Nano-Structures & Nano-Objects 35 (2023) 101003

Contents lists available at ScienceDirect " NanoStructures
&Nano Objects

Nano-Structures & Nano-Objects

journal homepage: www.elsevier.com/locate/nanoso

Effect of mixing ratios of SiO, nanoparticles synthesized from R
metakaolin on the physicochemical properties of ZnO/SiO, e
nanocomposites

Elijah Yanda Shaba *, Jimoh Oladejo Tijani, John Olusanya Jacob,
Mohammed Abubakar Tanko Suleiman

Department of Chemistry, Federal University of Technology, P. M. B. 65, Minna, Niger State, Nigeria
Nanotechnology Research Group, African Centre of Excellence of Mycotoxins and Food Safety (ACEMFS), Federal University of Technology,
P. M. B. 65, Bosso Campus, Minna, Niger State, Nigeria

ARTICLE INFO ABSTRACT

Article history: Nanomaterials have distinguished themselves as an outstanding class of materials due to their unique
Received 15 April 2023 physical and chemical characteristics compared to bulk materials. The physicochemical properties of
Received in revised form 28 May 2023 nanomaterials can be improved by forming nanocomposites and manipulating different nanoparticles

Accepted 26 June 2023 by varying their mixing ratios. In this study, ZnO and SiO, nanoparticles and ZnO/SiO, nanocomposites

Keywords: were produced using a sol-gel method based on the variation of mixing ratios (1:1, 1:2 and 2:1).
Zn0/Si0, nanocomposites The monometallic oxide nanoparticles (ZnO, SiO;) and the corresponding nanocomposites (ZnO/SiO,)
Kaolin were characterized using HRSEM, EDX, XRD, FTIR, BET and XPS. Regardless of the mixing ratio of ZnO
Mixing ratios and SiO, nanoparticles used, the HRSEM pictures demonstrated a morphological change from the
Physicochemical properties irregular and spherical forms produced for SiO, and ZnO nanoparticles to rod-like shapes for the
Zn0/Si0, nanocomposite. The quartz phase of SiO, nanoparticles, with a crystallite size of 43.67 nm,
and the hexagonal wurtzite phase of ZnO nanoparticles, with a crystallite size of 31.52 nm, were both
synthesized, as revealed by the XRD results. As opposed to this, the XRD patterns of the ZnO/SiO,
nanocomposites synthesized with 1:1, 1:2 and 2:1 mixing ratios showed a mixture of «-quartz (SiO;)
and hexagonal wurtzite (ZnO) with crystallite sizes of 21.24, 29.56 and 15.36 nm, respectively. The
EDS results confirmed the existence of Zn and O for ZnO; Si and O for SiO, nanoparticles and Zn,
Si and O in the prepared ZnO/SiO, nanocomposite, irrespective of the mixing ratios. The XPS results
showed the existence of Zn in the +1 oxidation state in Zn0/SiO, compared to single ZnO with the
Zn** valence. The BET surface area indicates that the Zn0O/SiO, nanocomposites had a higher surface
area (1:1 (39.042 m?/g), 1:2 (55.602 m?/g) and 2:1 (82.243 m?/g)), irrespective of the mixing ratios,
compared to the surface area for the ZnO (8.620 m?/g) and Si0,(0.386 m?/g) nanoparticles. The mixing
ratio of the ZnO and SiO, nanoparticles influenced the crystallite sizes, surface elements oxidation
states and morphology of the Zn0/Si0, nanocomposite formed and the optima mixing ratio for the
formation of ZnO/Si0, nanocomposite was found to be 2:1 of Zn0:SiO, nanoparticles.
© 2023 Elsevier B.V. All rights reserved.

1. Introduction nanoparticles have been synthesized for application in wastew-
ater treatment, medicine, electronics, paints and food indus-

Nanotechnology has gained considerable attention among re-  tries [3-5]. ZnO nanoparticles are a promising material due to
searchers as one of the innovative technologies of the 21st cen- their distinctive characteristics, which include excellent chem-

tury that has transformed numerous sectors of the economy  ical and thermal stability, low cost, non-toxicity, excellent cy-
across the globe [1]. Nanomaterials differ from their macroscale ~ Cling stability, simplicity in production and compatibility with
counterparts in several ways, such as high surface-to-volume Ot.her materials [6,7]. ZnO is an n-type SemlCOHdUCtOF. with a
ratio, compatibility with other materials and high porosity [2]. All wide-band gap Energy of 3.37 eV [8,9]. ZnO 'nanopartlcles are
these properties have made scientists search for nanomaterials one of the most widely produced nanomaterials, they are fre-

. o . quently used in sunscreen, research, food packaging and
that could be used for diverse applications. For instance, ZnO analytical sensing applications [10]. ZnO nanoparticles have

demonstrated several biological and therapeutic applications,
* Corresponding author. such as photocatalysts, with biocompatibility, antibacterial, an-
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effects [11]. Additionally, ZnO nanoparticles have been added to
base oils as additives to enhance their lubricating qualities.

Recently, SiO, nanoparticles have drawn a lot of attention
since they are simple to utilize and stable across all pH ranges
(basic and acidic), have low toxicity, exceptional biocompatibil-
ity, superior mechanical qualities, the capacity to be functional-
ized with a variety of other metal oxides and controlled particle
sizes [12,13]. However, SiO, is usually synthesized from chemical
sources, such as sodium silicate and tetraethylorthosilicate, which
are costly and generate secondary pollutants [14]. The synthesis
of Si0, nanoparticles from other materials, including waste from
agriculture products, such as corn cob, rice husk, palm trash
and coconut shell, that are reportedly environmentally friendly,
have been cited in the literature [15,16]. Recent studies have
shown that readily available materials such as kaolin, with a high
amount of silica compared to other agricultural wastes, have been
utilized in the production of SiO, nanoparticles [17]. The clay
mineral called kaolin contains silica (SiO;) in high concentrations
with high single silica, also the abundant and reasonably priced
kaolin clay contains the by-product alumina. This naturally avail-
able material has been reported to serve as a precursor for the
production of SiO, nanoparticles. For example, Tijani et al. [18]
produced SiO, nanoparticles from dealuminated metakaolin at
different pH values of 5, 8 and 10, and different NaOH concen-
trations (0.5, 1 and 2 M); the final product was calcined in a
furnace at 600, 700 and 800 °C. The authors reported that the SiO,
nanoparticles were highly crystalline. Different methods, such
as solvothermal, hydrothermal, chemical vapour deposition, arc
discharge and sol-gel methods, have been used for the synthesis
of nanoparticles and their composites [19]. Among the aforemen-
tioned methods, the sol-gel method is recognized as a simple and
easy method for the synthesis of nanomaterials.

Despite the successes recorded in the production and appli-
cation of monometallic oxide nanoparticles through the years,
the use of monometallic oxide nanoparticles has been associated
with some drawbacks, such as instability [20], agglomeration [21],
difficulty in recovering after application [22] and low efficiency
compared with nanocomposites [23]. Due to the aforementioned
problems associated with the application of monometallic oxide
nanoparticles, the modification of the surface of monometallic
nanoparticles such as ZnO with another metal oxide, like SiO,
nanoparticles, to produce novel material with unique proper-
ties for diverse applications is desirable. For instance, M. Justine
et al. [24] synthesized a ZnO/SiO, nanocomposite via the sol-gel
method and reported that the phase of ZnO nanoparticles remains
hexagonal shaped after the formation of the Zn0/SiO, nanocom-
posite. They found that the ZnQ/SiO, nanocomposites have a
smaller crystallite size (34.09 nm) than single ZnO nanoparti-
cles (44.37 nm). The authors synthesized the SiO, nanoparti-
cles from tetra ethyl ortho silicate (TEOS). Additionally, Fida'l
et al. [25] synthesized ZnQ/Si0O, nanocomposites. The authors
used the solid-state method to form ZnO/SiO, nanocomposites
using a 1:1 mixing ratio of ZnO nanoparticles and palm waste
silica. The authors subjected the ZnO/SiO, nanocomposites to
calcination at different temperatures (600, 800, 1000, 1200 and
1400 oC). Their research findings indicated that as the calcination
temperature increased, the intensity and the crystallinity of the
Zn0/Si0, nanocomposites increased. Additionally, the authors
reported that the nanocomposites aggregate as the temperature
increased and an irregular particle shape was observed. Numer-
ous studies have been conducted on the formation of ZnO/SiO,
nanocomposites through surface modification of ZnO nanoparti-
cles. These researchers frequently ignored the effect of the mixing
ratios of both the ZnO and SiO, nanoparticles and their effect
on the physicochemical properties of the ZnO/Si0, nanocom-
posites formed. Additionally, many researchers utilize commer-
cially available chemicals as precursors for the production of SiO,
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nanoparticles, where these chemicals are toxic and have long
term effects. Due to their compact size, high surface area and rela-
tionships of phases at their interfaces, ZnO/SiO, nanocomposites
offer unique features. ZnO/SiO, nanocomposites have the poten-
tial to produce high-value materials, such as catalysts, medicines,
biomaterials and environmental remediation.

In this research, the authors describe the synthesis of
nanocomposites (Zn0O/SiO; ) based on varying mixing ratios using
SiO; nanoparticles synthesized from metal kolin for the first time.
The SiO, nanoparticles were synthesized from locally available
kaolin in Niger State, Nigeria. Additionally, the authors compared
the physicochemical properties of the Zn0O/SiO, nanocomposites
synthesized with different mixing ratios of the single monometal-
lic oxides (ZnO and SiO;). The nanocomposites (ZnO/SiO,) pro-
duced were characterized using high-resolution scanning
electron microscopy (HRSEM) and Fourier transform infrared
(FTIR), X-ray photoelectrons spectroscopy (XPS), and X-ray diffrac-
tion (XRD).

2. Experimental section

Analytical grade sodium hydroxide (93%) zinc nitrate hexahy-
drate (98%) and polyvinyl pyrrolidone (PVP) (95%) were provided
by Sigma Aldrich and was used without further purification.

2.1. Synthesis of the zinc oxide/silicon oxide (Zn0/SiO,) nanocom-
posites

The ZnO nanoparticles were synthesized by stirring 50 mL of
0.1 M Zn(NOs3),- 6H,0 at 250 rpm for two minutes at ambient
temperature in a 250 mL beaker using a magnetic stirrer. 25 mL
of 1.0 M NaOH solution was added to the solution, followed by the
addition of 10 mL 5% polyvinylpyrrolidone to the same solution.
This formed a sol-gel-like solution, which was dried at 100 °C
before being calcined at 450 °C for 2 h.

Furthermore, SiO, was synthesized by measuring 5 g of de-
aluminium metakaolin into a 250 mL beaker, then 60 mL of
water were added. The solution was stirred for 15 min, then
30 mL of 0.3 M NaOH was added and the mixture was stirred
continuously at ambient temperature for 30 min. The obtained
mixture was allowed to stand for 24 h and then dried at 100 °C
in an oven for 24 h. Next, it was calcined at 450 °C for 2 h
to give SiO, nanoparticles. Finally, to synthesize the ZnO/SiO,
nanocomposites, 50 mL distilled water was measured into a 250
mL beaker and 5 g of Zn(NOs3),- 6H,0 and 5 g of de-aluminium
metal kaolin, to give a 1:1 mixing ratio, were added. The beaker
was sealed with aluminium foil sheets and stirred for 10 min
with a magnetic stirrer. Next 30 mL of 0.3 M NaOH and 10 mL
of polyvinylpyrrolidone (5%) were added to the same solution
and stirred for 30 min at ambient temperature. The solution was
allowed to stand overnight. This procedure was repeated for the
synthesis of ZnO/SiO, nanocomposites with mixing ratios of 1:2
and 2:1. In each case, the nanocomposites (Zn0/SiO, ) synthesized
were dried for an hour at 100 °C in an oven and later calcined at
450 °C in a furnace for 2 h.

2.2. Characterization of ZnO, SiO, and Zn0O/SiO, nanocomposites

To determine the phases and the crystal structures of the
produced nanoparticles and nanocomposites, CuK,, radiation with
a wavelength of 1.5406 A was used with an X-ray diffraction
(XRD) Bruker D8 diffractometer. A degreased glass slide was
used to disseminate the powdered materials, and a scanned and
scattering signal was generated from 20 to 70°. The data were
compared to the diffraction pattern from the Joint Committee on
the Powder Diffraction Standard and the existing d-spacing data
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(JCPDS). The surface morphology of the produced nanocomposites
was examined using HRSEM (Zeiss Auriga HRSEM). Au/Pd was
applied to each prepared sample (0.05 mg), which was then put
on carbon tape. The microscope was operated with a 5 kV high
electron tension for imaging.

The functional groups of the prepared samples were exam-
ined using an FTI-R Thermo Scientific Nicolet iS5 instrument
to identify different bond stretching bands. The measurements
were performed in the wavenumber range of 4000-500 cm™!.
For these studies, a 0.2 V AC voltage was supplied to the sample.
Data collection and result fitting were performed using WINDETA
and ZView software. X-ray photoelectron spectroscopy (XPS)
(PHI5000 versa probe UL VAC instrument) was employed to
examine and analyse the oxidation state of each sample. The BET
N, adsorption-desorption method was used to determine the sur-
face area of the nanoscale materials. Using a nitrogen adsorption-
desorption study at 76.5 K, the BET Nova 1200e (Quantachrome)
physisorption analyzer was employed in Boynton Beach, Florida,
USA. 0.1 to 0.35 and 0.05 to 0.20 of relative pressure (P/PO)
adsorption data were used. Using the Barrett-Joyner-Halenda
(BJH) method, the total pore volume and pore-size distributions
were calculated for the relative pressure (P/P0O) range of 0.01 to
0.95.

3. Results and discussions

3.1. HRSEM analysis of the single nanoparticles (Zn0, SiO,) and the
nanocomposites (Zn0/Si0,)

Fig. 1 shows the HRSEM micrographs for the morphologies
of the single nanoparticles (ZnO and SiO,) and nanocomposites
(Zn0/Si0,) prepared at different mixing ratios (1:1, 1:2 and 2:1).

3.2. Particles size distribution of the nanocomposites (Zn0/SiO,)

To study the particle size distribution of the nanocomposites
synthesized, the image] software was used to determine the
average particle size distribution and the results are shown in
Fig. 2

As seen in Fig. 1, the morphology of the single ZnO (spherical
shape) and SiO, (irregular shape) nanoparticles in (a) and (b),
respectively, entirely change to a mixture of rod and nanoflower-
like structures after the formation of the nanocomposites
(Zn0/Si0;). The morphological transformation may be due to the
formation of oxide bands of Si-O-Zn, caused by the differences in
the atomic radii of Si (0.4 A) and Zn (0.74 A) in the nanoparticles.
Fig. 1(c), (d) and (e) suggest the formation of a new hybrid
material of ZnO/SiO,. It also noticed that as the amount of SiO,
nanoparticles increase in the binary composite, the rate of ag-
glomeration reduces (see Fig. 1(c), (d), and (e)). This indicates that
the addition of SiO, nanoparticles could reduce the agglomera-
tion of nanoparticles. The highly dispersed agglomerated rod-like
morphology observed in Fig. 1(e) may be connected to the rise in
dissolved Si or Zn concentration, which promotes the electrostatic
force of attraction between the particles, resulting in the devel-
opment of the fused rod-like shape in Fig. 1(c) and (d) [26]. The
morphology of the ZnO/SiO, nanocomposites synthesized in this
study is different from the irregular shape reported in [27] and
the spherical shape reported in [28]. However, Is et al. [29] re-
ported the effect of the concentration on the rough surfaces, and a
nanoflower-like form of ZnO/SiO, nanocomposites. The difference
between the morphologies may be linked to the method and the
starting materials for the synthesis of the SiO, nanoparticles.

The average grain size was calculated using Image] software
by deriving the corresponding grain diameter using optical mi-
crographics. The result shows that the average grain sizes for the
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Zn0/Si0, nanocomposites prepared at mixing ratios of 1:1, 1:2
and 2:1 were 46.05, 42.75 and 40.34 nm, as shown in Fig. 2. This
result confirmed that the ZnO/SiO, nanocomposites prepared at
a mixing ratio of 2:1 have a smaller size compared to the others.

3.3. XRD analysis of the single nanoparticles (ZnO, SiO,) and the
nanocomposites (Zn0/SiO,)

XRD was utilized to study the phase of ZnO, SiO, and the
binary ZnO/SiO, nanocomposites produced with different mix-
ing ratios. The results are given in Fig. 3.

The XRD pattern of the ZnO nanoparticles, shown in Fig. 3(a),
demonstrates the existence of sharp diffraction peaks at 2 theta
values of 21, 24, 26, 37, 46, 52, 56, 58, 59 and 62°, with the corre-
sponding miller indices of (100), (002), (101), (102), (110), (103),
(200), (112) and (004). The calculated lattice parameters for the
synthesized ZnO nanoparticles were a = 3.240 A ¢ = 5.207 A and
V = 47.62 A3. This matches well with those in the JCPDS no
36-1541 for the hexagonal wurtzite phase of ZnO nanoparticles.
Derikvandi et al. [30], Al-Ariki et al. [31] and Rezaei et al. [32]
have reported similar miller indices for ZnO nanoparticles, with
a similar phase of the ZnO nanoparticles. The absence of other
peaks indicates the purity of the ZnO nanoparticles synthesized.

Using the Scherrer equation [33], the crystallite size of the ZnO
nanoparticles was determined to be 31.52 nm. Fig. 3(b) shows
the existence of diffraction peaks at 26 values of 20, 26, 36,
39, 40, 42, 45, 50, 54, 56, 60, 63, 67 and 68°, corresponding to
miller indices of (100), (101), (110), (012), (111), (200), (021),
(112), (202), (103), (211), (212) and (301). These peaks matched
perfectly to alpha quartz SiO,, JCP2_83-0539; the absence of other
diffraction peaks demonstrate a high degree of crystallinity of the
synthesized SiO, nanoparticles from metakaolin. The synthetic
Si0, nanoparticles made from kaolin had a crystallite size of
43.67 nm with lattice parameters of a = 4921 A, c = 5.416 A and
V = 113.590 A3. The XRD results for the ZnO/SiO, nanocompos-
ites (1:2) in Fig. 3(d) show prominent diffraction peaks compared
to the low intense peaks observed for the Zn0O/SiO, nanocompos-
ites prepared using the mixing ratios 1:1 and 2:1 (see Fig. 3(c)
and (e), respectively). The high peak intensity in Fig. 3(d) may
be linked to the increasing amount of SiO, in the nanocom-
posite (ZnO/SiO,) which further enhanced the crystallinity of
the ZnO/SiO, nanocomposite. This observation could also be at-
tributed to the fact that SiO, is more energetically stable in the
nanocomposites than ZnO. In comparison with the result pre-
sented for SiO, and ZnO in Fig. 3(a) and (b), it is obvious that the
SiO; alpha quartz is the dominating phase of the formed ZnO/SiO,
nanocomposites. Additionally, the phase of single SiO, and ZnO
nanoparticles did not change after the successful immobilization
of Si0, nanoparticles onto the core shell of the ZnO nanoparticles,
with the exception that ZnO appears at a higher diffraction angle,
suggesting that the lattice structure of the ZnO was distorted after
the nanocomposites were formed. The dominant effect of SiO,
in the ZnO/Si0, nanocomposites matrix suggests the diffusion of
silicon (Si) ions onto the core-shell of the Zn ions, based on an
ionic radius mechanism, Si** (0.26 A) with a smaller ionic radius
diffused faster and successfully compared to Zn?t (0.74 A), with
a higher ionic radius. Bahrami and Karami’s [34] investigation
further supported the finding of this research that the ZnO phase
was unaffected by the addition of SiO,. The average crystallite
sizes were found to be 21.24, 29.56 and 15.36 nm for 1:1, 1:2 and
2:1Zn0/Si0, nanocomposites, respectively. At a smaller dosage of
Si0, nanoparticles, the 1:1 sample (b) displays a bigger increase
in the crystallite size. This is because adding SiO, causes the ZnO
nanoparticle unit cell to contract, which leads to the creation of
Si-O-Zn oxide clusters. Wang et al. [35] reported that this may
also be attributed to the electron affinity of the Si ion, which is
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Fig. 1. HRSEM images of the (a) ZnO and (b) SiO, nanoparticles and the ZnO/SiO, nanocomposites with a mixing ratios of (c) 1:1 (d) (1:2) and (e) 2:1.

positive (+134.068 ] mol™!), compared to that of the Zn?* ion
(=58 ] mol™'); thus Zn?* is more likely to interact with 02
(4+140.976 ] mol~!) than with the Si ion. The combination of the
attractive/repulsive interactions improves the diffusivity of the
oxygen and zinc ions in the domains and aids the movement of
electrons within the molecules which caused the observed trend.

3.4. EDS analysis of the single nanoparticles (ZnO, SiO,) and the
nanocomposites (Zn0/Si0-)

Fig. 4 displays the results of the EDX analysis used to evalu-
ate the elemental composition of the Zn0O/SiO, nanocomposites
synthesized from ZnO and SiO, nanoparticles at different mixing
ratios.

Fig. 4(a) reveals the presence of Zn, O and C. The O peak
appears at 0.50 keV, whilst the peaks at 1.01, 8.65 and 9.49
keV correspond to the Zn ion, with an atomic percentage of
55.96%, whilst the O atomic percentage was 35.14% and the
atomic percentage of C was 7.90%. The appearance of the peaks
for carbon may be linked to the polyvinylpyrrolidone (PVP) used
as stabilizing agent, surface stabilizer, nanoparticle dispersant,

structure directing agent and reducing agent for the synthesis
of the ZnO nanoparticles. Fig. 4(b) confirms the existence of Si
and O at 1.69 and 0.47 keV, respectively. The Si** ion percentage
weight (wt%) was found to be between 45.47 and 52.18%. The
produced Zn0O/SiO, nanocomposites principally contain Si, Zn and
O components, according to the EDS spectra in Fig. 4. O has a
peak at 0.57 keV, Zn has peaks at 1.08, 8.75 and 9.68 keV, and Si
has a peak at 1.75 keV. According to the results for the ZnO/SiO,
nanocomposites, there is a rise in the binding energies for C, O,
Zn and Si. This increase in binding energy may be caused by the
diffusion of SiO, nanoparticles into the gaps between Zn’** and O,
ions. The Zn ion concentrations (wt. %) were found to be 55.09,
54.15 and 19.59% for (c), (d) and (e), respectively, while the Si ion
concentrations (wt. %) were found to be 1, 1.87 and 40.49% for
(c), (d) and (e), respectively. The increase in the atomic weight
percentage of Si in the matrix of the Zn0O/SiO, nanocomposites
may be responsible for the formation of a highly compacted/fused
rod-like network in Fig. 1(e). Moreover, the O ion concentrations
(wt. %) were found to be 43.92, 43.98 and 34.91% for the samples
displayed in Fig. 4(c), (d) and (e), respectively. This result corrob-
orated the earlier results of XRD and the HRSEM in Fig. 3(d) and
(e), where the XRD result of the sample with a higher dosage of
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Fig. 2. Average grain sizes for the ZnO/SiO, nanocomposites prepared with mixing ratios of (a) 1:1, (b) 1:2 and (c) 2:1.

SiO, shows higher intense peaks and a larger particle size. The
occurrence of both Zn, Si and oxygen in the EDS in Fig. 4(c), (d)
and (e) is a confirmation that the Zn0O/SiO, nanocomposites were
formed.

3.5. Fourier transform infrared spectroscopy of the single nanopar-
ticles (ZnO, SiO,) and the nanocomposites (Zn0/SiO,)

Fig. 5 shows the FTIR results for the single nanoparticles (ZnO
and SiO,) and the Zn0/SiO, nanocomposites prepared with dif-
ferent mixing ratios.

Fig. 5(a) shows adsorption bands at 1739 and 1358 cm™!,
which confirms the existence of C-H and C=0 bonds [36]. The
presence of a peak at 1024 cm~! may be caused by the C-N
stretching vibrations in the PVP utilized as a stabilizing agent for
the production of the nanomaterials [37]. According to Nagaraju

et al. [38], the Zn-O bond can exhibit an FTIR absorption peak
in the 500-400 cm™! region. In this study, the Zn-0 absorption
peak is at 782 cm~!, which confirmed the existence of the Zn-0
bond [39]. This is different from the adsorption peak reported at
476 cm™! for ZnO in Ref. [40]. The difference observed in this
study may be ascribed to the calcination of the sample at 450 °C.
SowriBabu et al. [41] have reported a similar trend, they found
that a ZnO sample that had not been calcined initially displayed
a Zn-0O absorption peak at 457 cm~!, which shifted to 518 and
682 cm™! after being calcined at 300 and 500 °C, respectively. The
adsorption peaks obtained in this analysis are greater than the
546 cm~! reported by [42]. The PVP utilized as a stabilizing agent
for the production of ZnO nanoparticles may be the cause of the
difference observed.

The peaks at 793 and 1020 cm™~! in Fig. 5(b) are characteristic
of the asymmetric vibration and symmetric stretching vibration
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Fig. 3. XRD patterns of the ZnO (a) and SiO, nanoparticles and the (b) ZnO/SiO, nanocomposites with mixing ratios of (c) 1:1 (d) (1:2) and (e) 2:1.

of the 0-Si-O bonds. The adsorption band visible at 950 cm™!
may be ascribed to the bond formed between silicon and hydro-
gen (Si-H). Fig. 5(c), (d) and (e) show similar adsorption bands for
the ZnO/Si0, nanocomposites, irrespective of the mixing ratios,
only that the frequencies for the ZnO and SiO, nanoparticles
shifted to lower adsorption frequencies compared to the values
obtained after the formation of the ZnO/SiO, nanocomposites (see
Fig. 5(a) and (b)). This may be due to the interaction between the
single nanoparticles (ZnO and SiO;) in the ZnO/Si0, nanocom-
posites which collaborates with the analysis of [43] where the
authors also stated that the adsorption frequency shifted to a
lower frequency after the formation of composites. The bands at
1020 and 790 cm™! were attributed to the asymmetric Si-O-Si
stretching and bending vibrations in the ZnO/SiO, nanocompos-
ites prepared with different mixing ratios. The presence of peaks
relating to the Zn-0 and Si-O bonds is evidence that the ZnO and
SiO; nanoparticles in the nanocomposites interact strongly.

3.6. XPS analysis of the single nanoparticles (ZnO and SiO,) and the
Zn0/Si0, nanocomposites prepared with different mixing ratios

The results of the general XPS survey are shown in Fig. 6,
which also shows the chemical states of the various elements
found in the core shell of the single nanoparticles (ZnO, SiO,) and
Zn0/Si0, nanocomposites prepared with different mixing ratios.

Fig. 6 shows binding energies of 1047 and 1025.1 eV, respec-
tively, corresponding to Zn 2p1/2 and Zn 2p3/2. This indicates the
existence of Zn on the surfaces of the samples in the chemical
state Zn>*. The binding energy at 103.78 eV in Fig. 6(b), corrob-
orates the idea that Si is present in the SiO, nanoparticles. The
existence of C 1s at 285.6 eV in the XPS results may be as a result
of the PVP utilized as a stabilizing agent for the synthesis of ZnO
and ZnO/SiO,.

3.7. XPS analysis of the Zn (2p3/2) orbital of the single nanoparticles
(Zno, Si0,)

The XPS bands of Zn 2p3/2 for the ZnO nanoparticles and Si
2p for the SiO, nanoparticles were deconvoluted and Fig. 7 shows
the results.

The binding energy at 1021.80 eV in Fig. 7(a) shows a sin-
gle broad peak, which depicts the XPS spectrum of Zn 2p3/2
(Zn0). This further suggests that a strongly electropositive zinc
ion (Zn?*) is present in an electronegative environment charged
with 0~ jons in the ZnO hexagonal Wurtzite structure geometry.
This study is consistent with the observations made separately
by Nguyen et al. [44] and Ferreira et al. [45], who found ZnO at
binding energies of 1022.6 and 1022.15 eV. A large diffraction
peak at 106.72 eV is observed in Fig. 7(b), which indicates the
existence of silicon in the 44 oxidation state (Si**).
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3.8. XPS deconvoluted spectrum of O 1s for the ZnO and SiO,
nanoparticles

XPS was used to study the deconvoluted O 1s spectra of the
ZnO and SiO, nanoparticles and the results are presented in Fig. 8

Three distinct peaks at 530.6, 532.2 and 533.5 eV for the
binding energies correlating to 0~ and O~ ions can be seen in
Fig. 8(a). A peak, commonly referred to as the zinc oxide peak,
appears at 530.6 eV, which is indicative of zinc oxide (ZnO). Wang
et al. [46] reported that the O~ ions in non-metallic oxides, such
as ZnO nanoparticles, typically have a binding energy between
527 and 530 eV for O 1s [35]. The common binding energy for
the atoms of oxygen present in the ZnO matrix is between 530.6
and 531.1 eV. The coordination of oxygen atoms, also known
as O~ ions, which form bonds like C=0 and COO~, may be the
cause of the appearance of peaks at 531.1 and 532 eV [47]. The
binding energies at 530 or 532 eV, match to ZnO, and the binding
energies of 530.6, 532.2 and 533.2 eV, which were attributed to
02—, 0~ ions and Zn-0, respectively, have also been reported by

another researcher. Likewise, Pawlak et al. [48] noticed a similar
pattern, assigning 0>~ and O~ binding energies of 530.6 and
532.2 eV to 0-Zn-0 and Zn(OH),, respectively. The O 1s spectrum
shown in Fig. 8(b) showed the existence of a single sharp peak at
536.3 eV. The existence of just one peak indicates the existence of
oxygen atoms in the SiO, nanoparticles. Kamarulzaman et al. [49]
reported a comparable finding in their research. The disparity
between the results of this study and the values (532.3 eV)
published by Lanco et al. [5S0] may be ascribed to the methods of
production and the precursor (metakaolin) used for the produced
SiO, in this study.

3.9. XPS analysis of the Zn and Si states in the nanocomposites
(Zn0/Si0,)

XPS was further used to study the chemical state of the Zn
and Si in the ZnO/Si0, nanocomposites and the results of the
deconvoluted XPS spectra of Zn and Si are presented in Fig. 9.
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Fig. 5. FTIR plots for the (a) ZnO and (b) SiO, nanoparticles and the ZnO/SiO, nanocomposites with mixing ratios of (a) 1:1 (b) 1:2 and (c) 2:1.

The Zn element in the Zn0O/SiO, nanocomposites likely exists
in the +1 valence as opposed to Zn?>* noted earlier for the
single ZnO nanoparticles. Fig. 9(a) shows peaks at 1045.63 and
1022.63 eV that correspond to the Zn 2p1/2 and Zn 2p3/2 orbitals
(a). In the ZnO/SiO, nanocomposites, the existence of only +1
Zn ion suggests the creation of chemical bonds with other ele-
ments, which caused the spin-spin splitting of the Zn orbital, as
seen in Fig. 9. (a). The XPS spectrum of Zn 2p in the Zn0/SiO,
nanocomposites shows that the ZnO nanoparticles have been
transformed and incorporated into SiO, to form the ZnO/SiO,
nanocomposites. Fig. 9(b) indicates that after the development
of the Zn0O/SiO, nanocomposite, Si 2p3/2 remained unchanged.
This result confirms the stability of the SiO, nanoparticles in the
composites. Additionally, Si exists in the 44 oxidation state (Si**)
in the composites.

3.10. Brunauer-Emmett-Teller (BET) of ZnO and SiO, nanoparticles
and the Zn0/Si0, nanocomposites prepared with mixing ratios of 1:1,
1:2 and 2:1

The BET nitrogen adsorption-desorption isotherm was used
to estimate properties (surface area, pore volume and pore di-
ameter) for the individual nanoparticles (ZnO and SiO, ) and the
corresponding ZnO/SiO, nanocomposites prepared with different
mixing ratios, and the results are presented in Fig. 10 and Table 1.

The N, adsorption/desorption isotherms of the ZnO and SiO,
nanoparticles and the ZnO/SiO, nanocomposites, as shown in

Table 1
The surface area, pore volume and pore diameter of the pure nanoparticles (ZnO
and SiO;) and the ZnO/SiO, nanocomposites.

Sample Surface area Pore volume Pore diameter
(m?[g) (cc/g) (nm)

Zn0 8.620 0.353 26.173

Sio, 0.386 0.002 32.150

Zn0/Si0, (1:1) 39.042 0.216 18.712

Zn0/Si0, (1:2) 55.602 0.296 13.135

Zn0/Si0; (2:1) 82.243 0.336 8.001

Table 1, demonstrate that the BET surface area for the single
ZnO and SiO, nanoparticles were 8.620 and 0.386 m?/g. After
the synthesis of the ZnO/SiO, nanocomposite, the surface area
increases, irrespective of the mixing ratio. The results indicate
that the ZnO/SiO, nanocomposites synthesized using ZnO/SiO,
in a 2:1 ratio recorded the highest surface area of 82.243 m?/g,
compared to 39.042 and 55.602 m?/g recorded for the mixing
ratios of 1:1 and 1:2, respectively. This result shows that the
change in the surface area depends on the mixing ratios of the
nanoparticles. These findings are very similar to those of the XRD
data presented in Fig. 3, where the Zn0Q/SiO, nanocomposites
synthesized at a mixing ratio of 2:1 had the smallest crystallite
size compared to the other mixing ratios. This may be related
to the high surface area recorded for the ZnQ/SiO, nanoparticles
prepared with the mixing ratio of 2:1. The observed trend in this
respect is not suppressed because the smaller the crystallite size
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of a material, the higher the surface area. (') Additionally, the
high surface area observed after the formation of the nanocom-
posites is an indication that more active sites were produced
when the ZnO/SiO, nanocomposites was formed.

The high surface area could also be ascribed to the fact that
the sol-gel process causes the ZnO and SiO, lattice structure to
delaminate and cross-link, making the internal surface of the
Zn0/SiO, accessible and increasing the specific surface area af-
ter the formation of the nanocomposites. This observed trend
could be the reason why the pore size decreases as the surface
area increases, as reported in Table 1: 32.150, 26.173, 18.712,
13.135, 8.001 nm for SiO,, ZnO, ZnO/Si0; (1:1), ZnO/Si0, (1:2)
and Zn0O/SiO, (2:1) nanocomposites, respectively, indicating that
the delaminated ZnO nanoparticles were distributed uniformly
throughout the SiO, nanoparticle matrix. It is obvious from Ta-
ble 1 that the surface area of the nanoparticles depends on the
mixing ratio used for the formation of the ZnO/SiO, nanocom-
posites.

Based on these findings, it can be concluded that the ZnO/SiO,
nanocomposites prepared using the mixing ratio of 2:1 have the
potential to be employed for adsorption, catalysis, separation
barrier, storage processes and drug delivery, since these processes
rely on interface phenomena and benefit greatly from the use of
high-surface-area materials and the intensification of these pro-
cesses directly depend on the amount of surface area available for
interactions. The findings in this research corroborate the findings
of Zenkovets et al. [51] who synthesized silica/montmorillonite

nanocomposites and reported an increase in surface area after the
formation of the nanocomposites.

Fig. 10 shows that the ZnO and SiO, nanoparticles and the
Zn0/Si0, nanocomposites produced follow type IV isotherms and
have residual rings at relative pressures of P/Py in the range 0.5 to
1, indicating monolayer adsorption [52]. According to the values
of the pore diameter obtained for the SiO, and ZnO nanoparti-
cles and the Zn0O/SiO; (1:1), Zn0/SiO; (1:2) and ZnO/Si0, (2:1)
nanocomposites, these indicate that the delaminated ZnO
nanoparticles were distributed uniformly. According to the IUPAC
standard, ZnO and SiO, nanoparticles and the Zn0/SiO, nanocom-
posites produced have a mesoporous structure since their pore
diameters are between 2 and 50 nm [53].

3.11. Comparison of the findings from the current research with
previous studies in the literature

The findings from this research have been compared with the
results of previous research in the literature, as shown in Table 2

From Table 2, it is evident that many of the researchers
that have carried out an analysis on the production of Zn0O/SiO,
nanoparticles and other composites of ZnO and SiO, nanoparti-
cles with other materials, but did not vary the molar ratio of both
materials as compared to this current research. This makes the
current research unique because of the variation of the mixing
ratio of both the nanoparticles (ZnO and SiO;) used for the
formation of the nanocomposites (ZnO/SiO,). From the previous

10
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studies, it can be seen that the particles sizes obtained in this
study (21, 29 and 15 nm for 1:1, 1:2 and 2:1 mixing ratios) are
lower than the values recorded in the selected review and are
comparable with the crystallite size reported by Lyu et al. [54]
and Kazemzadeh [55]. This is an indication that the material used
in this current study may have advanced potential compared
to the others, especially in the area of treating wastewater and
in the medical industries, since the use of the nanomaterials
has been ascribed to the crystallite of the materials in these
areas. Additionally, nanorods were synthesized in this current
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study compared to spherical, flower and hazy-like structures
reported in the previous studies. The differences observed in this
study may be related to the different materials used and the
use of naturally available material for the synthesis of the SiO,
nanoparticles.

4. Conclusion

Zn0/Si0, nanocomposites with different mixing ratios of ZnO
and SiO, nanoparticles (1:1, 1:2 and 2:1) were successfully
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Table 2

Comparison of the results of the Zn0O/SiO, nanocomposites with previous studies.

Nano-Structures & Nano-Objects 35 (2023) 101003

Nanomaterials Method of Synthesis conditions Crystallite Shape Characterization Mixing Ratio Ref.
Synthesis size (nm) tools
SiOy/PVA and 14-20 hazy like XRD, FT-IR, different proportions of [54]
Si0y/PMMA UV/visible 20:1, 10:1, and 5
TiOy /SiOy, sol-gel stirred for 24 h and aged at 100 30, 25 Spherical XRD, FESEMs, TEMs 1:01 [55]
Fe304/Si0y °C for 24 h. Calcined for 3 h at
400 °C.
Ag/ZnO facile Stirred at 60 °C for 1h at and 10-20 Spherical SEM, EDS, TEM 2, 5 and 10 were [56]
method oven dry at 60 °C overnight selected to investigate
the effect of Ag
content
Ag-ZnO Green Stirred at 70 °C and Calcined at 15 to 25 flower-like XRD, FT-IR, XPS, Change in [57]
method 500 °C for 10 min (TEM) 12 SEM, TEM, XPS, concentration of Ag
to UV- Vis nanoparticles 2, 8, 10%
20 (XRD) and
Fe304/Si0y The solution was stirred for 5 h 50, 43, 41 FTIR, XRD, 5, 15 and 30% SiOy [58]
and centrifuged oven dried in a concentrations
100 °C
Ni-Ag Stirred for 3 h, the solution was 22, 19 and Ni and Ag (0, 1, 3 and [59]
allowed to stand overnight at 26 for 5 mol.%) and ZnO was
room temperature and dried for Ag-ZnO constant
4 h at 120 °C, calcined at 450 °C
for 6 h
Zn0/Si0y Sol-gel Synthesized at room temperature, 20.3 nanoflower-like XRD, SEM, EDS 5, 10 and 20% of zinc [60]
ageing for 48 calcination at FTIR, HRSEM, XPS oxide precursor
500 °C. solution
Chitosan/Fe304 Sol-gel 45 (Fe304) Spherical DLS, FESEM, TEM, - [61]
and 27 VSM, XPS, FT-IR,
XRD
Zn0/Si0y Sol-gel Stirred for 2 h,. oven-dry for 3 h 34.09 irregular SEM, XRD, BET, - [24]
at 130 °C. FT-IR
Ag-ZnO In situ Temperature of 80 °C, and pH of 76.5, 75.8, Spherical XRD, ATR-FTIR, 1, 3, 5 and 8% of Ag [62]
facile green 7-8 74.6 and FESEM, TEM
47.9
Chitosan-ZnO Sol-gel Stirred for 24 h, dried during 20 h 453 - FTIR, XRD, TGA Percent of ZnO (5, 10, [63]

at 60 °C

15 and 20 wt%)

synthesized using the sol-gel and wet impregnation methods.
The morphology, crystallite size, elemental compositions, func-
tional groups and chemical state of the ZnO, SiO, nanoparticles
and Zn0/Si0, nanocomposites synthesized were determined by
HRSEM, EDS, XRD, FT-IR and XPS, respectively. The HRSEM analy-
sis showed that the morphology of the Zn0O/SiO, nanocomposites
synthesized was greatly affected by the amount of SiO, nanopar-
ticles in the composite matrix. The ZnO/SiO, nanocomposite
synthesize using a mixing ratio of 2:1 was found to be less
agglomerated compared to the ZnO/SiO, nanocomposites syn-
thesize using 1:1 and 1:2 ratios of ZnO and SiO, nanoparticles.
The crystallite size, morphology, particle size distribution, surface
area, elemental composition and chemical state of the Zn0O/SiO,
nanocomposites synthesized are affected by the mixing ratio.
The Zn0O/Si0O, nanocomposites prepared using a 2:1 mixing ratio
have better physicochemical properties compared to the indi-
vidual nanoparticles and the other ZnO/SiO, nanocomposites.
The ZnO/Si0O, nanocomposite prepared at a 2:1 mixing ratio had
a smaller crystallite size (15.36 nm.) and higher surface area
(82.243 m?/g). According to the findings from this research, it
can be said that the nanocomposites produced using the ratio of
2:1 of ZnO and SiO, nanoparticles have superior properties com-
pared to the others. Therefore, Zn0/SiO, nanocomposite prepared
using a mixing ratio of 2:1 for the ZnO and SiO, nanoparticles
can be applied in different fields, such as construction, catalyst
and adsorbent in the treatment of wastewater due to its lesser
agglomeration.
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