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*Highlights

Research highlights.

e The nanofibers from colloidal solution of mixture containing Zinc acetate, poly vinyl
alcohol, and zinc powder, were successfully achieved by electrospinning.

e These nanofibers after calcinations at 500 °C for 90 minutes, containing the zinc
nanoparticles has been exploited as the seeds to grow nanobranches followed by
hydrothermal technique.

e The produced hierarchical structure could be utilized in many exciting fields such as dye

degradation, photoluminescence etc.
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Abstract

In this study, a new hierarchical nanostructure that consists of zinc oxide (ZnO)
was produced by the electrospinning process followed by a hydrothermal technique. First,
electrospinning of a colloidal solution that consisted of zinc nanoparticles, zinc acetate
dihydrate and poly(vinyl alcohol) was performed to produce polymeric nanofibers
embedding solid nanoparticles. Calcination of the obtained electrospun nanofiber mats in
air at 500 °C for 90 minutes produced pure ZnO nanofibers with rough surfaces. The
rough surface strongly enhanced outgrowing of ZnO nanobranches when a specific
hydrothermal technique was used. Methylene blue dihydrate was used to check the
photocatalytic ability of the produced nanostructures. The results indicated that the

hierarchical nanostructure had a better performance than the other form.

Keywords: Zinc oxide, Zinc nanoparticles, Electrospinning, Hydrothermal, Methylene

Blue.
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1. Introduction

During the past 100 years, zinc oxide (ZnO) has had extensive commercial use,
with thousands of tons produced each year [1]. The remarkable properties of ZnO are its
high exciton binding energy of 60 mV at room temperature and its wide, direct band gap
of 3.37 eV [2]. ZnO is a typical electroceramic material and has promising applications in
ultraviolet light emitting diodes, functional devices, dye-sensitized solar cells, chemical
sensors, piezoelectric materials and transparent conductors [3-6]; in addition, it is
inexpensive, nontoxic, and chemically stable. The optical and electronic properties of
ZnO nanostructures are largely dependent on their composition, crystal quality, structural
defects, dimensions and shape [7,8]. It is worth mentioning that a one-dimensional ZnO
nanostructure with an effective morphology has a significant potential in efficient
construction and performance of nanoscale devices due to the quantum restriction of
charge carriers in small extent [9-12]. Among the one-dimensional nanostructures,
nanofibers are particularly interesting because of their long axial ratio, which has a

distinct impact on the physical and chemical characteristics. ZnO nanofibers have already

been reported and have been found to have good properties [13]; electrospinning is the

most widely used technique to produce pristine ZnO or ZnO-based nanofibers.

To further improve the physiochemical properties of functional materials,
researchers have turned to the synthesis of complex architectures with controlled
alignment, sizes, shapes, and compositions that are based on one-dimensional structures.
These new morphologies are of great interest because their hierarchical structures may
provide opportunities to obtain new phenomena and novel properties. Many functional

materials have been reported, such as the heterogeneous structures of ZnO/SnO, via a
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thermal evaporation of Zn powders [14], ZnO/In,O; by a vapor transport and
condensation technique [15], and SnO,/Fe,O3 through a hydrothermal method [16,17].
Homogeneous structures of SnO,/SnO, have also been produced by a multistep thermal
vapor deposition procedure [18], while nanowire—nanoribbon junction arrays of ZnO
have been produced through a vapor—liquid—solid process [19]. In this field, we recently
introduced Co0304-Zn0O hierarchical structure, which performed well when utilized as
catalyst in degradation of rhodamine B dye [20]. Accordingly, the main aim of this work
is to introduce ZnO in a new hierarchical structure and to study the effect of this new
morphology on the photocatalytic properties. The target structure is nanofibers that
emanate branches.

Electrospinning is an electrostatic, nonmechanical method; in comparison to
conventional spinning techniques, it easily creates solid fibers in the nanometer to
micrometer range [21]. As aforementioned, ZnO nanofibers created by the
electrospinning process have already been introduced; investigations into the surface
morphology of the nanofibers showed a smooth surface, which was also observed in this
study. Outgrowing branches around a nanofiber with a smooth surface is not feasible
because the cohesion will be feeble. However, a rough surface makes the outgrowing
process easier with a strong product. Consequently, the product can be confidently
exploited in various applications. Recently, we reported electrospinning of colloidal
solutions as a novel technique to give wide latitude to the electospinning process, while
producing a new class of electrospun materials. [22]. This technique has been utilized to
produce ZnO nanofibers with a rough surface. Typically, a colloidal solution that was

composed of zinc acetate dehydrate, poly-vinyl alcohol (PVA) and zinc nanoparticles
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(ZnNPs) was electrospun; then, calcination of the obtained electrospun mats resulted in
ZnO nanofibers with a rough surface. It is noteworthy to mention that using a (ZnNPs)
free solution produced a smooth surface on the ZnO nanofibers [23]. Nanobranches from
ZnO have been successfully outgrown from the prepared nanofibers by a hydrothermal
treatment process in the presence of zinc nitrate and bis-hexamethylene triamine.

The obtained hierarchical nanostructure and the individual constituent were then
separately used as photocatalysts for degradation of methylene blue dye (MB). The

hierarchical nanostructure showed better results than its ingredient.

2. Experimental section
2.1 Materials

Zinc nano powder and bis-hexamethylene triamine were obtained from Aldrich,
USA. Zinc nitrate hexahydrate, MB dihydrate (95.0 assay) and zinc acetate dehydrate
were obtained from Showa, Japan. (PVA) with a molecular weight (MW) of 65,000
g/mol was obtained from Dong Yang Chem, South Korea. All of these materials were
used without any further purification. Distilled water was used as a solvent.
2.2 Characterization

The surface morphology of the nanofibers was studied with a JEOL JSM-5900
scanning electron microscope, JEOL Ltd, Japan. The phase and crystallinity were
characterized by using a Rigaku X-ray diffractometer (Rigaku, Japan) with Cu Ko (A =
1.54056 A°) radiation over the 20 range of angles from 20 to 90°. Before TEM analysis,
the powdered samples were dispersed in methanol by sonication; then, they were placed

and dried by normal evaporation. High-resolution images and selected area electron
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diffraction pattern were observed with a JEOL JEM 2010 transmission electron
microscope (TEM) that operated at 200 kV, JEOL, Japan. The surface composition was
detected with an X-ray photoelectron spectroscopy analysis (XPS, AXIS-NOVA, Kratos
Analytical, UK) with the following conditions: base pressure of 6.5 x 10° Torr,
resolution (pass energy) of 20 eV and scan step of 0.05 eV/step. The concentration of the
dyes and the optical properties was studied by using a HP 8453 UV Visible Spectroscopy

System; the spectra were analyzed with HP ChemiStation software 5890 series.

2.3 Electrospinning set-up and development of ZnO nanobranches

To electrospin the colloidal solutions that contained zinc acetate (ZnAc), PVA,
and ZnNPs, the following stepwise methodology was adopted. First, PVA (14 wt%)
solution was made by dissolving PVA granules in distilled water at room temperature
with vigorous stirring for 24 h. Then, 1 g of ZnAc was dissolved in 5 g of distilled water
and mixed with the PVA solution. To this solution, 0.1 g of zinc powder was added. The
resultant colloidal solution was stirred for 10 min. A high-voltage power supply (CPS-60
K02V1, Chungpa EMT, Republic of Korea) was used as the source of the electric field.
The colloidal solution was supplied through a plastic syringe attached to a capillary tip. A
positive electrode (anode) connected to a copper pin was inserted into the colloidal
solution, and a negative electrode (cathode) was attached to a metallic collector that was
covered with a polyethylene sheet. The solution was briefly electrospun at 20 kV and a
15-cm working distance (the distance between the needle tip and the collector). The

formed nanofiber mats were initially dried for 24 h at 80 °C under vacuum in the
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presence of P,Os and then calcined in air at 500 °C for 90 minutes, with a heating rate of
5 °C/min.

According to previous studies [24,25], pure ZnO nanostructures can be obtained
by using a hydrothermal treatment of aqueous solution that contains Bis-hexamethylene
triamine and zinc nitrate hexahydrate. Therefore, ZnO nanobranches were outgrown from
the prepared ZnO nanofibers by using the same strategy. The process was carried out in a
stainless steel reactor with a 15-cm height and 7-cm diameter. The experiment was
conducted as follows: typically, 1 g of bis-hexamethylene triamine was dissolved in 50 g
of water. In another bottle, 1.5 g of zinc nitrate hexahydrate was dissolved in 50 g of
water. These solutions were mixed and 10 mg of the calcined nanofibers was added; the
slurry was then vigorously stirred for a long time and placed in a teflon crucible at the
bottom of the reactor. The sealed reactor was maintained at 150 °C for 1 h and then
naturally cooled to room temperature. The obtained product was filtered off, washed
several times with distilled water, and dried at 60 °C for 12 h for further analysis.

3. Results and discussions

Figures 1A and B show SEM images of the dried electrospun nanofiber mats that
were prepared from ZnAc/PVA at low and high magnifications. As can be clearly seen,
smooth and continuous nanofibers formed after electrospinning of the prepared sol-gel.
Figures 1C and 1D show SEM images of the dried (Zn NPs)/(ZnAc/PVA) colloid at low
and high magnifications. As can be concluded from Fig. 1C and 1D, the addition of
(ZnNPs) did not affect the morphology of the nanofibers; the regular shape and absence

of beads are observable from the SEM images.
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Calcination of both formulations resulted in a decrease in the average diameter of
the calcined nanofibers in comparison to the electrospun ones as can be observed from
Fig. 2, which shows SEM images of the nanofibers after calcination for both formulations
held at 500 °C for 90 minutes. A decreasing nanofiber diameter in both formulations can
be explained by the removal of the polymer by calcination at high temperature. In Fig. 2,
the addition of (ZnNP) does not affect the nanofibrous shape in general (Fig. 2C and 2D);
however, there is a distinct effect on the surface of the produced nanofibers. Fig. 2B and
D show high magnification SEM images of the calcined powder that was obtained from
ZnAc/PVA and Zn NPs/ZnAc/PVA, respectively; there is an observable difference
between the surfaces in the two formulations. In the case of the nanofibers obtained from
calcination of (ZnAc/PVA), the surface of the nanofibers was relatively smooth and no
imperfections were observed, while addition of (ZnNP) to the electrospun solution led to
a rough surface.

To properly investigate the nature of the surfaces, atomic force microscopy
(AFM) was used, and the results are shown in Fig. 3. As shown in the two and three
dimensional images, the surface of the nanofibers that were obtained from the ZnAc/PVA
mother solution is smooth (Fig. 3A and 3B). However, a clearly rough surface was
generated due to the addition of (ZnNP) (Fig 3B and 3C).

Transmission electron microscopy (TEM) can be used to differentiate between the
crystalline and amorphous structures. Moreover, it gives reliable information about the
surface morphology. Structural characterization of the nanofibers that were prepared by
calcination of (ZnAc) and (PVA) is shown in Fig. 4A and 4B at high and low

magnification. It can be concluded from Fig. 4A that the surface is smooth with clear
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borders; the SAED pattern at (inset) indicates good crystallinity. Figures 4C and 4D show
the high and low magnification TEM images, respectively, of the calcined nanofibers
obtained from the solution that contained the (ZnNPs); these images show that the
surface is not smooth and the borders are not clear. This finding supports the AFM results,
which reveal the surface roughness of the nanofibers obtained from the electrospun
solution that contained (ZnNPs). The inset in Fig. 4D, which represents the
corresponding SAED pattern, indicates good crystallinity as in the Zn NP-free case.
Preparation of ZnO nanorods by a hydrothermal technique is a well-known
process previously reported by some researchers [24,25]. In this study, the hydrothermal
technique was utilized to outgrow ZnO around the prepared nanofibers. The
hydrothermal technique was carried out under the same conditions for both formulations.
Figures 5A and 5B represent SEM images of nanofibers that were obtained from the NP-
free solution and that underwent the hydrothermal process. The absence of outgrowths
from the nanofibers can be clearly seen. However, as shown in Fig. 5C and 5D, small
outgrowths can be seen around the nanofibers that were obtained from the (ZnNPs)
containing solution due to the hydrothermal treatment process. To observe these nail-like
structures, we used a FE-SEM analysis to obtain more precise information. Figure 5E
shows the resulting FE-SEM images. According to many previously reported studies
[24,25], the newly formed branches can be assessed as ZnO. To practically investigate
the effect of addition of ZnNPs, the surface area of all formulations has been measured
by using Brunauer-Emmett-Teller (BET) technique (ASAP 2010 micromeritics, USA).
The average surface area of the ZnNPs-free nanofibers was about 20.4409 m?#/g, while, it

was 34.2201 m?#qg for the nanofibers containing ZnNPs, similarly 49.7701 m2/g for
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hydrothermal product. As can be concluded from these results, the high surface area of
the ZnNPs containing nanofibers enhances the photocatalytic activity.

The crystal structures of the calcined nanofibers and powder obtained from the
hydrothermal process were examined by XRD (see Fig, 6); spectra A refers to the
calcined nanofibers and represents pure ZnO material. The apparent peaks at 26 values of
31.66, 34.22, 36.25, 47.86, 56.51, 62.66, 67.37, 67.92 and 69.266° correspond to the
crystal planes of (100), (002), (101), (102), (110), (103), (200), (112), and (201), which
confirms the formation of pure ZnO (JCPDS card No 36-1451). The crystallite size of
hydrothermal product was estimated with well-known scherrer equation [26] with
FWHM of X-ray diffraction pattern, and the value of peak positions were shown in

a Table 1.
D =0.9A /BcosO.
where A corresponds to wavelength of X-ray radiation source, B is full-width at half-

maximum in [FWHM] radians, 0 refers to Bragg’s diffraction angle. The calculation

was measured with the help of Gaussian Lorentzian fitting Program. The average

value of particle sizes is ~26 nm.

It is noteworthy to mention that the addition of Zn NPs to the electrospun
solution did not affect the XRD results because the spectra were the same in both cases.
Spectra B from the as obtained powder subjected to the hydrothermal process have the
same peaks, while the absence of other peaks indicates that the branches of the produced

nanofibers only consisted of ZnO. To simplify, in Fig. 6, we have marked the peaks that

10
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correspond to zinc dioxide as Z. Overall, the results confirm the formation of ZnO
nanofibers.

Figure 7A and 7B show low and high magnification TEM images, respectively,
for the nanostructure that was obtained after the hydrothermal process. As shown in this
figure, outgrowths were obtained everywhere in the main nanofibers, which is consistent
with the density, morphology, and dimension obtained in the SEM and FE-SEM images.
Figure 7C shows a HRTEM image for the marked nanobranch in the produced main
nanobranched ZnO nanofiber; the existence of parallel atomic planes reveals excellent
crystallinity for the outgrowing branches. The inverse fast Fourier transformation (FFT)
image at the top inset of Fig. 7C also confirms good crystallinity, which is in accordance
with HRTEM.

The proposed mechanism by which ZnO nanobranches were developed from the
ZnO nanofibers is shown in scheme 1. The colloidal solution after electrospinning results
in the formation of ZnO/PV A nanofibers containing ZnNPs. The subsequent calcination
of these nanofibers results in the oxidation of ZnNPs to ZnO NPs. These nanofibers when
subjected to hydrothermal process as mentioned above results in the formation of ZnO
nanobranches that surrounds ZnO nanofibers.

To investigate the oxidation states as well as possible changes to the binding
energies of the as-prepared hydrothermal product, and to support the XRD data an
X-ray photoelectron spectroscopy (XPS) analysis was performed. The samples for
XPS were supported by carbon cloth electrodes, which are widely used in
electrochemical experiments. No heat treatment on the samples was needed. The

results are shown in Fig. 8. The peak at 284 eV that corresponds to the C 1s is

11
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understandable, when considering the graphite tape used during the sampling
process. The Zn 2p region in ZnO consists of the main 2p3/2 and 2p1/2 spin-orbit
components with binding energies of 1020 and 1043 eV, respectively. In addition to
2p, we also observed the 3d, 3p and 3s spin-orbit components for Zn at the binding

energy of 10, 88 and 139 eV, respectively [27].

3.1. Photocatalytic properties

To check the photocatalytic degradation of dye, MB was used as blank (without
ZnO nanofibers), in the presence of pure ZnO nanofibers and ZnO-ZnO hierarchical
nanostructures was carried out in a simple photoreactor. The reactor was made of glass
(1000-ml capacity, 23-cm height and 15-cm diameter), covered with alumina foil and
equipped with an ultra-violet lamp emitting source at a 365-nm wavelength radiation.
The pH of the MB solution at room temperature was 6.9. The initial dye solution and
photocatalyst were placed in the reactor and continuously stirred until completely mixed
during the photocatalytic reaction. Typically, 100 ml of dye solution (10 ppm,
concentration) and 50 mg of catalyst were used. At specific time intervals, a 2-ml sample
was withdrawn from the reactor and centrifuged to separate the residual nanofiber
catalyst; then, the absorbance intensity was measured at the corresponding wavelength
[28]. Figure 9 shows the results. In the case of blank, less than 8% of the dye was
oxidized even after 3 h. Utilization of the hierarchical nanostructure (hydrothermal
product) reveals a significant increase in the degradation rate of this dye. As can be
observed in this figure, within 60 min, about 97% of the dye degraded; moreover, the dye

was completely eliminated after 75 min. However, in the case of pure ZnO nanofibers,

12
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almost 20% of the dye was oxidized after 60 min and all of the dye could not be
eliminated from solution even after 3 h.
4. Conclusion

In summary, electrospinning of ZnNP/ZnAc/PVA colloid can be successfully
achieved. Addition of (ZnNPs) leads to the production of pure ZnO nanofibers with a
rough surface. The rough surface strongly enhances outgrowing of ZnO nanobranches
around the prepared nanofibers when a specific hydrothermal technique is used. Utilizing
the synthesized hierarchical nanostructure to decay MB dye produces interesting results
because the MB dye solution became colorless after 60 min. The results strongly
recommend exploiting the synthesized ZnO-ZnO nanofibers as a super active
photocatalyst.
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Figure captions

Scheme 1.1llustration showing the formation of nanobranches from nanofibers (1) the

colloidal

solution after electrospinning forms ZnNP-ZnAc/PVA nanofibers (2).

Calcination of these nanofibers results in the formation of ZnO-ZnO nanofibers (3).

These nanofibers after specific hydrothermal process develops ZnO nanobranches around

ZnO nanofibers (4).

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Low and high magnification SEM images of the dried ZnAc/PVA (A, B) and
Zinc powder/ZnAc/PVA nanofibers (C, D).

Low and high magnification SEM images of the powder obtained after
calcination of the ZnAc/PVA nanofiber mats (A, B) and the Zn NPs/
ZnAc/PVA (C, D) at 500 °C for 90 minutes.

AFM image and three-dimensional results for the nanofibers obtained from
calcination of the ZnAc/PVA (A, C) and Zn NPs/ZnO/PVA (B, D)
electrospun nanofiber mats.

TEM images at high and low magnifications for the nanofibers obtained from
calcination of the ZnAc/PVA (A, B) and Zn NPs/ZnAc/PVA nanofiber mats
(C, D). The insets in Fig. B and D represent the corresponding SAED patterns.
SEM image of the pure nanofibers (A, B) and zinc powder that contained
calcined nanofibers (C, D) as well as the FE-SEM image (E) after the
hydrothermal process at 150 °C for 60 minutes.

XRD patterns for the nanofibers after calcination in the case of Zn NP-free

(A) and the hydrothermal product (B).
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Fig. 7. TEM images at low and high magnification of the hydrothermally treated
nanofibers (A, B) and a high resolution TEM image (HRTEM) of a
nanobranch (C): the inset in (C) shows the FFTT pattern.

Fig. 8. XPS results for the hydrothermally produced nanofibers.

Fig. 9. Effect of blank, pristine zinc oxide (ZnO) nanofibers and the newly introduced
zinc oxide-zinc oxide (ZnO-ZnO) nanostructure on the photocatalytic
degradation of methylene blue dye.

Table 1. Calculation of crystallite particle size of zinc oxide hierarchical

nanostructure from FWHM of X-ray diffraction pattern.
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Scheme 1.1llustration showing the formation of nanobranches from nanofibers (1) the
colloidal solution after electrospinning forms ZnNP-ZnAc/PVA nanofibers (2).
Calcination of these nanofibers results in the formation of ZnO-ZnO nanofibers (3).
These nanofibers after specific hydrothermal process develops ZnO nanobranches around

ZnO nanofibers (4).
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Figure 1. Low and high magnifications SEM images for the dried ZnAc/PVA (A, B), and
Zinc powder/ZnAc/PVA nanofibers (C, D).
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Figure 2. Low and high magnification SEM images of the powder obtained after
calcination of the ZnAc/PVA nanofiber mats (A and B), and Zn NPs/ ZnAc/PVA (C and
D), at 500 °C for 90 minutes.
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Figure 3. AFM image and three dimensional results for the nanofibers obtained from
calcination of ZnAc/PVA (A, C), and Zn NPs/ZnO/PVA (B, D) electrospun nanofiber

mats.
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Figure 4. TEM images in high and low magnifications for the nanofibers obtained from
calcinations of ZnAc/PVA nanofiber mats; (A, B) and from Zn NPs/ZnAc/PVA
nanofiber mats; (C, D). The insets in figures B and D represent the corresponding SAED
patterns.
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Figure 5. SEM images of the pure nanofibers (A and B) and of zinc powder containing
calcined nanofibers (C and D) as well as an FE-SEM image (E) after hydrothermal

process at 150 °C for 60 minutes.
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Figure 6. XRD patterns for the nanofibers after calcination in the case of Zn NP-free (A)

and the hydrothermal product (B).
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Figure 7. TEM images in low and high magnifications of hydrothermally treated
nanofibers (A, B) and a high resolution TEM image (HRTEM) for a nanobranch; the
inset in (C) shows the FFTT pattern.
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Figure 8. XPS results for the hydrothermally produced nanofibers.
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Figure 9. Effect of blank, pristine zinc oxide (ZnO) nanofibers, and the newly introduced
zinc oxide-zinc oxide (ZnO-ZnO) nanostructure on the photocatalytic degradation of

methylene blue dye.
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Table 1

Hydrothermal | Phase Peak FWHM (in | Cos @ Particle

Product position radian size (nm)
100 31.66° 0.2204 0.962075296 | 26.6
002 34.22° 0.3391 0.955741681 | 32.0
101 36.25 0.4226 0.950380083 | 90.8
102 47.86° 0.3857 0.914041698 | 15.1
110 56.51° 0.5492 0.880890738 | 19.6
103 62.66° 0.6748 0.854186693 | 15.9
200 67.37° 0.8763 0.832147749 | 12.4
112 67.92° 0.8763 0.829427761 | 12.4
201 69.26° 0.4408 0.822838933 | 14.3

Calculation of crystallite particle size of zinc oxide hierarchical nanostructure from

FWHM of X-ray diffraction pattern.
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Table 1
Calculation of arystallite particle size of zinc oxide hierarchical nanostucture from F\WHNM of X-ray
diffraction p attern.
Hyvdrothermal Phase Peak positon | FWHM (m Cos@ Particle size
Product radian (nm)
100 3166° 0.2204 0962075296 266
002 3422¢° 0.3391 0955741681 320
101 36.25 04226 0950350083 908
102 4786° 0.3857 09214041698 15.1
110 5651° 0.5492 0 880890738 196
103 6266° 06748 0854156693 159
200 6737¢ 08763 0832147749 124
112 6792 08763 0829427761 124
201 69.26° 0.4408 0.822838933 143
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