCs is developed from raw rice husk and focused
on various studies such as photocatalytic, antioxidant, electrochemical and sensors. The
nanocomposite was prepared utilizing simple reflux approach and characterized by spectroscopic

methods such as XRD, FT-IR, SEM and UV-Visible spectroscopy.



2. Experimental

2.1 Materials and methods

Sodium nitrate (NaNO3) (99 %), Sulphuric acid (H2SO4) (99 %), Hydrogen peroxide (H202) (99
%), Potassium permanganate (KMnOQO4) (99 %), Tri-Sodium citrate (Na3CecHs0O7) (99 %), Sodium
sulphite (Na2S03) (99 %), Ammonia (NHa4) (99 %), Ethyl alcohol (CH3CH20OH) (99 %), Ascorbic
acid (CsHgOs) (99 %), Hydrochloric acid (HCI) (99 %), and Graphene powder (GO) were
purchased from the Merck Bengaluru are analytical grade was used in the experiment without any

modification.

2.2 Collection of rice husk

Raw rice husks were collected from the Chamarajanagar District in the Mysore division of
Karnataka state, India (located at 11.9261° N, 76.9437° E). The type of rice husk utilized in the
current experiment was 'Sonamasuri' owing to its diverse attributes, including high protein and
fiber content, a soft and chewy texture. This rice variety, scientifically known as Oryza sativa L.,

is typically cultivated over a period of 18 to 24 months, primarily during the summer season.

2.3 Extraction of SiO2 from raw rice husk

A 50 g sample of Sonamasuri RRH was treated with 2 M HCI solution in 500 mL beaker and dried
for 2 hours at 900 °C in a hot air oven with temperature control. The resulting prepared sample
was washed continuously with double distilled water until the pH reached 7 and then separated
from the solution by filtration. The RRH was further dried for 12 hours at 105 °C and then calcined
for 4 hours at 550 °C in a muffle furnace. This process produced approximately 11 g of white RRH
ash (WRHA) after combustion. Following that, the white rice husk ash (WRHA) was mixed with

100 ml of 2 M NaOH at 90 °C while being vigorously stirred for 2 hrs., on a magnetic stirrer. This



process was aimed at extracting solid SiO; into a water-soluble silicate through a chemical
reaction, which is shown in eq. (1).

2NaOH + Si0, — Na, SiO; + H,0 (1)
The sodium silicate solution was filtered with filter paper to remove insoluble residues. After
filtration, the soluble sodium silicate solution is converted into insoluble silica gel by the reaction
with 2 M ascorbic acid (10 ml). Washed orange color silica gel with ethanol to remove by products.
Then dried the gel in hot air oven for 600 °C for 4 hrs. During this process, the mass of SiO>

obtained was 2.95 g shown in the Fig. (S1a)
2.4 Synthesis of reduced graphene oxide (rGO)

The stoichiometric weight (1 g) of GO powder was added to a 1 liter beaker placed in an ice bath,
maintaining temperature range between 0 °C to 6 °C. This was achieved by initially adding 1g of
NaNOs and by the gradual addition of H2SOj4 into the reaction mixture with continuous stirring
using REMI magnetic stirrer. Subsequent, 6 g of KMnOy4 was introduced over a period of 3 hours,
with continuous stirring to prevent any spillage or effervescence of the mixture. After 2 hours, the
beaker was taken out of the ice bath and transferred to magnetic stirrer with hot plate. The
temperature was kept at 30 °C initially and gradually increased every half hour until the color of
the mixture turned to a brownish-black. While stirring continuously, 100 mL of water was
introduced and the heat source was turned off after 2 hours. Subsequently, 80 ml of H.O2 was
added to halt the reaction and eliminate excess KMnOs, leading to the formation of a yellow-
colored solution once the precipitate solution slowly settled. The resultant precipitate solution was
filtered through a funnel and then subjected to 24 hrs heating in a hot air oven, with the temperature

being kept below 90 °C [26].



2.5 Synthesis of SiO2/rGO NPs

The prepared rGO about 0.6 g was dispersed in 50 mL of water and thoroughly mixed. Then, 0.2
g of Si0; was added to the mixture and stirred using a magnetic stirrer for about 60 minutes. After
1 hour stirring, 1 % sodium citrate was boiled for 55 minutes and 0.1 mg of sodium sulphite in 5
ml of distilled water was added to the above mixture and stirred at 100 °C for 3 hrs. The solution
was cooled, filtered and washed with distilled water and ethanol. Finally, the prepared
nanocomposite was dried in an oven at 100 °C for about 1 hr. The schematic diagram of Si02/rGO

preparation was shown in the Fig. (S1b).

2. Results and discussion

2.1. X-ray Diffraction studies (XRD)

The XRD measurements of RRH, SiO», rGO, and SiO2/rGO NCs are shown in Fig. 1. In particular,
Fig. 1 (a) illustrates the amorphous characteristics of RRH at an angle of 20=22.34°, where the
Miller planes correspond to (100) [41]. Fig. 1 (b) reveals well-crystalline SiO> NPs with sharp
peaks, signifying the absence of impurities in the material at 550 °C. The XRD pattern exhibits
peaks corresponding to Miller planes (100), (001), (002), (011), (200), (012), (110), (013), and
(020) [52]. In Fig. 1 (c), one can observe that the XRD spectra of rGO exhibit a broader peak at
26=26.10°. This broadening suggests that the n-conjugated structure of graphene has been notably
restored following the removal of oxygen-containing functional groups during the chemical
reduction process, as documented in prior research [43-44]. In Fig. 1 (d), the spectrum of SiO2/rGO
demonstrates a significant reduction in the diffraction intensity of the (001) plane, along with the
emergence of diffraction peaks corresponding to the (100) and (400) planes in this novel hybrid
material. These results suggest that the successful combination of graphene oxide (GO) and nano-

SiO» took place through electrostatic self-assembly, resulting in the formation of GO-SiO» hybrids.



After chemically reducing the GO-SiO; hybrids to rGO-SiO», the diffraction intensity of the (001)
plane is further diminished, and the diffraction peaks associated with the (100) and (400) planes
no longer appear [45]. Instead, a new broad peak arises at approximately 20=26.5°, which can be
attributed to the (002) plane. These results imply that the reduction process resulted in the
restacking of the rGO sheets [26]. The average crystallite size can be determined using the Debye-

Scherrer equation, as outlined in eq. (2), [46].

092
~ B CosO

(2)

Where 4 is the X-ray wavelength, f is the full width at half maximum (FWHM) of the diffraction
line, and @ is the diffraction angle. The constant k, which is normally about 0.90, is controlled by
the grain structure. Table 2 presents the calculated average crystallite sizes for RRH, Si0O., rGO,
and SiO2/rGO NCs, which were determined to be 50.76, 60.82, 14.98, and 24.48 nm, respectively.
The XRD patterns of these samples displayed intense and well-defined peaks, signifying their
excellent crystallinity. Notably, no impurity peaks were detected, indicating the high purity of the
prepared samples. A strong and narrow peak in the XRD pattern is indicative of well-crystalline
particles [47]. To determine the total crystalline sizes of the samples, both Scherrer's equation and

the Williamson and Hall approach were analyzed.
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Fig. 1. XRD spectrum of (a) RRH (b) SiO: (¢) rGO (d) SiO2/rGO.

The Hall and Williamson method takes into account both the domain effect and lattice micro-strain
effect, which collectively contribute to the broadening of lines in the XRD pattern. The combined
impact of these factors can be observed in the final full width at half maximum (FWHM), which

represents the sum of the grain size and lattice distortion.

CosO = €(4SinB) +% 3)
Eq. (3) elucidates a linear correlation between 4sinf and 3 cos, with € denoting the strain linked
to the nanocomposites. The intercept of the line, which is at 0.90(1)/D, yields the crystallite size
(D), while the slope of the line gives the strain (¢). The values obtained from this equation were
found to be in agreement with the crystallite sizes calculated using Scherrer's equation. Various
structural parameters, including dislocation density (d), strain (€), and stacking fault (SF), were
influenced by the underlying relationships and are presented in Table 1.

Table.1. The mean crystallite size of RRH, SiO», rGO, and SiO»/rGO nanocomposite.

Sample FWHM Size W-H Strain  Stacking Dislocation density

(rad)x10® (nm) Plot (nm) (£)x10 fault (SF) (8) x10°3
RRH 4.579 80.76 81.23 0.997 0.678 1.26
Si02 3.514 60.82 59.44 0.556 0.574 0.27
rGO 31.067 14.32 15.65 8.655 0.236 12.40

S102/rGO 5.883 26.48 25.79 2.036 0.520 1.42




2.2. Fourier Transform Infrared Spectroscopy (FT-IR)

Fig. 2 presents the FT-IR spectrum of Raw Rice Husk, SiO2, rGO, and SiO2/rGO NPs. In Fig. 2
(a), the FT-IR spectra of RRH exhibit various peaks at different frequencies, including 3404.3 cm”
! for O-H groups, 2925.8 cm™! for C-H groups, 1641.3 to1737.7 cm™! for C=0 groups, 1546.8 to
1652.9 cm! for C=C groups, 1461.9 cm™! for CH, and CH3 groups, 1380 cm! for CH3 groups,
1379.0 cm™! for aromatic CH stretching and carboxyl-carbonate structures, 1153.4 to 1300 cm’!
for C=0 groups, 1238 cm™ for CH-OH groups, 1080 cm™! for Si-O-Si groups, and 862.1-476.4
cm’! for Si-H groups [48-50]. In Fig. 2 (b), the FT-IR spectra of silica extracted from RRH reveal
four prominent peaks. The broad peak, centered at 3400 cm™, is attributed to the O-H stretching
of the hydroxyl group [51]. The peak observed at 1100 cm™ corresponds to the asymmetric
stretching vibration of the Si-O-Si group [52]. Furthermore, the peak at 460 cm™ is associated with
the O-Si-O bending vibrational mode, and the peak at 800 cm™ corresponds to the symmetric
stretching of the Si-O-Si group [53]. In Fig. 2 (c), the FT-IR spectra reveal the deformation of
water molecules at 1630 cm™ and alkoxy C-O stretching vibrational modes at around 1043 cm’!.
Furthermore, the peaks at 1448 cm™! are associated with =CH in-plane vibrations, and those at 780

cm’!

correspond to -CH out-of-plane vibrations. The broad peak observed at 3400 cm™ can be
attributed to the vibrations of adsorbed water molecules or skeletal vibrations corresponding to
unoxidized graphitic domains [54-57]. Significantly, the spectra do not exhibit peaks typically
associated with C-OH (~1340 cm™), C = C (~1570 cm™), and -COOH (~1710-1720 cm™) groups.
The absence of C = C bonds indicates strong oxidation. Consequently, this spectrum differs
markedly from the spectra of reduced graphene oxide or chemically derived graphene [58]. In Fig.

2 (d), the FT-IR spectrum exhibits a prominent peak at 1101 cm’!, attributed to the stretching

vibrations of Si-O-C or Si-O-Si bonds, and a peak at 968 cm™!, corresponding to the bending



vibrations of Si-OH bonds [59]. The stretching and bending vibrations of Si-O bonds are detected
at 796 cm! and 471 cm’!, respectively, confirming the presence of SiO. nanoparticles in the
nanocomposites produced in this study. The faint or indistinct spectra of rGO in Fig. 2 (d) can be
attributed not only to the incomplete reduction of GO but also to the interaction between oxygen
functional groups and Si-OH. The formation of a covalent bond, Si-O-C, between rGO sheets and
SiO> nanoparticles indirectly confirms this reaction [60]. These results suggest that the SiO2
nanoparticles were effectively dispersed on the surface of rGO sheets.
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2.3. Scanning electron microscopy (SEM)

Fig. 3 showcases the SEM images of RRH, SiO, rGO, and SiO2/rGO NPs. In Fig. 3 (a), the image
exhibits a resemblance to tree bark or a wooden log, suggesting the amorphous nature of the
compound. Furthermore, the particles are unevenly distributed across the area, and there is
noticeable surface roughness on the particles [61]. In Fig. 3 (b), the particles are closely packed,
forming an agglomeration that is evenly spread across the surface, creating small globular shapes
with a prominent pore in the region [62]. In Fig. 3 (c), the image depicts reduced graphene, and it
is clear that the graphene sheets are dispersed across the area, and evenly spread throughout the
graphene layer. Moreover, certain regions seem to show sheets that are crushed or layered on top
of each other, resembling a bundle of graphene layers stacked together [63]. In Fig. 3 (d), the image
reveals the prepared nanocomposite SiO2/rGO. Small silica spherical structures are dispersed
unevenly within the graphene layer and there is evidence of the graphene layer breaking down into
individual sheets, likely caused by bond breakage resulting from the bonding of silica

nanoparticles with rGO through the reflux method [64].

Fig. 3. SEM, Size analyzer and 3D surface plot of (a) RRH (b) SiO2 (¢) rGO (d) SiO»/rGO.



2.4. UV-Visible Spectroscopy

The UV-visible spectroscopy is a one of the most powerful tools is used to characterize the
prepared samples of RRH, SiO,, rGO, and SiO2/rGO nanocomposite. Fig. S2 displays the
absorbance v/s wavelength pattern of RRH, SiO, rGO, and SiO2/rGO NCs. The energy band gap
can be found using the Kulbeka Munk function, which also provides the absorption spectra, as

shown by equation (3) and the Kulbeka Munk is modified into the Tauc relation in eq. (4).

2

FR) = =R

(3)

(F(R)hv)? = C(hv — Eg) (4)

Where, Eg is stand for energy band gap, C is constant and the energy of a photon is hv. (F(R)hv)?
is obtained using eq. (4). The optical band gap is deliberate by plotting (hv) v/s (F(R)hv)?, after
that, at the inflection point, forming a tangent towards (F(R)hv)? = 0. As can be noticed in Fig. S2
(a), (b), and (c), the band gaps of RRH, Si02, rGO, and Si0O2/rGO NCs were determined to be 3.90,
2.42,4.54, and 1.64 eV, respectively [70, 71].

2.5. Photocatalysis studies

Photocatalytic studies of MG dye, rGO, SiO2, and SiO2/rGO were carried out in a standard 250
mL beaker with a surface area of 100 square millimeters. A Philips UV lamp, which emitted 115
watts of power, was used as the source of illumination. The UV-Vis spectrometer scanned
wavelengths spanning from 200 to 900 nm, and the choice of 618 nm, which exhibited the highest
intensity within the UV spectrum, was made from the range of 400 to 720 nm. This selection was
made without the implementation of any filters. Under regular atmospheric conditions, the light
was directly applied to the reaction mixture from a distance of 15 cm. All experiments were carried
out with double-distilled water. In the established protocol, the process entailed dissolving 10 mg

of rGO/S10; photocatalyst in 150 mL of a 20 ppm dye solution. The mixture was consistently



stirred at 400 rpm using a magnetic stirrer [72-73]. Fig. 4 depicts the UV absorption spectrum of
MG dye decomposition for MG, rGO, SiO, and SiO2/rGO. At specified time intervals, 4 mL
sample of the reaction mixture was extracted from the chemical dye solution. The photocatalytic
assessment of dye, rGO, SiO,, and SiO>/rGO nanocomposites involved the discoloration of an
industrial dye under UV light exposure, with measurements taken at consistent 10 minute intervals.
MG dye was selected as a representative water pollutant due to its environmentally harmful
properties. It exhibited a prominent absorption peak at 546 nm, as illustrated in Fig. 4 (a, b, c, d).
During the initial phases of photocatalytic experiments, tests were conducted in the absence of
light, and during this period, the dye exhibited minimal degradation. Nevertheless, when subjected
to 150 minutes of UV light exposure, the degradation percentages were as follows: 36.73 % for
MG dye, 57.82 % for rGO, 77.70 % for Si02, and 96.59 % for rGO/S102, as demonstrated in Fig.
4 (a, b, c, d). In response to UV light exposure, these measurements were recorded at consistent
10 minute intervals as depicted in Fig. 4 (a). The efficiency of photocatalytic discoloration for MG

dye was calculated using eq. (4) [74].

%D =

x 100 4)
0

Where, D is the degradation, Coand C are the final and initial concentration of the sample.
Drawing from the observed photocatalytic efficiency of the catalysts, an attempt has been made to
propose a potential degradation mechanism. In an ideal scenario, when a nanomaterial is exposed
to incident photons with energy equal to or exceeding the band gap, it leads to the separation of

charges.
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Consequently, the holes generated in the valence band facilitate the oxidation of the adsorbed dye,
resulting in the generation of hydroxyl radicals. Furthermore, the kinetics study, derived from the
graph of -In(C/Cy) versus time, demonstrates a gradual degradation as time progresses, as
illustrated in Fig. 5 (a, b). This observation suggests the presence of a first order degradation

mechanism, as indicated in eq. (5) [75],

“In (é) - Kt (5)

Where Co, C, t and k are initial dye concentration, dye concentration at t (min), decolourisation
time (min) and decolourisation rate constant (1/min), respectively.

Moreover, the degradation half-life (ti2) representing the time needed for 50 % of the dye to
degrade was computed as follows: 69.65 minutes for MG, 76.49 minutes for rGO, 74.83 minutes
for Si0O> and 79.96 minutes for Si02/rGO were depicted in Fig. 7 (a, b, ¢, d). The recorded half-
life values emphasize the significant impact of the composite in accelerating the degradation of
MG dye, primarily due to the presence of rGO. This notably indicates that the photocatalytic

efficiency of SiO2/rGO betters that of MG dye, rGO, and SiO». This trend becomes more



pronounced when considering the k values, as the reaction rate of the nanocomposite is
approximately 79.75 % greater than that of the SiOx.

The degradation provides compelling evidence for the advantages of rGO in improving
photocatalytic efficiency. We are certain that the exceptional photocatalytic performance was
achieved through the remarkable hybrid structure formed between SiO2 and rGO, combined with
the high conductivity of the latter. At the same time, the electrons produced in the conduction band
engage in a reaction with surface oxygen, resulting in the formation of reactive oxygen species.
Ensuring the prevention of recombination between the generated electrons and holes is crucial for

achieving effective photocatalysis [76-78].
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Fig. 6. Plot of (a) C/Co and (b) —In(C/Cy) for decolonization of MG of the prepared sample.

Furthermore, a significant increase in the concentration of hydroxyl ions on the catalyst
surface indicates improved photocatalytic activity. During the current study, a similar trend was
observed in the photocatalytic assessments of MG dye, rGO, and SiOz. Nonetheless, a noticeable
enhancement in photocatalytic performance was apparent in the case of SiO2/rGO. This
phenomenon can primarily be attributed to the presence of the 2D n-conjugation system within
rGO, which promotes the efficient movement of electrons towards the conduction band. The

migration of electrons plays a crucial role in propelling the degradation reaction, leading to the



formation of superoxide radicals which, in turn, give rise to hydroxyl radicals. This sequence
effectively lowers the chances of recombination with holes [79]. The comprehensive results
collectively affirm that both SiO; and combination of SiO> with rGO exhibit exceptional
photocatalytic capabilities in the decolourisation of MG dye. This underscores a notably increased
effectiveness in photo decolourisation. The incorporation of rGO into SiO» contributes to the
improvement of free electron and hole production [80]. This improvement becomes evident when
exposed to visible light energy (hv) that matches or exceeds the energy of the material's band gap
(hv > Eg). In such circumstances, the irradiation initiates the formation of positively charged holes
(h™) in the conduction band (CB) aided by the transfer of electrons (e’) from the valence band (VB)
[81]. Photo-generated electrons stemming from both SiO; and the fusion of SiO; with rGO display
a seamless migration toward the material's surface. This movement facilitates the generation of
anion radicals (O2") from molecular oxygen. At the same time, photo-generated holes situated on
the valence band (VB) of Si0z and SiO2 when combined with rGO can directly oxidize the dye or
produce hydroxyl radicals (OH) from water molecules adsorbed on the surface [75].

In the photocatalytic procedure, the active radicals include OH", O," and the photo-
generated holes. These active species play a vital part in the oxidation of adsorbed dye molecules,
where the highly reactive O2” and OH actively propel the oxidation process. In the case of SiO»,
the valence band primarily originates from Si (3d) states, while the conduction band is linked to O
(1s) states. The degradation mechanism can be attributed to the interaction between dye molecules
and hydroxyl radicals, which are generated through ultrasonic irradiation in the presence of
Si02/rGO nanocomposites [82-84]. SiO: nanoparticles exhibited photoexcitation, which was
linked to charge transfer from the Si-O bonding orbital to the 2p nonbonding orbital of non-

bridging oxygen. When a UV photon interacts with the SiO> surface, it causes an electron in the



valence band (VB) to transition to the conduction band (CB), creating a positively charged hole

(h™vB) in the process. The negative charge becomes intensified within the conduction band (e cB),

leading to the formation of photocatalytic active centers on the SiO> nanoparticle's surface shown

in eq. (6).
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The holes in the valence band react with chemisorbed H>O molecules, resulting in the generation
of reactive species like ‘OH radicals. These "‘OH radicals then go on to react with dye molecules,
leading to their complete degradation. The primary function of the surface particles deposited is to
absorb electrons and transfer these electrons either to H ions or to O slowing down the
recombination of electron-hole pairs will enhance both the efficiency of photocatalysis and the
speed of hydroxyl radical generation, ultimately leading to an increased rate of degradation of MG
dye [85-86]. Table 2 shows the photocatalysis activity from the previous study for the comparison
studies. The recycling and reuse of the photocatalysts for the photocatalytic oxidation of MG dye
solutions was tested. The experiment was conducted under the following parameters: a reaction
time of 150 minutes, a concentration of 20 ppm for the MG dye solution, and a quantity of 10 mg
in a 150 ml volume for the Si02/rGO composite. The results demonstrate consistent photocatalytic
performance even after undergoing 7 cycles, indicating the enduring stability of the photocatalyst
in the oxidation of MG dye solutions. This suggests the potential for recovering and reusing the
photocatalyst without compromising its stability, positioning it as a promising candidate for
applications in environmental remediation [87].

In a more detailed explanation, the composite comprises SiO2 nanoparticles dispersed on the
surface of the graphene oxide (GO) sheet. It is highly probable that these nanoparticles are
stimulated and initiate the generation of electron-hole pairs (e /h™) when exposed to visible light,
as represented in eq. (7). The electron produced through photoexcitation migrates from the
conduction band (CB) of the SiO2 nanoparticles to the surface of the graphene oxide (GO), as
described in eq. (8). This movement results in the reduction of oxygen molecules, leading to the
formation of superoxide radicals, known as Oz", as outlined in eq. (9). Additionally, the presence

of an electron deficiency (hole) in the valence band (VB) is responsible for generating hydroxyl



radicals (OH'), as indicated by eq. (10). The primary reactive species generated during the study
of photo-degradation, namely superoxide radicals (O2 ") and hydroxyl radicals (OH"), play a pivotal
role in breaking down organic pollutants into environmentally benign degradation byproducts,

specifically carbon dioxide (CO2) and water (H20O) molecules, as illustrated in eq. (11) and (12)

[89-90].
Si0, + hv - Si0,(h*) + Si0,(e™) (7)
SiO,(ecg) + rGO — rGO(e™) + SiO, (8)
rGO(e™) + 0, —» rGO + 03 9
Si0,(h{g) + OH™ — Si0, + OH (10)
05 + 2H,0 + e~ —» 30H™ + OH: (11)
05 + OH' 4+ Dye — CO, + H,0 (12)

Table 2. Comparative study of nanocomposites used in previous research on photocatalysis.

Nanomaterial Dye Time (min) Degradation (%) Reference
SiO; Methyl red 120 95 [91]
SiO2/a-Fe 03 Acid Black 1 120 82.96 [92]
Zn0O-CuO/RHA Methylene Blue 180 99.46 [93]
SiO, Methyl Orange 180 95 [94]
Si0,@TiO Rhodamine B 210 66.82 [95]
Zn0/Si0; Methylene Blue 240 89.95 [96]
Zn-Ti0/C@Si0; Rhodamine B 80 95 [97]
Fe doped SnO2-Si02  Methylene Blue 270 74 [98]
Sm/Sn0O:; - Si0; Methylene Blue 260 78 [99]
Fe;04@Si0,@AgO Phenol red 70 89 [100]

SiO2/rGO MG 150 96.59 Present study
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2.6. Antioxidant studies

The DPPH free radical scavenging method was employed to evaluate the antioxidative capabilities
of rGO, SiO2, and SiO2/rGO. A stock solution was prepared by dissolving 20 mg in 20 mL of
water yielding a concentration of 1 mg/ml. Furthermore, 0.004 g of DPPH was dissolved in 100
mL of methanol. After the initial mixing of DPPH and methanol, the resulting solution was
administered to samples in varying quantities. Afterward, the absorbance at 517 nm was
determined using a UV-Vis spectrophotometer following the incubation of the tubes at 25 °C for
90 mins. To attain a 50 % reduction in free radicals, a specific time duration and expected
concentrations for each fraction were necessary. To evaluate the antioxidant effects, divide the
solution into five distinct test tubes, allocating different volumes to each tube (100, 200, 300, 400,
500, and 600 pL). The next step includes the addition of methanol into the test tubes using a
micropipette to ensure even distribution throughout the tubes. To prevent the evaporation of the
DPPH solution, dispense 2 mL of the solution into each test tube and then cover the tubes with
aluminum foil. The mixture should be left undisturbed in the dark for about 90 minutes before
proceeding with any further analysis using a UV instrument. The calculation of antioxidant activity

was conducted for rGO, SiO2, and SiO2/rGO nanocomposite [101].
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Fig. 8. (a, ¢, e) UV spectrum and antioxidant activity (b, d, f) of rGO, SiO> and SiO>/rGO.

Table 3. Antioxidant activity and ICsg values of rGO.

Volume of Volume of Concentration Absorbance %o ICso
extract (uL) methanol (uL) (ng) Activity (mg/mL)
100 600 1000 1.86 12.36
200 500 2000 1.66 21.69 488.359
300 400 3000 1.45 31.60
400 300 4000 1.26 40.56
500 200 5000 1.04 50.94

Control 2.12




Table 4. Antioxidant activity and ICsg values of SiO».

Volume of Volume of Concentration  Absorbance % ICso

extract (uL) methanol (uL) (ng) Activity (mg/mL)
100 600 1000 1.75 17.45
200 500 2000 1.44 32.07 329.419
300 400 3000 1.14 46.22
400 300 4000 0.84 60.37
500 200 5000 0.55 74.05

Control 2.12

Table 5. Antioxidant activity and ICso values of SiO2/rGO.

Volume of Volume of Concentration  Absorbance % ICso
extract (uL) methanol (uL) (ng) Activity (mg/mL)
100 600 1000 1.63 23.11
200 500 2000 1.24 41.50 248.368
300 400 3000 0.85 59.90
400 300 4000 0.44 79.24
500 200 5000 0.041 98.06
Control 2.12

The methods for assessing antioxidant activity and calculating the ICso value are explained in
Tables 3, 4, and 5. The radical scavenging capabilities of rGO (488.359 mg/mL), SiO; (329.419
mg/mL), and Si02/rGO nanocomposites (248.368 mg/mL) are presented in Tables 3, 4, and 5 and
illustrated in Fig. 8. The optimal antioxidant effectiveness, a lower ICso value is preferable. The
half-scavenging efficiency (ICso) represents the concentration at which half of the free radicals are
neutralized by the sample, indicating its potency. rGO, SiOz, and SiO2/rGO nanocomposites can
efficiently neutralize DPPH free radicals by donating electrons to oxygen atoms. This interaction

results in the formation of a stable DPPH molecule, causing the initial pink color of the methanol-



based DPPH solution to diminish [102-103]. The comparative study of antioxidant activity by
various metal oxides is shown in Table 6.

Table 6. Comparative study of Antioxidant activity by various metal oxides.

Nanomaterial Antioxidant activity (%) ICso(mg/mL) Reference
Clay/RuO> 91 112.11 [14]
Honey/CeO> 63.22 326.79 [26]
Pd-rGO-ZnO 58.0 - [91]
rGO/MgO 82.67 2609.233 [92]
rGO/Fe304/Chitosan 87.6 - [93]
Au NPs 92.34 0.04025 [95]
MgO NPs 76.59 0.5 [96]
ZnO 73 46.5 [97]
CeO: 97 - (98]
SiO,@Ag@LA 33 - [99]
SiO2/rGO 98.06 248.368 Present Work

2.7. CV studies

The cyclic voltammetry (CV) graphs of prepared rGO, SiO> and doped SiO2/rGO electrodes are
shown in Fig. 9. The experiments encompassed of scan rates range from 5 to 50 mVs'!. The steady
current response for rGO, SiO», and doped SiO>/rGO in a 1M KClI electrolyte indicated in Table
8, 9 and 10 respectively. In this analysis, it's evident that both rGO and SiO> exhibit cathodic and
anodic peak currents when associated to SiO2/rGO as illustrated in Fig. 9 (b, d, f). The regression
value (R?) for the Si02/rGO nanocomposite is significantly improved at 0.9944, in contrast to R?
values of 0.9810 for rGO and 0.9956 for SiO,. These values indicate a redox reaction of the
electrodes that is both reversible and diffusion-controlled [102-103]. Nevertheless, its crucial to
emphasize that there is no substantial enhancement in the variation current as the scan rates

increase for both rGO and SiO> graphs. The final results showed in the inset of Fig. 9 ((a) (1)), 9



((c) (1)), and 9 ((e) (1)) illustrate is a direct correlation between variations in the redox peak
potentials (Eo-Er) magnitude and the square root of the scan rate.

This demonstrates efficient charge transfer kinetics at the interface between the electrode and the
electrolyte medium, where Er and Eo represent the anodic and cathodic peaks potential. In eq. (13)
depicts the appropriate reduction and oxidation mechanism occurring within the system.

Si0, + H;0t +e™ - Si+ Hy04+ 05 e cev v e v e e (13)

Silica oxide (SiO2) is reduced by the H> ion, acquiring an electron to produce silicon.
Simultaneously, the hydrated H» ion is oxidized by dropping an electron, resulting in the formation
of H>O and O gas [102]. This process is a redox reaction, involving the transfer of electrons from
one to another reactant. In accordance, with the Randles-Sevcik relation, which governs reversible

methods, the increase in present current is expressed in eq. (14) [103],

ip = 2.69x105xn%xAxD%xC0xV%————(14)
In this above equation, 'n' denotes the number of electrons, 'A' denotes the surface area, 'v' is the
scan rate, 'D' signifies the diffusion coefficient, and 'Co' represents the concentration of the
material. The linear correlation observed the peaks current (ip) and the square root of the number
of electrons moved (n'"?) serves as evidence that the final electrode reactions of rGO, SiO», and
S102/rGO were investigated with respect to the proton diffusion coefficient (D) were indicated in
Tables 7, 8 and 9 respectively. The elevated D value of Si02/rGO indicates that its electrochemical
reaction activity is more efficient when compared to rGO and SiO.. The specific capacitance and
final electrode surface area of rGO, SiO2, and SiO2/rGO were determined relation (15) based on

the CV method [104].
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Where Cs, represents the specific capacitance, 'm' denotes the mass of the active material in grams,

'k’ stands for the scan rate in volts, 'Vi' and 'V>' indicate the initial and final potential window, and



'A' represents the surface area. The specific capacitance (Csp) values for rGO, SiO2, and SiO»/rGO
were determined to be 75, 96, and 114 F/g were indicated in Tables 7, 8 and 9 respectively. The
Si02/rGO nanocomposite demonstrates a significantly higher capacitance value when compared
to rGO and SiO». Moreover, the surface concentration of the electrodes (rGO, SiO2, and SiO2/rGO)
was investigated using the Brown-Anson eq. (16) [105-106].
Ip = n?F?Z Av (4RT)? (16)

In this equation, 'ip' denotes the peak current of the electrode, 'n' represents the number of electrons
transferred (for KC1, n = 1), 'F' is the Faraday constant (96485 C mol™!), 'A'"is the electrode surface
area (1 cm?), 'R’ is the gas constant (8.314 J mol'K'!), 'v' is the scan rate (V/s), 'T' stands for room
temperature (298K or 25 °C), and 'Z' is the surface concentration of the electrode. The surface
concentration of the electrodes was determined to be 2.09 x 10 mol cm™ for rGO, 2.56 x 10™ mol
cm™ for SiO», and 2.66 x 10 mol cm™ for SiO2/rGO. Based on these results, it is evident that the
Si02/rGO nanocomposite exhibited a significantly higher surface concentration in comparison to
both rGO and SiO; [107-109].

A greater surface concentration of an electrode indicates a higher accumulation of relevant
species at the electrode's interface. This increased concentration usually correlates with improved
electrochemical reactivity and reaction rates, especially at the electrode surface where numerous
catalytic and redox processes occur. The increased availability of reactants or catalysts enhances
the efficiency of charge transfer reactions, catalytic activity, and sensing capabilities in

electrochemical systems [110-112].



Table 7. Reversibility, proton diffusion coefficient and capacitance of rGO.

Scan rates (mV/s) Eo (V) Er(V) Eo-Er(V) Dx1073 Csp (F/g)
10 0.0189 0.017 0.0359
20 0.0263 0.0223 0.0486 4.32
30 0.0290 0.0269 0.0559 75
40 0.0338 0.0295 0.0633 -4.25
50 0.0359 0.0341 0.0700

Table 8. Reversibility, proton diffusion coefficient and capacitance of SiO».

Scan rates (mV/s) Eo (V) Er(V) Eo-Er(V) Dx1073 Csp (F/g)
10 0.0224 0.0198 0.0422
20 0.0272 0.0244 0.0516 4.3
30 0.0317 0.0289 0.0606 96
40 0.036 0.0318 0.0678 -3.81
50 0.0389 0.0345 0.0734

Table 9. Reversibility, proton diffusion coefficient and capacitance of SiO2/rGO.

Scan rates (mV/s) Eo (V) Er(V) Eo-Er(V) Dx103 Csp (F/g)
10 0.0166 0.0328 0.0494
20 0.0244 0.0414 0.0658 0.7.06
30 0.0322 0.0507 0.0829 114
40 0.0377 0.0554 0.0931 -6.82
50 0.0443 0.0585 0.1028




2.8. Voltammetry sensor

The ability of rGO, SiO, and SiO2/rGO nickel mesh electrode to sense the various concentration
of bee pollen and cow urine (1-7 mM) were analyzed through CV as shown in the Fig.10 a) to
Fig.10 (f). InFig. 10 (a) and 10 (b) shows sensing performance of bee pollen and cow urine using
rGO electrode in the potential range between -1.0 to -0.5V. This shows increase in the current (+
0.0251 A/cm? at 7 mM) for bee pollen and for cow urine sensor shows an increase current in the
potential range between range between -0.8 to -0.2V about (+ 0.02565 A/cm? at 7 mM) [45]. Fig.
10 (c) and 10 (d) are shows the sensing performance of bee pollen and cow urine using SiO:
electrode in the potential range between -0.75 to -0.35V showing an increase in the current (+
0.0523 A/cm? at 7 mM) for bee pollen and for cow urine sensor which displays an increased current
in the potential range between -0.70 to -0.30V about (+ 0.02565 A/cm? at 7 mM). Fig. 10 (e) and
15 (f) demonstrates the sensing measurement of bee pollen and cow urine using SiO2/rGO
electrode in the potential range between -0.70 to -0.30V displaying an increase in the current (+
0.0471 A/cm? at 7 mM) for bee pollen and for cow urine sensor shows an increased current in the
potential range between -0.70 to -0.30V about (+0.0500 Alcm? at 7 mM) [24, 50, 51]. The above
obtained results show that the rGO/Si10: electrode exhibit good sensing property towards bee
pollen and cow urine sensor material in the same potential scale window and showing high current
response.

Table 10. LOD and LOQ values of rGO, SiOz and SiO»/rGO.

Sample Bee pollen Cow urine
LOD imM) LOQ mM) LODmM) LOQ (mM)
rGO 2.99 9.06 4.18 12.67
SiO, 1.71 5.20 2.58 7.84

Si02/rGO 2.84 8.62 2.45 7.44
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Fig.10. (a, b, ¢, d, e, f) CV sensor response curves of bee pollen and cow urine in rGO, SiO> and
Si0./rGO.

A calibration graph was plotted in the relationship between the concentration of the sensor (mM)
and its peak current of the sensor shown in Fig.11 a) to Fig.11 c) and various parameters of the

sensors are represented in the Table 10. The sensitivity of the materials was found by the slope of



the graph by the active area of the electrode was found 0.00398 (bee pollen) and 0.00267 (cow
urine) A/mM/cm? for SiO2/rGO which is greater as compared to the rGO and SiO». The Limit of

detection (LOD) and limit of quantification (LOQ) were calculated using eq. (17) and (18) [26].

LOD = 3.3 (%) TN € V)

LOQ = 10 (%) TR 6 £ :)

Where, ‘0’ is the standard deviation and ‘m’ is the slope of the calibration curve.

LOD and LOQ determined from CV were given in Table 10 for rGO, SiO;, and SiO2/rGO

electrodes.
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2.9. Reproducibility and Stability of Electrodes

The reproducibility and stability of the nickel mesh electrode are shown in Fig. S3. The
reproducibility of nanomaterials (rGO, SiO> and SiO2/rGO) for 800 cycles at 50 mV/s were
demonstrated in Fig. S3 (a-c) respectively. The stability of the nanomaterial (rGO, SiO; and
Si0»/rGO) was tested for 25" day cycle in the 0.1M KCI (pH~7) shown in the Fig. S3 and excellent
results were recorded. The SiO2/rGO have a good reproducibility, as evidenced by low relative
standard deviation (RSD) of 1.31 % as compared to rGO (3.78 %) and Si0> (2.46 %), this confirms
a reliability of the Si02/rGO sensor [74]. Based on the absence of significant difference. It can be
considered a working electrode for sensing of bee pollen and cow urine using nickel mesh
electrode [14, 23].

2.10. Selectivity test

During the construction of biosensor devices, selectivity plays a pivotal role in their operation. It
furnishes details regarding the capability to accurately identify the target analyte in a mixture. The
research encompassed the investigation of species exhibiting similar oxidation potential and
chemical characteristics as chemicals, in addition to the most frequently encountered compounds
in natural products [100]. The selectivity analysis involves a comparison between various organic
acids and different fruit juices, including Goat urine, Bee wax, Horse urine, Bee pollen, Cow urine,
Honey, Human urine and Bee venom. For this analysis, a solution of prepared chemicals (1 mM)
and the natural product (approximately 1 drops or 1 ml) were introduced into the electrolyte with
a concentration of 1M KCIl. The current response obtained from the Differential Pulse Voltammetry
(DPV) demonstrates the highest current within the potential range from -1.0 to 1.0 V. Based on the
analysis, we can draw the conclusion that Bee pollen and Cow urine, exhibits effective detection

capabilities. As a result, it has been selected for further examination, as depicted in Fig. 12 (d)



[102]. The research work incorporated the use of differential pulse voltammetry (DPV) analysis
conducted on a nickel mesh electrode modified with Si02/rGO. The purpose was to evaluate the
storage stability of a 3 mM solution comprising bee pollen and cow urine, which was dissolved in
a 1 M KCl solution at a pH level of around 7. The biosensor, which had been prepared, was stored
at room temperature (25°C). After 60 days, the recorded current response remained constant at
approximately 100% for both sensors. However, after 40 days, the current response declined to 70
% of its initial value. The biosensor's stability is defined as achieving 90 % of the initial response
within 20 days. Furthermore, the sensitivity of the sensor was determined by calculating the slope
of the linearity graph and dividing it by the active area. The sensitivity values were determined to
be 8.0595 x 10> AmM™" cm2 for Bee pollen and 8.0357 x 10> A mM™" cm2 for Cow urine. The
linear range of the prepared sensor material was explored within the range of 1 to 7 mill molar.
2.11. DPYV sensor studies

The correlation between different concentrations of Bee pollen and Cow urine and the peak current
was determined using the Differential Pulse Voltammetry (DPV) method. The nickel mesh
electrode modified with rGO, SiOz and SiO2/rGO was employed to detect various concentrations
of Bee pollen and Cow urine ranging from 1 to 7 mM. The results indicate that the DPV curves
exhibited a gradual increase in both current and concentrations of Bee pollen and Cow urine within
different potential ranges spanning from -1.0 to 1.0 V [112]. A calibration graph was constructed,
illustrating the relationship between the concentrations of Bee pollen and Cow urine and their
respective peak currents. These graphs can be observed in Fig.12 (a-f) and Fig.13 (a-c). The plot
reveals a linear relationship between the two distinct parameters, which is characterized by the
slope, intercept, and regression value as detailed in Table 5. It is evident that the reduction current

rises with an increase in both Bee pollen and Cow urine concentrations. The Limits of Detection



(LOD) and Limits of Quantification (LOQ) were determined using equations (17) and (18) shown

in the Table. 11 [113].
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Fig. 12. (a-f) DPV of rGO, Si0O; and Si02/rGO using Bee pollen and Cow urine.
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The synthesized compound was assessed for its photocatalytic activity against malachite green,

signifying a remarkably pronounced catalytic efficiency (97%) compared to that of rGO and

Si0,.The DPPH free radical scavenging assay was employed to evaluate the antioxidant activity

Conclusion



of rGO, Si0; and SiO2/rGO, revealing a 98 % activity level and an ICs¢ value of 488.35 mg/mL.
This specifies the compound capability to neutralize free radicals effectively, which is indicative
of its potential as an antioxidant agent. The electrochemical inspection was shown that Si0»/rGO
had higher cycle reversibility, proton diffusion coefficient and specific capacitance. The sensing
action was carried out with bee pollen and cow urine, resulting in the identification of current
peaks in both the oxidation and reduction reactions. Conferring to the outcomes, the material
Si102/rGO is the more promising and effective material in the investigation of other biomolecules,
industry pollutants and pharmaceutical samples. This method provides an environmentally friendly
way of producing Si02/rGO which could be used for potential applications in various fields such
as energy storage, catalysis, biomedical, and sensor studies.
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