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Abstract The effects of the poly (vinyl alcohol): zinc
acetate (PVA:AcZn) mass ratio on the morphology and
structure of the precursor electrospun fibers as well as
the calcination conditions on the morphology and chem-
ical and physical structure of the as-obtained zinc oxide
(ZnO) nanofibers are deeply discussed in this work.
Initially, precursor nanofibers were obtained through
electrospinning, a simple and accessible process for
the production of materials in nano- and sub-
micrometric scales, of aqueous solution of poly (vinyl
alcohol) (PVA) and zinc acetate (AcZn) in the mass
ratios PVA:AcZn 1:0.5, 1:1, and 1:2. In the sequence,
the precursor nanofibers were calcined (500, 600, and
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700 °C, for 2 h in atmospheric air) to obtain the ZnO
fibers. The precursor PVA:AcZn and the ZnO fibers
were characterized through Fourier transform infrared
spectroscopy (FTIR), thermogravimetry (TG), X-ray
diffractometry (XRD), X-ray scattering spectroscopy
(EDS), Raman spectroscopy, and scanning electron mi-
croscopy (SEM). The set of results indicates that the
ZnO fibers with the best characteristics (homogeneity in
morphology, smaller average diameter, organization of
the crystalline structure, among others) were obtained
using mass ratio of PVA:AcZn 1:1 and calcination at
600 °C for 2 h in atmospheric air.

Keywords Electrospinning - Nanofibers - Poly (vinyl
alcohol) - Zinc acetate - ZnO nanofibers

Introduction

One-dimensional (1D) structure materials, such as nano-
rods, nanotubes, nanowires, and nanofibers, have been
the focus of several kinds of research due to their large
specific surface area, and special chemical and physical
properties originating mainly from their size. These
properties make 1D nanostructure intriguing for numer-
ous applications (Zhao et al. 2019). A large number of
fabrication methods have been demonstrated to produce
different 1D nanostructure, including electrospinning
hydrothermal, self-assembly, and isolation from natural
sources, for instance (Cavaliere 2016). Among these
methods, electrospinning is, from the technological
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point of view, a very interesting strategy because the
fibers can be obtained in nano- and sub-micrometric
scales, with controlled orientation and morphologies.
From an economic and industrial points of view, the
electrospinning technique is also interesting because the
equipment, on a laboratory scale, is very accessible and
scalable, as compared to other processes (Mertritt et al.
2012), for monitoring large quantities of nanofibers
(Thenmozhi et al. 2017; Xue et al. 2019; Persano et al.
2013).

Electrospinning is a technique widely used for the
production of fibers of diameters in the nano- and sub-
micrometric scales, allowing high surface/volume ratio
(Wang et al. 2020; Zhang et al. 2020; Ghafari et al.
2019). The principle of the technique consists in ejecting
a polymeric solution that travels across an electric field
created by connecting an external voltage source to a
metallic (grounded) collector and to the capillary tube
(normally, a metallic needle connected to a syringe from
which the solution is ejected). In the trajectory capillary
collector, the solvent evaporates and the polymeric ma-
terial is deposited in the collector as fibers (Greiner and
Wendorff 2007).

Zinc oxide nanofibers (ZnO) have attracted increased
attention since it is an important semiconductor with
unique properties and employed in different fields, such
as catalysis (Wang et al. 2019), sensors (Kim et al.
2019), and optical devices (Kim et al. 2019; Li and
Xia 2004). The interest for electrospun ZnO nanofibers
has increased since the pioneer work by Yang et al. in
2004 (Yang et al. 2004; Sawicka and Gouma 2006). A
very interesting application of ZnO nanofibers is as a
basic material for gas sensors. For example, Shingange
et al. (2019) developed an H,S sensor based on ZnO
nanofibers obtained through electrospinning and doped
with La,O;. The authors found that the sensor has high
selectivity, sensitivity, and reproducibility, as well as
stability and rapid response for the detection of H,S.
Recent work developed in our research group shows
that ZnO nanofibers chemically modified with L-cyste-
ine can be used as high sensitivity sensor for detecting
Pb”* ions and can be noticed as another example of this
type of application (Oliveira et al. 2020). In that work,
the ZnO fibers were produced from calcination of
PVA:AcZn electrospun nanofibers at 1:1 ratio obtained
from the electrospinning of an aqueous PVA solution
containing zinc acetate (PVA/AcZn). Other PVA:AcZn
ratios did not show the same response as the ZnO fibers
made through calcination at 600 °C of PVA:AcZn at 1:1
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ratio. The detection limit of the Pb** sensor was
0.397 pg/L, showing high sensitivity and selectivity as
compared to other sensors that are not based on ZnO
nanofibers.

However, for production of metal oxide nanofibers
through electrospinning, generally, a polymeric material
is used as template to eject the solution and to
polymeric/metal fiber formation (Zhang et al. 2019;
Kantiirk Figen and Coskuner Filiz 2019). PVA is one
of the most used polymers to produce nanofibers (Costa
et al. 2019; Chamakh et al. 2020; Saveh-Shemshaki
et al. 2019). PVA is a synthetic polymer that is hydro-
philic, odorless, non-toxic, biocompatible (Alexandre
etal. 2014), biodegradable (O'Donnell et al. 2020), with
good flexibility and transparency (Peng et al. 2017),
water resistant (Peng et al. 2017), with good ability to
form films and good mechanical properties (Peng et al.
2017; Tian et al. 2018), and has high swelling properties
(Xie et al. 2012), characteristics that expand the use of
this polymer in several fields (Peng et al. 2017; Tian
et al. 2018).

Accordingly, in this work, we present and discuss the
effects of the PVA:AcZn mass ratio in the precursor
solution on the morphology and average diameter of the
PVA:AcZn nanofibers, as well as the effect of the cal-
cination temperature on several properties of the ZnO
fibers. The ZnO nanofibers were characterized through
several techniques, such as SEM/EDS, FTIR, TG, Ra-
man, and XRD.

Experimental
Materials

Poly (vinyl alcohol) (PVA) Mw = 104.5 kDa) and de-
gree of hydrolysis 87-89% was purchased from Neon
(Suzano-SP, Brazil). Zinc acetate (AcZn), purity > 98%,
was purchased from Labsynth (Diadema-SP, Brazil).
Zinc oxide (ZnO, powder), 99%, was purchased from
Nuclear (Brazil). All reagents were used without prior
purification.

Methods
Preparation of PVA-AcZn solutions

Aqueous solution of PVA 12.4% m/v (12.4 g in 100 mL
of distilled water) was prepared under heating between
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80 and 90 °C and magnetic stirring for 2 h for complete
solubilization of the polymer and homogenization of the
solution. Subsequently, aqueous solutions of AcZn were
prepared at 10.0, 20.0, and 40.0%—m/v (from the sol-
ubilization of 300.0, 600.0, and 1200.0 mg of the solute
in 3 mL of distilled water). Then, the AcZn solutions
were poured into 5 mL of PVA solution to achieve the
mass ratios PVA:AcZn (1:0.5, 1:1, and 1:2). The mix-
tures were stirred for about 3 min on a magnetic stirrer.
Using the same procedure, a PVA solution (without
AcZn) was also prepared and used for comparison.
The solutions were identified by the mass ratio
PVA:AcZn: 1:0, 1:0,5, 1:1, and 1:2.

Synthesis of PVA/AcZn and ZnO nanofibers

Aliquot of 5 mL of the PVA:AcZn solution was trans-
ferred into the syringe and then inserted into the injec-
tion pump of a homemade electrospinning apparatus.
The distance of the needle (Zpiermar = 0.7 mm, 30-mm
length) to the stainless steel collector (circular, static,
@=15cm) was 15 cm. The applied voltage was 22 kV;
and the solution was ejected from the syringe at a rate of
0.20 mL h™". The electrospun PVA/ZnAc fibers depos-
ited in the collector were stored in a desiccator for 24 h
followed by calcination in a furnace at 500, 600, or
700 °C for 2 h in atmospheric air. The following sym-
bology was used to characterize the ZnO fibers:
PVA:ZnO: 1:0.5 (500 °C), 1:0.5 (600 °C), 1:0.5
(700 °C), 1:1 (500 °C), 1:1 (600 °C), 1:1 (700 °C), 1:2
(500 °C), 1:2 (600 °C), and 1:2 (700 °C). For precursor
fibers, the following notations were used: 1:0, 1:0.5, 1:1,
and 1:2.

Characterization

Measurements of electrical conductivity of polymeric
solutions were performed using the conductivity meter
(MS Tecnopon Instrumentacdo, Brazil). FTIR spectra
were obtained in a spectrometer (Perkin Elmer, EUA),
model Spectrum Two, in a range of 400 to 4000 cm .
The morphology of materials was examined through a
scanning electron microscope (FEI, USA), model Quan-
ta 250, accoupled to EDS probe. The analyses of Zn, C,
and O atom distribution in fibers before and after the
annealing process were performed using energy-
dispersive X-ray spectroscopy (EDS) coupled to a same
SEM microscope. The mapping EDS was obtained

using AZtec® software, applying a voltage of 20 kV
and magnifications of % 15,000.

The average size diameter of ZnO nanofibers was
obtained using Size Metter© software by counting
around 40 fibers (n=40) directly from SEM images.
Thermogravimetric analyzes (TGA) were carried out in
a TA thermo-analyzer (Shimadzu, Japan), model Q50,
operating at following conditions: air stream of
50 mL min !, heating rate of 10 °C min_l, and temper-
ature range of 30-700 °C. Raman spectra were collected
on a spectrometer (WITec, Germany), model Alpha
300, in a range of 200~700 cm ' and using 532 nm as
excitation wavelength. The crystalline structures were
determined through wide-angle X-ray diffractometry
(WAXD) using the LAB-X equipment (Shimadzu, Ja-
pan), model XRD D6000, equipped with a Co-K«x
radiation source (40 kV and 30 mA). The diffractograms
were recorded in a 26 range of 10-80° with a scanning
speed of 2.0 (deg min"). To calculate the size of the
crystallites, the Debyer-Scherrer equation was used
(Mustapha et al. 2019). The DC electrical conductivity
was measured by the four-probe method using two
digital multimeters (Minipa Mdm-8145). The powder
of fiber samples was gently compressed inside a
threaded tube (inner diameter 5 mm) with two stain steel
screws at each tube ends. In the experiment, it is con-
sidered that the sample possesses ohmic behavior within
the applied potential range (04 V):

L ()
p R-A

where R is the electrical resistance, A the internal area of
the threaded tube, and / is the height of the sample layer
in the tube that is determined by the distance between
the face of the two screws in the tube.

Results and discussion

Several factors influence the properties of micro- and/or
nanofibers obtained by the electrospinning technique,
which can be categorized as follows (i) polymer prop-
erties, (ii) solution properties, (iii) process parameters,
and (iv) environmental conditions (La Porta and Carlton
2020). In this work, the parameters related to the
electrospinning process, such as concentration of the
polymer, voltage of the applied electric field, distance
from the needle-to-collector, and solution flow, as well
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as the temperature, were kept constant in all the exper-
iments carried out. The relative humidity of the air
varied from 45 to 55%. The effects of adding different
amounts of AcZn to the PVA solutions from which the
precursor nanofibers were evaluated. Thus, the PVA
solution was electrospun to obtain PVA nanofibers
(1:0) and to serve as a basis for comparison to analyze
the effect of salt on the precursor nanofibers. In addition,
the conditions used for calcination can influence the
properties of ZnO nanofibers. The expectation was that
in the calcination process, there would be complete
removal of the polymer and the formation of ZnO fibers,
preferably highly crystalline. Thus, the PVA polymer
was used as a template in the perspective that the ZnO
nanofibers had the same morphology as the precursor
fibers.

Morphological characterization and average diameter
of nanofibers

The nanofibers obtained from the solution of PVA and
PVA:AcZn at different mass ratios were characterized
by SEM and EDS. SEM images and distribution histo-
grams for the fiber diameters are shown in Fig. 1.

It is noted that the presence of AcZn induced some
changes in the morphology of NFs compared to neat
PVA NFs; despite that, they maintained to be smooth
and randomly entangled. The presence of salt affects the
diameter of the fibers. A decrease in the average diam-
eter of the fibers obtained from the solutions containing
AcZn was observed: the value changed from 455 nm in
the fibers obtained from the PVA solution to 407 nm in
the composite fibers 1:0.5. With a greater amount of
AcZn in the solution to be electrospun, an even greater
reduction in the average diameter of the fibers was
observed, reaching 309 nm in the fibers at mass ratio
PVA:AcZn 1:2. This reduction in the diameter of the
fibers may be related to the presence of salt that in-
creases the charge density of the solution as exposed
to the electrical field during the electrospinning process.
ZnO electrospun fibers can be also obtained through
electrospinning of polymeric (polyvinylidene fluoride,
PVDF) solution containing ZnO and further annealing.
Han et al. showed in their study that the ZnO can help
the precursor solution carry more electric charges, lead-
ing to the more electrostatic force on the ejecting solu-
tion (Han et al. 2019). In the presence of the electric
field, the ionic species accommodate greater amount of
electrical charges and induce higher stretching in the jet
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ejected from the capillary. The repulsion among the
excess charged moieties in the polymer chains exposed
to the electric field results in finer and elongated fibers,
and with narrower diameter distribution (Son et al.
2004). So, in the case of electrospinning of PVA solu-
tion containing AcZn, the more intense stretching in-
duced to obtainment of thinner fibers as compared to
electrospun PVA fibers.

As expected, the addition of AcZn affects the elec-
trical conductivity of the solution, as compared to the
PV A solution, as shown in Fig. 2. The presence of AcZn
in the solution in the mass ratio 1:0.5 increases the
conductivity of the solution by about ten times when
compared to the PVA solution (1:0). Subsequent in-
creases for AcZn lead to further increases in conductiv-
ity, however on smaller jumps. Thus, the reduction in
the average diameter of the composite fibers is justified
by the presence of salt in the solution submitted to
electrospinning, which is in accordance with the litera-
ture data (Son et al. 2004).

Characterizations of the chemical groups present
in the fibers

EDS analyses were performed to confirm the presence
of AcZn in the precursor nanofibers and to evaluate the
presence of possible contaminants. The EDS spectra of
fibers 1:0, 1:0.5, 1:1, and 1:2 (Fig. 1(a,—d,)) show peaks
attributed to the elements carbon, oxygen, and zinc,
confirming the presence of AcZn and PVA in the pre-
cursor fibers.

PVA (1:0) and composite nanofibers (1:0.5, 1:1, and
1:2) were analyzed through FTIR. It was possible to
identify the chemical groups present in the PVA nano-
fibers and in 1:0, 1:0.5, 1:1, and 1:2 fibers, as shown in
the FTIR spectra of Fig. 3. The FTIR spectrum of 1:0
fibers showed characteristic bands, attributed to the
polymer, at 3337 cm ', ascribed to the stretching O—
H, 2934 cm ', assigned to the C-H from alkyls groups,
1724 ¢cm *, corresponding to C=0 from carbonyl
groups, respectively (Thomas et al. 2001). The FTIR
spectra of the precursor 1:0, 1:0.5, 1:1, and 1:2 fibers
showed peaks at 1567 cm " and 1418 cm ™" attributed,
respectively, to the symmetric and asymmetric
stretching of carboxylate groups (COO") from acetate
ions. Other bands at 1063 cm ' and between 500 and
700 cm *, which were due to the deformation and
frequency modes of the CH; group (Zhang et al. 2008)
and the stretching modes of the Zn-O bond,
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Fig.1 SEM images of'the fibers: (a) 1:0, (b) 1:0.5, (¢) 1:1, and (d) 1:2; histogram of fibers diameter distribution: (a;) 1:0, (b;) 1:0.5, (¢;) 1:1,
and (d;) 1:2; EDS spectra of the fibers: (ay) 1:0, (by) 1:0.5, (c) 1:1, and (d,) 1:2

respectively, confirmed the formation of composite
PVA/AcZn nanofibers. Table 1 summarizes the men-
tioned bands observed in the FTIR spectra PVA and
PVA/AcZn fibers.

Analysis of thermal stability

Thermal stability of 1:0, 1:0.5, 1:1, and 1:2 nanofibers
was investigated using thermogravimetry analysis and

the TG curves are shown in Fig. 4. For 1:0 nanofibers,
three stages of mass loss were observed. In the first
stage, in the range of 30-80 °C, a loss of mass of 5%
was observed, which is related to water evaporation.
The other two stages of decomposition, between 80
and 480 °C, result from the decomposition of organic
matter. In the range of 80-360 °C, a loss of mass of
approximately 78% was observed. In this stage, the
decomposition of organic matter probably occurred,

@ Springer
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which is mainly constituted by the amorphous part of
the polymer. In the range of 360480 °C, there is a loss
of mass of 14%, which was related to the degradation of
the highly stable crystalline parts of PVA (Budrugeac
2008). Above 480 °C, no loss of mass was observed,
showing that up to this temperature all PVA is fully
degraded and the waste is volatilized.

The composite nanofibers with the lowest amount of
AcZn (1:0.5 ratio) presented 4 stages of decomposition:
(a) region between 27 and 70 °C (5.5%), (b) region
between 84 and 316 °C (39%), (c) region between 316
and 529 °C (14%), and (d) region between 529 and
793 °C (5%). The initial stages are due to the evapora-
tion of the adsorbed water, the dehydration of crystalline
water, and a slow partial decomposition of zinc acetate
and PVA, while the final stages are due to the

Intensity (a.u.)

1576 w-d - - - - &2 - - & - -

!
©
4
<
=

700-500/

3500 3000 1500 1000 500
Wavenumber (cm'1)

Fig. 3 FTIR spectra of nanofibers: 1:2 (a), 1:1 (b), 1:0.5 (c), and
1:0 (d)
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degradation of the organic matter of both PVA and zinc
acetate, with a loss of mass of 19%. Six stages of mass
loss were observed in 1:1 nanofibers, which are as
follows: (a) in the region between 27 and 63 °C
(10%), (b) between 64 and 148 °C (6%), (c) in the
region between 149 and 210 °C (11%), (d) between
211 and 258 °C (21%), (e) region between 259 and
277 °C (8%), and (f) between 277 and 475 °C (24%).
It can be said that stages (a) and (b) are due to the
evaporation of adsorbed water, to the dehydration of
crystalline water, and to the partial decomposition of
AcZn and PVA, as observed for the 1:0.5 fibers. Stage
(c) presented greater loss of mass; about 64% was
degraded up to 475 °C. The last stages, (d) to (f),
correspond to the degradation of organic matter from
PVA and zinc acetate, indicating that this degradation
occurs in different stages than the observed for the 1:0.5
fibers. Above 475 °C, the occurrence of mass loss was
no longer observed, which indicates that the polymeric
part (organic part of the composite fiber) was removed,
resulting in 20% ZnO. This result is in accordance with
observed by Ghafari et al. Such authors used DSC
analysis to confirm that annealing temperature higher
than 480 °C is required to remove the PVA, to decom-
pose the zinc acetate, and to form crystalline ZnO nano-
structure (Ghafari et al. 2017).

For 1:2 nanofibers, the same behavior was observed,
that is, a degradation in six different stages, related to
water evaporation and degradation of organic matter.
However, a greater amount (27%) of ZnO was obtained,
which was expected since a greater amount of AcZn was
added to the 1:2 PVA:AcZn solution.

Characterizations of the ZnO fibers

After, thermal stability of the 1:0, 1:0.5, 1:1, and 1:2
fibers has been analyzed through TG curves; new sam-
ples of these fibers were calcined at temperatures of 500,
600, and 700 °C in order to obtain ZnO fibers and to
evaluate the influence of annealing temperature on the
properties of calcined fibers. Figures 5, 6, and 7 show
the SEM images, the diameter distribution histograms,
and the respective EDS spectra for nanofibers 1:0.5, 1:1,
and 1:2 obtained by calcination at 500, 600, and 700 °C,
respectively. It was observed that the annealing temper-
ature has direct influence on the morphology and diam-
eters of the as-obtained nanofibers but in a different way
in relation to the initial PVA:AcZn mass ratio used in
solution for obtaining the precursor fibers.
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Table 1 Attributions of the main FTIR bands of PVA nanofibers and composite PVA/AcZn nanofibers

Wavenumber (cm ') Characteristic groups Assignment Material
3337 O-H Stretch PVA

2934 C-H Stretch PVA

1724 C=0 Stretch PVA

1576 0=C=0 Stretch Zinc acetate
1418 =C-O0" Asymmetric stretching Zinc acetate
1063 —CHj Deformation Zinc acetate
500-700 ZnO Flexion type Vibration Zinc acetate

The SEM image of 1:0.5 (500 °C) fibers (Fig. 5(a))
shows continuous and little roughness fibers, without
the presence of nanograins. The largest amount of
nanograins was observed in nanofibers 1:0.5 (600 °C)
(Fig. 5(b)); however, the morphology of the fibers was
maintained. The complete removal of the polymer oc-
curred at 600 °C or above, and it is inferred that nucle-
ation and growth of ZnO crystals may be associated
with this behavior at that condition.

The SEM image of fibers 1:0.5 (700 °C) (Fig. 5(c))
indicates the formation of a large amount of intercon-
nected grains. Analysis of the diameter of the fibers
annealed at 700 °C shows reduction in the average
diameter in relation to the respective precursor fibers,
from 400 (before annealing) to 110 nm after. This
drastic reduction in diameter is related to the removal
of PVA that has fundamental role encapsulating the

precursor (AcZn) and, after annealing, to form the
ZnO wires (Blachowicz and Ehrmann 2020). However,
with the removal of the PVA fibers, beyond thinner,
they become more fragile and are easily destroyed if
handled without much care.

In relation to the SEM image of 1:1 (500 °C) fibers
(Fig. 6(a)), the annealing at 500 °C was sufficient for the
formation of ZnO grains, but some grains are not inter-
connected. As already discussed, there are still organic
residues in the fibers. The SEM image of the 1:1
(600 °C) fibers (Fig. 6(b)) shows that the fibers are, in
fact, made up of grains that come together to form
continuous structures, like a pearl necklace, due to nu-
cleation and the growth of ZnO crystallites. The diam-
eter analysis showed that the 1:1 (600 °C) fibers obtain-
ed at this temperature possess an average diameter of
216 nm, also smaller than the average diameter of the

100 -
90 -
80 -
70 -

Fig. 4 TG curves of 1:0, 1:0.5,
1:1, and 1:2 electrospun fibers

Tt T T T T T T 1T T T "
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Fig.5 SEM images of nanofibers: (a) 1:0.5 (500 °C), (b) 1:0.5 (600 °C), and (c) 1:0.5 (700 °C). (d) Diameter distribution histogram of 1:0.5

(500 °C) fibers. (e) EDS spectrum of 1:0.5 (500 °C)

precursor fibers (335 nm). In SEM image of 1:1
(700 °C) fibers (Fig. 6(c)), the average diameter de-
creased as compared to 1:1 (600 °C) ones and the
material looks like a system with lesser interconnected
particles.

The SEM images of the ZnO fibers obtained from a
solution with a higher content of AcZn (mass ratio 1:2)
are shown in Fig. 7. The fibers 1:2 (500 °C) (Fig. 7(a))
present a larger amount of agglomerated and connected
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grains, but in fiber format. The increase in the annealing
temperature favors the growth of the grains maintaining
the fiber shape, as observed in the fibers calcined at
600 °C (Fig. 7(b)). If calcined at 700 °C (Fig. 7(c)),
the grains maintain connectivity along the fibers. The
average diameter of 1:2 (700 °C) nanofibers was
203 nm. So, at this temperature, the removal of the
polymer strongly affects the diameter of the fibers made
at 1:2 PVA:AcZn mass ratio, when compared to the
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(600 °C) fibers. (e) EDS spectrum of 1:1 (500 °C) nanofibers

respective fibers 1:2 (average diameter 292 nm). Ac-
cording to the results presented above, it can be under-
stood that a combination of PVA:AcZn mass ratio in the
precursor fiber and annealing temperature is essential
for the ZnO crystals to grow without losing the connec-
tivity, the fiber shape, and without the presence of
residues of the polymer in the final material. The results
indicate that the mass ratio 1:1 and the temperature of
600 °C are, amid the studied conditions, the best since

that at this combination homogeneous ZnO fibers are
obtained with morphology similar to those of the pre-
cursor fibers, but without the presence of organic matter.

The EDS spectra of samples 1:0.5 (500 °C), 1:1
(500 °C), and 1:2 (500 °C) are shown in Figs. 5(d),
6(d), and 7(d), respectively. The analysis of the elements
at the surface of the samples showed the presence of Zn
and O atoms. In addition, there are no other signs except
what appears in the region of 2.1-2.2 eV attributed to

@ Springer



322 Page 10 of 17

J Nanopart Res (2020) 22: 322

(a)

Frequency
- e - -
®OoON MO

22 Average diameter = 197 - 43 nm

50 100 150 200 250 300 350 400
Fibers diameter (nm)

Zn

Intensity (a.u.)

(e)

Zn

1

T T

0 2 4 6

T T T

8 10 12 14

Energy (keV)
Fig. 7 SEM images of nanofibers: (a) 1:2 (500 °C), (b) 1:2 (600 °C), and (c) 1:2 (700 °C). (d) Diameter distribution histogram of 1:2

(600 °C) fibers. (e) EDS spectrum of 1:2 (500 °C) nanofibers

the element Au that covers the samples. This indicates
that the removal of PVA on the fiber surface has been,
probably, completed.

The distribution of Zn, C, and O atoms before and
after the annealing at 600 °C of electrospun PVA:AcZn
1:1 fibers was done and the maps are presented in Fig. 8.
It can be visualized that the Zn atoms are homogeneous-
ly distributed in PVA:AcZn 1:1 fibers (Fig. 8a) as well
as in annealed ones (ZnO fibers, Fig. 8b), despite in ZnO

@ Springer

fibers, the Zn atoms are more closely together, as ex-
pected. It means that the Zn atoms are distributed in
whole fibers. i.e., no diffusion in or out from fibers
occurred due to the annealing process. Homogeneous
distribution of C and O atoms was also observed in
fibers before and after annealing (Figs. 8c—f, respective-
ly). So, the annealing process does not affect the Zn, O,
and C atom distribution. The conductivities (in 10° S/m)
of fibers are 1.48 +£0.037, for PVA:AcZn 1:1 and 5.68
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Fig. 8 EDS maps for PVA:AcZn 1:1 (left side: a, ¢, and e) and for the respective ZnO fibers (right side: b, d, and f) obtained through
annealing at 600 °C. Map for Zn atoms (top), for C atoms (middle), and for O atoms (bottom)

+0.07 for ZnO (obtained through annealing at 600 °C).
For the sake of comparison, the conductivity (in 10° S/
m) of ZnO powder was 7.27 £ 0.07. It means that that
the coalescence of fibers due to annealing process for
obtaining the ZnO fibers increased the conductivity of
fibers in almost 4-folds. But the conductivity of ZnO
fibers is lesser that the ZnO powder. These results match
to the EDS maps for Zn on ZnO fibers as compared to
PVA:AcZn fibers.

Thermogravimetric analyses were performed on ZnO
fibers calcined at 500, 600, and 700 °C to evaluate if
residue of organic matter is absent (or not) in these
fibers. TG curves of ZnO calcined at 500 °C are shown
in Fig. 9a. As shown in the thermograms, all composite
nanofibers annealed at 500 °C showed traces of organic
material (residual PVA or polymer decomposition prod-
ucts), being more evident in the composite nanofibers
obtained from the solution with the lowest Zn content
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Fig.9 (a) TG curves of'the fibers: 1:0.5 (500 °C), 1:1 (500 °C), and 1:2 (500 °C); (b) FTIR spectra of the fibers: 1:0.5 (500 °C), 1:1 (500 °C),

and 1:2 (500 °C)

(ratio 1:0.5) and no evidence of residues of organic
material in the fibers calcined at 700 °C. In the TG
curves of the nanofibers 1:1 (600 °C), 1:1 (700 °C),
1:2 (600 °C), and 1:2 (700 °C) (not shown), there is no
trace or decomposition residue of PVA. Comparing this
result with the EDS spectra of these same fibers, it can
be inferred that the organic residue that appears in the
TG curves is located mostly inside the fibers, probably
more difficult to be removed from the fibers by anneal-
ing at 500 °C.

FTIR spectra of 1:0.5 (500 °C) and 1:1 (500 °C)
nanofibers (Fig. 9b) showed characteristic bands of
residual organic matter. These results confirm that the
temperature of 500 °C was not sufficient to eliminate all
organic matter and, therefore, to obtain pure ZnO nano-
fibers. On the other hand, annealing the fibers with
PVA:AcZn mass ratio 1:2 at 500 °C produced ZnO with
no evidence of organic matter. This indicates that higher

concentration of zinc aids the degradation of PVA, even
at 500 °C. Thus, it is inferred that the PVA decomposi-
tion reaction must involve the formation of unstable
species that is accelerated in presence of higher amount
of zinc. Thus, the mass ratio PVA:AcZn 1:2 in the
precursor fiber contributed to complete degradation of
the polymer, even at 500 °C. These results match to the
ones presented in Fig. 4. A wide band was observed in
the region between 500 and 600 cm * in the FTIR
spectra of the ZnO nanofibers obtained by annealing at
500 °C (Fig. 9b). Such band was attributed to vibration
due to the Zn-O flexion (Velazquez-Carriles et al.
2020).

Figure 10a shows the Raman spectra of ZnO nanofi-
bers obtained by annealing at 500 °C of PVA/AcZn
nanofibers at different PV/AcZn mass ratios; the Raman
spectra of 1:1 (500 °C), 1:1 (600 °C), and 1:1 (700 °C)
nanofibers are shown in Fig. 10b. In all samples, active

Raman Shift (cm™)

e 1:0.5 (500 °C) ZnO 1:1 (700 °C) 436
w—1:1 (500 °C) (a) w———2Zn0 1:1 (600 °C) (b)
w——1:2 (500 °C) 436 ZnO 1:1 (500 °C)
E 5
s s
£ 2
0 0
] s
330
£ 379 581 E
200 2;0 3(I)0 3&0 460 4.’;0 S(I)O 550 600 200 250 300 350 400 450 500 550 600

Raman Shift (cm™)

Fig. 10 Raman spectra of the fibers: (a) 1:0.5 (500 °C), 1:1 (500 °C), and 1:2 (500 °C); (b) 1:1 (500 °C), 1:1 (600 °C), and 1:1 (700 °C)
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Fig. 11 WAXD diffractograms
obtained from samples of
precursor nanofibers at PVA/
AcZn mass ratios of 1:0.5, 1:1,
and 1:2

Intensity (a.u.)

mode characteristics of ZnO were observed, for exam-
ple,at436.17 cm ' (E,), at 330.38 cm™ ' (3E,H-E,L), at
379.36 cm ' (A,T), and at 580.86 cm™ ' (B;). The peak
at 436.17 cm " of higher intensity identifies the hexag-
onal wurtzite structure of the ZnO nanofibers
(Muchuweni et al. 2018), while the peak at
330.38 cm * is due to the multiple phonon scattering
[38] and the peak at 580.86 cm * occurs owing to the
structural defects such as oxygen vacancy (Muchuweni
et al. 2018). As shown in the spectra, with the increase
for AcZn in the precursor fiber, the peaks in the spectra
of the ZnO fibers become thinner, characterizing the
formation of more organized ZnO. For composite nano-
fibers annealed at 500 °C, 600 °C, and 700 °C, under the
same mass ratio (1:1) (Fig. 10b), the spectra showed the
same active modes, but with increase in intensity. These

—1:2
—1:1

—1:0.5

10 20 30 40 50 60 70 80

2 (theta)

changes are consequence of the increase of sample
crystallinity and the growth of crystallites.

The wide-angle X-ray diffraction (WAXD) profiles
of precursor nanofibers (Fig. 11) clearly show the pre-
dominance of amorphous nature. Only two signals are
present in these WAXD profiles, a halo at approximate-
ly 22° and a signal at 38°, which are characteristics of
the semi-crystalline structure of PVA (Das and Sarkar
2018). The presence of AcZn in the solution submitted
to electrospinning does not lead to significant changes in
the diffractograms. In fact, there is only a slight widen-
ing of the halo between 25 and 30° with an increase in
the amount of AcZn.

The annealing of the PVA/AcZn nanofibers leads to
highly crystalline structures, as shown in WAXD pro-
files of Fig. 12. The WAXD profile obtained from the
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Fig. 12 XRD patterns of ZnO nanofibers: (a) 1:0.5 (500 °C), 1:1 (500 °C), and 1:2 (500 °C); and (b) 1:1 (500 °C), 1:1 (600 °C), and 1:1

(700 °C)
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commercial sample of nanoparticulate ZnO was inserted
in this figure, for the sake of comparison. All diffraction
peaks of ZnO nanofibers annealed at different tempera-
tures were assigned to a single-face hexagonal phase of
ZnO (JCPDS card no. 36-1451), the wurtzite, with
diffraction peaks at 31.8° (100), 34.4° (002), 36.2°
(101), 47.5° (102), 56.5° (110), 62.9° (103), and 66.3°
(200). It was observed that the increase in the amount of
AcZn in precursor fibers results in more intense and
thinner peaks, indicating a greater crystallinity of the
pure ZnO nanofibers, as shown in Fig. 12a. In relation to
the commercial ZnO, a slight shift in the diffraction
signals was observed to lower values of 26, as shown
in the WAXD profile inset in Fig. 12. The slight dis-
placement of peaks may be related to changes in lattice
parameters, such as lattice constants, unit cell volume,
and grain size (Bodke et al. 2018) due to the synthesis
and calcination of the material. When assessing the
effect of the annealing temperature on the ZnO nanofi-
bers (Fig. 12b), there is also a slight shift in the diffrac-
tion peaks to lower 26 values. Thus, the displacement
can be related to changes in lattice parameters with the
increase in the annealing temperature. However, this
variation is very small, with the influence of temperature
being more reflected in the size of the crystallites.

The size of the crystallite was calculated from the
(101) diffraction peak width using Scherrer’s equation:

K.\
- (B.cosf )

where D is the size of the crystallite in a particular
orientation, and K is a dimensionless factor, with a value
close to the unit. The form factor has a typical value of
about 0.9, but varies with the actual shape of the crys-
tallite; A is the incident X-ray wavelength, 6 is the
diffraction angle, corresponding to a particular

orientation, and [ is the width at half height (FWHM =
full width at half maximum) of the diffraction peak. The
obtained D values are shown in Table 2.

The analysis of data from Table 2 showed that there
was a decrease in the size of the crystallite in relation to
the commercial sample, and that the increase in the
concentration of AcZn in the precursor fibers and in
the annealing temperature lead to a slight increase in
the size of the crystallite. These results show that a
greater amount of AcZn results in better quality of the
crystal and that the increase in the size of the crystallite
with the annealing temperature is attributed to the col-
lapse of the small crystals that, due to the sintering
effect, allowing to form larger agglomerates.

The increase in the number of works published in the
electrospinning area is already large but the expectation
is to increase much more due to the improvements that
already exist before and to the new methodologies de-
veloped in the last 15-20 years for obtaining fibrous
inorganic materials, mainly of metallic oxides (Wu et al.
2013). The present work deals and discusses the meth-
odology for obtaining ZnO nanofibers from
electrospinning of poly (vinyl alcohol) solution contain-
ing zinc acetate (AcZn) and varying the PVA:AcZn
mass ratio (1:0.5, 1:1, and 1:2) and the annealing tem-
perature (500, 600, and 700 °C). Seeking for a lower
temperature, for reasons of energy-cost reduction, it was
found that the ZnO fibers with better characteristics
(homogeneity in morphology, smaller mean diameter,
organization of the crystalline lattice, among others)
were obtained using mass ratio of PVA:AcZn 1:1 at
temperature of 600 °C. The conductivity (ca. 80% of
the conductivity of ZnO powders) of the ZnO fibers
obtained from PVA:AcZn 1:1 at temperature of
600 °C and the very good crystalline organization of
ZnO indicate that such materials may have interesting
applications in situation where the conductive and/or

Table 2 Average diameter of the crystallite in several crystalline planes of ZnO nanofibers obtained from solutions with different PVA/
AcZn mass ratios and obtained at different temperatures. Values were calculated using the Debye-Scherrer equation [29]

Samples

Annealing temperature (°C)

Average diameter size (nm)

Commercial ZnO -

1:0.5 500
1:1 500
1:2 500
1:1 600
1:1 700

49.9
252
39.7
40.9
40.8
42.7
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structural organization are important properties, such as
solar cells and catalyst.

Conclusions

In this work, zinc oxide (ZnO) nanofibers were
obtained from electrospun PVA/AcZn nanofibers.
The following mass ratios PVA/AcZn 1:0.5, 1:1,
and 1:2 were evaluated in the solution submitted to
the electrospinning process. The PVA/AcZn fibers
showed similar morphology to the PVA nanofibers;
however, there was a decrease in the average diam-
eter of the PVA/AcZn composite fibers with the
increase in the amount of salt in the electrospun
solution. This was attributed to electrical charges
due to the presence of salt in the polymeric solution,
which generates stronger repulsion between the fi-
bers in the electrospinning process, which leads to
the production of finer fibers. The ZnO nanofibers
were obtained by annealing at 500, 600, and 700 °C
of the precursors PVA/AcZn electrospun fibers. The
annealing temperature has a strong influence on the
morphology of the ZnO fibers, which have much
smaller average diameters than the respective pre-
cursor fibers. In addition, organic residues in the
ZnO fibers obtained by annealing the precursor fi-
bers at 500 °C for 2 h in atmospheric air still
remained. The results of TG, FTIR, and EDS indi-
cate that the organic residues must be located inside
the fiber, where it is more difficult to be removed.
However, there was no evidence of organic residue
in the ZnO fibers 1:2 annealed at 500 °C or those
annealed at 600 or 700 °C regardless of the mass
ratio PVA/AcZn. However, the 1:2 (600 °C) fibers
and those obtained by annealing at 700 °C do not
present the morphology of continuous fibers, but an
appearance of ZnO particles connected to each oth-
er, similar to a “pearl necklace.” The present work
and a previous work of our research group (Oliveira
et al. 2020) showed that the ZnO fibers with the best
characteristics (homogeneity in morphology, smaller
average diameter, organization of the crystalline lat-
tice, among others) were obtained using mass ratio
of PVA:AcZn 1:1 and calcination at 600 °C. These
fibers obtained by electrospinning technique can be
used for different applications, in which conductive
and/or structural organization is an important prop-
erty. We believe that our work can be used as a

direction for the synthesis of other highly potential
materials based on metal oxide fibers.
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