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ABSTRACT

ARTICLE INFO

This study investigates the effects of TiO, concentration on the optical and
dielectric properties of ZnO electrospun nanofiber thin films, with the aim of
enhancing visible-light absorption and conversion efficiency. Electrospun
solutions of titanium(iv) propoxide, zinc acetate dihydrate, poly(vinyl acetate), and
N, N-dimethylformamide were deposited onto glass substrates and subsequently
calcined. The resulting fibres had a mean width of approximately 250 nm.
Structural and optical characterisation using SEM, EDS, RBS, XRD, and UV-Vis
spectroscopy revealed no significant lattice interaction between Zn and Ti atoms,
while optical analysis indicated a redshift in the absorption edge and narrowing of
the bandgap from 2.89 eV (5% Ti) to 2.39 eV (25% Ti). Urbach tail analysis
demonstrated reduced disorder with higher Ti content. The dielectric and optical
conductivity parameters increased with photon energy, particularly around the
bandgap region. This work highlights a facile and reproducible electrospinning
route for tailoring ZnO-TiO, nanofibres towards efficient visible-light
photocatalysis and other optoelectronic applications.
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Introduction

Zinc oxide (ZnO) and titanium dioxide (TiO,) are
widely studied materials due to their unique optical,
chemical, and structural combination. ZnO is
particularly attractive because of its one-dimensional
(1D) nanomaterials, which can be fabricated using
various deposition techniques [1]. The synthesis of
ZnO-TiO, mixed oxide materials has gained significant
attention recently due to their enhanced properties
and versatile applications. Combining ZnO and TiO,
can lead to synergistic effects, such as improved
photocatalytic activity, enhanced stability, and
increased surface area [2]. The synthesis of ZnO-TiO,
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mixed oxide materials can be achieved through
various techniques. One such technique is
electrospinning, which involves the production of 1D
electrospun fibres consisting of different polymers
[3]. Electrospinning offers a versatile and cost-
effective method for fabricating ZnO-TiO, mixed oxide
materials with  controlled morphology and
composition [4]. Due to their unique properties and
potential applications, ZnO-TiO, electrospun mixed
oxide nanofibers have gained significant attention in
various fields. Incorporating nanosized oxides in
catalyst formulations has enhanced long-term
durability [5]. The use of electrospinning eliminates
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the need for additional compatibilisers, as the
polymer matrix itself can act as a mediator for in situ
synthesis of nanostructured ZnO clusters [4, 6]. The
applications of ZnO-TiO, mixed oxide materials are
diverse and span different fields. One important
application is environmental remediation, where
these materials can remove agro-pollutants from soil
and water [7]. The agricultural sector is a significant
source of pollutants, such as mineral fertilisers and
pesticides, which can harm the environment [8]. ZnO-
TiO, mixed oxide materials have shown promising
results in the remediation of these pollutants,
contributing to environmental protection [8]. Another
significant application of ZnO-TiO, mixed oxide
materials is photocatalysis. In photocatalysis,
TiO,/Zn0O nanofibers have shown higher

photocatalytic properties than pure TiO, nanofibers [9].

These materials exhibit excellent photocatalytic
properties, making them suitable for degrading
organic compounds under UV and visible light
irradiation[10]. The mixed anatase/rutile phase of TiO,
in the mixed oxide system enhances the charge
separation and improves the overall photocatalytic
efficiency [11]. ZnO-TiO, mixed oxide materials are
highly effective in mineralising different organic
compounds under diffusion-controlled conditions
[10]. Combining ZnO and TiO, in mixed-oxide systems
can yield synergistic effects and improved
performance compared to the individual materials
[12].The controlled synthesis of these materials, using
techniques such as electrospinning, allows tailoring
their properties to meet specific application
requirements [4]. The rationale for modifying ZnO with
TiO, lies in the uniqueness of ZnO-TiO, mixed oxide
materials in terms of their tailored properties and the
ability to control their composition and morphology.
Furthermore, the environmental and energy-
related applications of ZnO-TiO, mixed oxide
materials address critical challenges in sustainability
and pollution control [13]. By tuning the synthesis
parameters, such as the ratio of ZnO to TiO, and the
calcination conditions, the properties of the mixed
oxide materials can be optimised for specific
applications [14].The synthesis of ZnO-TiO, mixed
oxide materials, mainly through electrospinning,
offers a versatile and cost-effective approach to
fabricating materials with enhanced properties. This
study stands out from other published works by
demonstrating a reduction in the opticalbandgap with
increasing TiO, concentration, thereby improving the
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material's suitability for visible-light photocatalysis
applications.

Material and method

Solution preparation: Titanium(iv) propoxide
(Ti(OC3H,),), zinc acetate dihydrate
(Zn(CH,C00),-2H,0), poly(vinyl acetate) (PVAc), and
N, N-dimethylformamide (DMF) were obtained from
Sigma-Aldrich and used as received. Precursor
mixtures with Zn: Ti ratios of 95:5, 85:15, and 75:25
were prepared. Two grams of the precursor mixture
was dissolvedin 1.6 g of PVAc solution in 20 mL of DMF,
and the mixture was stirred until homogeneous.

Electrospinning process: The precursor solution
was loaded into a syringe pump and electrospun for 3
h at a flow rate of 0.5 mL/h under 12 kV potential
difference, with a tip-to-collector distance of 20 cm,
ambient humidity of ~50%, and temperature of 25 °C.
Glass substrates were pre-cleaned with dilute ethanol,
hydrochloric acid, and distilled water. The collected
fibres were calcined in a tubular furnace at 500 °C for
3h.

Characterisation techniques: The surface
morphology and elemental composition were
analysed by scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS). Film
thickness and stoichiometry were measured using
Rutherford backscattering spectroscopy (RBS).
Structural properties were probed by X-ray diffraction
(XRD), while optical characteristics, including
transmittance, absorbance, and bandgap, were
determined using UV-Vis spectroscopy. Optical
constants (refractive index, extinction coefficient,
dielectric constant, and optical conductivity) were
calculated from the measured spectra.

Results
Morphology and elemental analysis

Figure 1 shows the SEM image of the ZnO-TiO,
sample. The qualitative elemental composition of the
samples was probed with energy-dispersive
spectroscopy attached to the SEM. Figure 2 shows the
EDS spectra for the selected 95% Zn to 5% Ti sample.

Rutherford backscattering spectroscopy (RBS)

The EDS results are supplemented by RBS
analysis of the 75%Zn to 25%Ti sample (Figure 3) to
further confirm the presence of the desired elements
and determine the average fibre film thickness, an
important parameter that affects many properties of
thin solid structures of functional materials. Notably,
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the film thickness is required for in-depth analysis of
our optical and electrical data.

£

o«
VEGA3 TESCAN

University of Johannesburg

Figure 1: SEM Image of the ZnO-TiOz2nanofibre
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Figure 2. Energy dispersive X-ray (EDX) of calcined 95% Zn and
20% TiO2 nanofibre
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Figure 3. Rutherford Backscattering (RBS) spectrum of the
calcined 75% ZnO and 25% TiO2 electrospun
nanofibre.

The stoichiometric ratios of the elements and the
thickness (in atoms/cm2) of each sample were
determined by RBS data simulations using the
SIMNRA software. By dividing the thickness (in
atoms/cm2) from the RBS analysis by the atomic
density (in atoms/cm?®), then converting the result to
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nanometers (nm), one can compute the thickness in
nanometers. The atomic density was estimated
according to Equation 1 [15].

) . N,
Atomic density = % 1

where M is the molecular mass of the element, N,
is Avogadro's number, and p is the element's density.
The atomic density of acompound or composite, such
as a metal oxide, was determined by dividing the
atomic density of each element by the fractional
amount of that element present in the material and
adding theresults, as expressed in equation 2, and the
result is presentedin Table 1.

thickness (atoms/cm?)x107

atomic density (atoms/cm3)

Thickness (nm) =

Table 1. Elemental concentration and thickness of the 75% ZnO
and 25% TiO2 electrospun nanofiber composite from
RBS after simulation
Elements Concentration Thickness Thickness
(atm/cm?) (nm)

Zn 0.115040

(o] 0.839421 1.16E+18 1142.607

Ti 0.045539

X-ray Diffraction analysis

Figure 4 depicts the X-ray diffraction pattern for
the composite nanofibre samples with the
corresponding Miller indices for the ZnO and TiO,
composite.
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Figure 4. The XRD spectra of the calcined ZnO- TiO2 nanofibre
composite for the different compositions
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Optical analysis
Transmittance, absorbance and the bandgap

Figures 5 and 6 show the transmittance and
absorbance spectra of the ZnO - TiO, mixed oxide
nanofibre. The Tauc Plot given in equation 3 was used
to determine the optical bandgap of the ZnO-TiO,
electrospun nanofiber composite. A plot of
(ahv)™ against hv  gives the Tauc plot for
determining the bandgap; the resulting graph is shown
in Figure 7.
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Figure 5 Transmission spectra of calcined ZnO-TiO2 electrospun
nanofibre
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Figure 6. Absorbance spectra of calcined ZnO-TiO2
electrospun nanofibre
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Tail width of localised states

Amorphous materials produce localised states
stretched in the bandgap, which is why the
exponential tail arises [16, 17]. Equation 4's Urbach
rule is believed to govern the spectral dependence of
the absorption edge at low photon energies.

where «a, is a constant, hv is the photon
energy and AE denotes "the width of the tail of
localised states in the bandgap" (Urbach energy).

x (v) = a,exp (Z—;) 4

By plotting ln(a) against hv, the reciprocal of the
slope from the linear fit of the linear portions of the
curves gives the Urbach tail width energy of the
localised state of the bandgap (Figure 8). Table 2
shows that the localised states decrease with
increased TiO, concentration.
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Figure 8. Plot showing the variation of lna against photon energy
for the ZnO-TiOz2 nanofibre

Table 2. Ubarch tail width for the calcine electrospun nanofibre

Samples AE (meV)
ZnO-TiO2 (95%Zn, 5%Ti) 1190
ZnO-TiO2 (85%Zn, 15%Ti) 740
ZnO-TiO2 (75%Zn, 25%Ti) 424

Refractive index and Extinction coefficient
Semiconducting materials' refractive index
significantly affects their electrical and optical
properties [18]. Materials with high refractive indices
are known to capture incident rays [19]. To calculate
this crucial semiconductor parameter, the reflectance
was calculated theoretically using Equation 5 [20].

_ T
B= "= >

where T is the transmittance, R is the reflectance,
and Ais the absorbance.

The plot of reflectance against wavelength for all
the samples is presented in Figure 9. The refractive
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index as a function r(A) was then determined using

equation 6. The result is presented in Figure 10.
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Figure 9. Reflectance spectra of calcined ZnO-TiO2
electrospun nanofibre
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Figure 10. Refractive index spectra of calcined ZnO-TiO2
electrospun nanofibre

The material characteristic, the extinction
coefficient (k), defined by equation 11 and shown in Figure
11, indicates the degree to which a material absorbs light at
agiven wavelength. Amaterial's refractive index of light
dispersion has an impact on its extinction coefficient
as well [21]. Equation 5 provides information about
this relation.

A
. 7
41
where k is the extinction coefficient, a=
absorption coefficient, and A is the wavelength.

electrospun nanofiber

Dielectric and optical properties

The real and imaginary components of the
dielectric constant of nanofibre materials can be
determined from the material's extinction coefficient

and refractive index. Equation 8 contains the
relationship used.
e=n?-k*; &=2nk 8

where n, k, er, and i stand for the refractive index,
extinction coefficient, real dielectric constant, and
nanofiber dielectric properties, which are represented
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by their respective characteristic curves in Figures 12
and 13.

imaginary dielectric constant, respectively. The
real and imaginary parts of the ZnO-TiO, electrospun
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Figure 11. Graph of the extinction coefficient against the photon
energy forZnO-TiO2
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Figure 12. Graph of the dielectric real part against the photon
energy for ZnO-TiOznanofibre
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Figure 13. Graph of the dielectric imaginary part against the
photon energy for ZnO-TiO2 nanofibre
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The optical conductivity of the material was also
estimated using Equation 9. The relation between the
conductivity and photon energy is given in Figure 14

Conductivity = %

where n, c and a are the refractive index,

speed of light, and absorption coefficient, respectively.
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Figure 14: Optical conductivity plot for the ZnO-TiO2 nanofibre

Discussion

The sample exhibited a non-woven nanofibrous
morphological structure with an average diameter of
250 nm. The non-woven fibrous structure depicted
well-spread, wide pores, which have been reported to
enhance photocatalytic degradation of dangerous
pollutants and excellent electrolyte soaking in energy
conversion and storage devices [22, 23, 24]. The EDS
revealed the presence of all the target elements,
thereby confirming the successful growth of the
composite fibre.

The RBS spectra exhibited little to no traces of
contaminants from the organic ingredient, such as
acetate, carbon or chlorine from the precursor salt
utilised. The peaks primarily represent the metal oxide
deposited. Additionally, the spectra of the composite
semiconductor oxides showed that the peaks
corresponding to Zn and Ti are distinct. This is mainly
due to the element's mass difference with the nuclei
of the targeted atom, such as zinc, tin, and titanium
[25].

The peaks at 28 angles of 31.78 °, 34.46 °, and
47.25°, with corresponding Miller indices (100), (002),
and (110), respectively, matched the ZnO phases in
the ZnO-TiO, composite. The corresponding
diffraction peak for TiO, in the ZnO-TiO, phase shows
major characteristic peaks at 101 (35.46 °), 220
(53.92°), and 301 (73.78 °), with the most pronounced
peak at 101. No 26 shift was observed for the ZnO
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phase in the ZnO-TiO, composite, which suggests that
there is no interaction between the Zn and Ti atoms in
the ZnO-TiO, phase; as such, ZnO and TiO, retained
their structural characteristics. The TiO, have a rutile
tetragonal structure with lattice parameters a=4.6230
A, c=2.9860 A, and a density of 4.157 g/cm® (COD-96-
900-4145). The calculated crystallite size was 24.27
nm, and the lattice strain was 0.0023.

A decrease in the transmittance is observed from
5% Tito 25% Ti in the wavelength region between 400
and 735 nm. The cut-off wavelength shifts fromthe UV
to the visible region with increasing titanium
concentration. This suggests that Ti could be used to
narrow the bandgap of ZnO into the visible-light
frequency range. The absorbance graph (Figure 6)
shows a red shift in the absorption edge from 5% Ti to
25%Ti,from 476 t0 516 nm. This shows that the optical
absorption edge of the electrospun ZnO-TiO,
nanocomposites fibres demonstrates the
displacement of the band edge absorption into the
visible region. The observed redshift with the increase
in TiO, concentration has also been previously
reported by  [26].

The energy band gap plot of Figure 7 shows that
the material exhibited a direct band gap withn=2, and
the band gap reduces with an increase in the TiO,
concentration. The obtained band gaps for 5%Ti,
15%Ti, and 25%Ti are 2.89, 2.74, and 2.39,
respectively. The composite bandgap is lower than the
Zn0O bandgap reported by [27]. The observed reduction
in the band gap of the ZnO-TiO, as compared to the
ZnO was also reported by [26]. The low value of the
optical bandgap in ZnO-TiO, nanocomposite
compared to ZnO may be attributed to an excessively
small particle size of the TiO,, favouring greater
surface defect densities in TiO, [28].

From the Urbach analysis, the degree of
crystallinity in the ZnO-TiO, compound was found to
increase as the concentration of Ti increased from
5%Tito 25%Ti.

The observed higher values of refractive index in
the ZnO-TiO, electrospun nanofibre composite have
been attributed to the composite, which generates
new energy levels of TiO, and ZnO [29]. The
extinction coefficient ranges from 0.001 to 0.029.

Conductivity increases with increasing photon
energy and rises significantly around the bandgap, as
indicated by the conductivity plot. Similar trends are
evident in both the conductivity and dielectric graphs.
A strong photon-electroninteraction is responsible for
the dramatic increase in conductivity and dielectric
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constant near the bandgap. With the real component
value being higher than the imaginary, the dielectric
properties of the real and imaginary components
exhibit the same pattern.

Conclusion

The optical and structural properties of electrospun
ZnO-TiO, nanofibrous composites were systematically
investigated. Increasing TiO, concentration narrowed the
bandgap from 2.89 eV to 2.39 eV and reduced structural
disorder, improving their suitability for visible-light
photocatalysis.
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