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A novel approach for synthesizing copper oxide (CuO) nanoparticles (NPs) through electrospinning is reported. The approach is
based on producing rough and discontinuous electrospun nanofibers from a precursor based on copper acetate salt and polyvinyl
alcohol (PVA) polymer. Selectively removing the polymeric phase from the fibers produced highly rough CuO nanofibers, which
were composed of NPs that are weakly held together in a one-dimensional (1D) manner. Sonication in a suitable liquid under
controlled conditions completely disintegrated the nanofibers intoNPs, resulting in the formation of uniformCuONPs suspension.
Aberration corrected high resolution transmission electron microscope (HRTEM) showed that the obtained NPs are highly
crystalline and nearly sphere-like with a diameter of 30 to 70 nm.Thus, electrospinning, which is a low cost and industrially scalable
technique, can also be employed for economic and large scale synthesis of NPs.

1. Introduction

Electrospinning, which came to light more than seven
decades ago [1], turned out to be such a powerful and
versatile technique for continuous and large scale production
of nanofibers. The process involves the application of strong
electric field to generate electrically charged jet from the vis-
cous solution through a tiny nozzle. As the electrical potential
overcomes the surface tension of the solution droplet coming
out of the nozzle, the jet emerges from the droplet end and
continues to thin as it approaches the collector. The solvents
evaporate from the jet to form fibers having diameter of
the orders of nanometer which are collected on a grounded
electrode. The process has been extensively employed for
fabricating a variety of polymeric nanofibers [2]. Also, by
varying the electrospinning configuration and environmental
parameters, fibers with varying morphology such as porous
and core-shell [3] can also be produced. Moreover, by adding
a certain salt in specific proportion to the polymeric pre-
cursor, nanofibers of various ceramics can also be obtained
after selectively removing the polymeric phase through heat
treatment [4–6].

Recently, electrospinning has also been employed for
producing metallic nanowires following the same approach
[7, 8]. The approach is similar except one additional step of
reduction to transform the metal oxide nanofibers into pure
metal nanowires.

Whereas the use of electrospinning process is limited
to the production of mats made out of nanofibers to date,
we have found this process to be capable of producing
nanoparticles (NPs) as well. We demonstrate this approach
through an example of copper (II) oxide (CuO) NPs—a
narrow band gap semiconducting material having potential
catalytic [9], sensing [10], antimicrobial [11, 12], heat transfer
[13, 14], and photovoltaic [15] applications because of their
high surface to volume ratio as compared to bulk counterpart
and quantum confinement effects [16].

It is worth noticing that several physical methods such as
laser ablation [17] and microwave irradiation [18] and chem-
ical techniques such as alcohothermal method [19, 20] and
fast precipitation [21, 22] have been applied for synthesizing
CuO NPs. However, these processes are costly in terms of
energy consumption and setup requirements and hence not
feasible for economic mass production at the industrial scale.
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In addition, other techniques such as “supercritical water
hydrothermal synthesis” have been reported asmore versatile
approaches for producing NPs at the industrial scale and in a
continuousmanner [23]. Indeed, large variety of ceramicNPs
in various size ranges have been synthesized in bulk quantities
using this technique [24, 25].

In contrast, we report here electrospinning, which is
an economic and industrially scalable technique [26], as an
alternative and novel route for quick, low cost, and large
scale production of NPs. We demonstrate this concept with
the example of electrospun CuO nanofibers transforming to
CuO NPs. Similar approach can be adopted for synthesizing
a variety of other NPs based on the appropriate precursor
composition used for electrospinning.

2. Materials and Methods

The viscous and uniform precursor, based on copper (II)
acetate (Sigma-Aldrich) and polyvinyl alcohol (PVA) (𝑀

𝑤
=

61000, Sigma-Aldrich), was electrospun at a flow rate of
0.2mL/hr and a voltage of 29 kV. The details of precursor
preparation, the optimized electrospinning parameters and
the post-treatment conditions of fibers were based on our
previous investigation [27]. In a typical experiment for
converting the nanofibers to NPs, around 25mg of calcined
nanofibers was transferred to a beaker containing 50mL
of water. This mixture was then ultrasonicated using probe
sonication for 15min. This step resulted in the formation
of transparent NPs suspension of CuO in water. The mor-
phology of NPs was analyzed through scanning electron
microscope (SEM) and their compositional analysis was
carried out using energy dispersive spectroscopy (EDS) and
X-ray diffraction (XRD). The NPs were also characterized
in terms of size and crystallinity using aberration corrected
HRTEM.The average size of NPs was also confirmed through
particle size analyzer based on the principle of “dynamic light
scattering” (DLS).

3. Results

3.1. Morphology of As-Spun Fibers. It is well admitted that in
electrospinning, the solution flow rate and the voltage are the
most important processing parameters that have the greatest
influence over the obtained nanofibers morphology and
features. Therefore, optimum values of these two parameters
must be selected for stable “Taylor cone” at the needle end
and for the formation of smooth and continuous nanofibers
[28, 29]. For every solution, there is an optimum set of
flow rates and voltages depending upon its viscosity and
conductivity that will yield the nanofibers with maximum
uniformity and continuity. Since the flow rate is related to the
solution delivery to the needle and the voltage is related to
taking the solution away from the Taylor cone, any imbalance
between these two parameters will cause the hydrodynamic
instabilities that will lead to the formation of discontin-
uous and nonuniform fibers with irregular morphologies
[30]. In case the as-spun fibers are composite comprising
both the polymer and the salt, the fiber morphology after
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Figure 1: SEM image of as-spun composite nanofibers with highly
defective morphology. Broken junctions and beads are marked with
dotted circle and arrow, respectively.

polymer removal will also be affected by the solution flow
rate and the voltage employed during the electrospinning.
If the values of these two parameters are such that poor
balance is maintained between solution delivery and solution
removal from the needle end, not only the morphology
of as-spun composite fibers becomes highly defective, but
also the morphology of calcined nanofibers becomes very
defective and nonuniform. In our case, 0.2mL/hr-20 kV and
0.5mL/hr-29 kV were found to be the optimized sets of flow
rates and voltages for producing uniform and continuous
nanofibers. If one of the parameters in these sets is inter-
changed, the result is highly discontinuous and nonuniform
fibers due to imbalance between electrostatic and viscoelastic
forces. Figure 1 shows the SEM image of as-spun composite
nanofibers obtained at 0.2mL/hr-29 kV. The nanofibers are
characterized by pronounced breaking and beading which
were expected due to unstable jet formation during electro-
spinning. Similar morphology was observed for 0.5mL/hr-
20 kV.

3.2. Morphology of Fibers after Polymer Removal. Figure 2(a)
shows the SEM images of calcined nanofibers. An important
observation is the curling and spiraling behavior of these
calcined nanofibers. As evident from Figure 1, the as-spun
composite fibers are fairly straight but such quality of straight-
ness is not evident in calcined nanofibers. The observed
spiraling of calcined nanofibers is due to the residual strain
which was built up when the different crystalline domains
(or NPs) of CuO merge together to form linear 1D structure
while the PVA decomposes. Figures 2(b) and 2(c) show
the high magnification SEM images of calcined nanofibers
where it can be clearly seen that the nanofibers are made
up of NPs attached together in a linear fashion to give the
nanofiber shape. It is important to mention that the electro-
spinning voltage and flow rate are not solely responsible for
this extremely rough fiber morphology. An equally critical
parameter is the precursor composition. For obtaining such
morphology, it is vital to prepare a precursor which is heavily
loaded with salt. As stated in the experimental section, the
precursor has a polymer to salt weight ratio of 1.5 : 1 with
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Figure 2: (a) SEM image of CuO nanofibers obtained after calcination. ((b) and (c)) Magnified images of (a). (d) Nanofibers changing to
NPs’ clusters after sonication in water. (e) XRD spectrum of CuO NPs. (f) EDS spectrum and quantitative results of CuO NPs (the longest
peak in EDS spectrum corresponds to Si, which was used as a substrate for collecting nanofibers and its contribution was excluded from the
quantitative results).

only 1mL additional water. The available water from the
polymer solution and this separately added 1mLwater are far
below the minimum amount required for forming clear and
saturatedCuAc aqueous solution.Thus, the precursor formed
is basically a sol-gel comprised of CuAc particles uniformly
distributed across the solution. Such high loading of salt
causes dense confinement of salt across the nanofiber which
ultimately results in the formation of CuO NPs connected
together in linear 1D pattern. The XRD spectrum with
indexed peaks, shown in Figure 2(e), confirms the purity
and crystallinity of CuO NPs [31]. The EDS spectra and the
quantitative results for NPs, shown in Figure 2(f), match well
with the stoichiometric ratio of Cu and O in pure CuO,

conforming to the fact that the obtained NPs are nearly pure
CuO.

3.3. HRTEM Analysis of CuO NPs. The fabricated CuO NPs
were examined using HRTEM. The samples were prepared
by putting a tiny droplet of freshly sonicated water based
CuO NP suspension on a carbon supported 300 nm mesh
TEM copper grid. The typical CuO NPs structure is given
in Figure 3(a); the NPs appear to have a spherical-like shape
with an average size of 20 to 40 nm. They seem also to
be locally clustered which may be attributed to very low
evaporation rate of water used as solvent leading to parti-
cles aggregation. At higher magnification (Figure 3(b)) all
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Figure 3: (a) TEM image of clusteredCuONPs. (b)HRTEM image of CuONP showing high degree of crystallinity with randomorientations.
(c) HRTEM examination of single CuO NP. (d) Zoom-in view of crystal showing well aligned atomic planes with 2.9 Å spacing. (e) FFT of
the image shown in (c) matching the [101] zone axis for the monoclinic structure.
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Figure 4: (a) CuO NPs size distribution and (b) typical example of a test consisting of 10 runs conducted for estimating CuO NP size.

observed CuO NPs exhibit atomic fringes with a specific
orientation. This is clear evidence that the synthetized CuO
NPs are all single crystals with random orientations. Further
HRTEM examination of single CuO NP is presented in
Figure 3(c): this NP structure was highlighted through (101)
zone axis given in fast Fourier transformed (FFT) image in
Figure 3(e). The atomic columns of this nanocrystal seem to

be lying along [1 1 1] direction. The zoom in view of this
NP structure is given in Figure 3(d) which allows measuring
the interplanar spacing of 𝑑 = 2.9 Å. Further analysis of the
FFT data allows determining the lattice parameters of this
nanocrystal through the indexation of all visible spots and
the angles between different orientations. Our measurement
gives these values (𝑎 = 4.12 Å) and (𝛼 = 𝛾 = 89∘; 𝛽 = 100∘).
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This result is in good agreement with the crystal structure of
monoclinic CuO as given in the literature (𝑎 = 4.6837 Å,
𝑏 = 3.4226 Å, and 𝑐 = 5.1288 Å) and (𝛼 = 𝛾 = 90∘,
𝛽 = 99.54

∘).

3.4. Particle Size Analysis through DLS. Figure 4(a) gives the
DLS size distribution of CuO particles in freshly sonicated
water suspension. It seems that the CuO NPs exhibit a
scatter size distribution varying between 30 and 700 nm.
However, the analysis of the polydispersity (PD) and zeta-
potential (ZP) values must be undertaken carefully to draw a
reasonable conclusion about average NP size and suspension
stability. For the particles ranging between 30 and 100 nm, the
corresponding PD was found to be below 0.01. This shows
that the suspension is monodisperse and the average particle
size lies below 100 nm. Maximum counts were recorded
for the size range between 60 and 70 nm representing that
the majority of NPs fall within this size range. For higher
particle size, the corresponding PD values were also higher
representing NP clustering. Lower particle size and PD were
observed for the initial runs and both of these values kept
on increasing for the latter runs as it can be seen from a
typical test result presented in Figure 4(b). This gives strong
indication that theCuONPs suspension is highly instable due
to coagulation of NPs which happens within few minutes.
Also, the ZP measurements for each run listed in the last
column of Figure 3(b) confirm the suspension instability.The
average of ten ZP readings shown is around 21mV (<30mV)
confirming suspension instability [32]. Also, the increasing
trend in the ZP with number of runs confirms that the NP
coagulation increases with time. We found this clustering of
NPs to be reversible; that is, if sonicated again, the suspension
displayed smaller particle size with lower PD and ZP like
initial runs. Based on these observations, it can be said with
confidence that the average size for the majority of individual
NPs is below 100 nm with most of them lying typically in the
range 60 to 70 nm which is in good agreement with the size
estimated from TEM images.

4. Discussion

Our results show that using an appropriate precursor and
an optimized set of electrospinning parameters, very rough
nanofibers resembling 1D arrays of NPs can be generated. If
sonicated under controlled conditions in a liquid medium
(such as water), these NPs can be easily separated resulting in
the formation of NPs suspension. The NPs are usually stored
and applied in the formof suspensionsmadewith the suitable
liquid. Thus, the necessary step for converting the nanofiber
meshes to NPs is putting them in liquid and then performing
controlled sonication leading to homogenousNP suspension.

The highly crystalline nature of CuONPs reflects another
potential benefit of the present approach. Despite several
instabilities involved in the electrospinning, the obtained
NPs were found to be nearly single crystal. The role of
intermediate processing steps, that is, the polymer removal
and the sonication, can be significant in this regard. The heat

treatment of nanofibers at 475∘Cwith lowheating and cooling
rates can cause the individual NPs inside the nanofiber to
crystallize. Similarly, the sonication step can also lead to some
recrystallization and spherical shape formation ofNPs as they
get an opportunity tominimize their energy and surface area.

The key benefit of using electrospinning technique for
producing NPs mainly lies in its economic, facile, and indus-
trially scalable nature. Further investigations and optimiza-
tion can make this technique become an economic choice
for producing NPs at the upscaling level with greater yields.
Another attraction of this approach is its versatility; that is,
the NPs of any ceramic material such as ZnO, NiO, TiO, and
FeO can be fabricated through proper choice of salt in the
precursor preparation.

An indirect approach has been demonstrated for produc-
ing metal NPs via electrospinning [33]; however, the method
is totally different as compared to our approach. It involves
electrospinning the solution of polyacrylonitrile, acrylic acid,
and PdCl

2
and then reducing the as-spun nanofiber mats

with hydrazine which results in the formation of Pd NPs
uniformly distributed over the nanofiber mat. Because of
the very low yield and adhesion of NPs to the polymeric
nanofibers, the approach seems difficult to achieve a mass
production level. An attempt to fabricate NPs in a continuous
manner, employing the concept of bubble electrospinning,
has also been demonstrated; however, the obtained product
was in the form of huge clusters (5 microns approximately)
comprising irregularly shaped particles with an average size
of several hundred nanometers [34]. However our work
shows that, besides producing nanofibers, electrospinning is
also a promising and straightforward technique for produc-
ing well dispersed and less than 100 nm CuONPs suspension
in bulk quantities and we intend to extend this work for other
ceramic NPs in future.

5. Conclusion

A new process to synthesize copper oxide nanoparticles
(NPs) in bulk quantities via electrospinning has been devel-
oped.The complete process is schematically summarized and
illustrated in Figure 5. The key to properly implement this
process for making CuO NPs is the formation of suitable
precursor consisting of an appropriate salt and polymer and
selection of optimized electrospinning parameters so that
irregular and discontinuous 1D arrays of NPs are generated
instead of regular and continuous fibers. These NP arrays are
then broken into isolated NPs by sonication in appropriate
liquid resulting in NPs suspension. By altering the NP
concentration or adding suitable surfactant, the coagulation
of these NPs can be significantly reduced. The produced
particles are crystalline and have a relatively narrow particle
size distribution. Moreover, this study showed the inter-
esting potential of electrospinning technique for producing
NPs. Hence, further optimization using different precursor
compositions and electrospinning parameters will lead to
controlled quality and mass production of NPs.
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Figure 5: Process flow for making CuO NPs via electrospinning technique.
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