
Materials Letters 65 (2011) 2683–2685

Contents lists available at ScienceDirect

Materials Letters

j ourna l homepage: www.e lsev ie r.com/ locate /mat le t
In-situ formation of Cu metal crystals within nanostructured ZnO electrospun fibers
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The in-situ synthesis of Cu/ZnO crystalline nanofibers is presented. The composite nanofibers are formed
through the calcination and reduction of as-electrospun fibers consisting of poly(vinyl pyrrolidone) as well as
Cu and ZnO precursors. The crystal structure and morphology of the synthesized fibers were characterized
using X-ray diffraction, scanning electron microscopy, and high-resolution transmission electron microscopy.
The presence of well crystallized Cu and ZnO phases within the fiber was verified using XRD spectra and
HRTEM images. To the best of our knowledge, this analysis confirms the first successful in-situ synthesis of a
metal nanocrystal and ceramic polycrystalline electrospun fiber hybrid.
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1. Introduction

Since the discovery of one-dimensional (1D) carbon nanotubes,
extensive research investigations have been focused on the preparation
of 1D nanostructures with well-controlled morphology. Due to their
uniquephysical and chemical properties, 1Dnanostructures act as novel
building blocks for the hierarchical manufacturing of optics, catalysts,
solar cells, super-capacitors, and other microscale devices [1–5]. Zinc
oxide (ZnO) is awell-knownWürtzite structured semiconducting oxide
materialwith a large exciton binding energy and large band-gap energy.
One-dimensional ZnOfibers are particularly useful in themanufacturing
of small devices because a high surface area and large plate-like ratio
increase chemical and physical interaction. The pure and doped forms of
ZnO nanomaterials have been used for a wide range of applications
including as active elements in photocatalysis, gas sensing, and
hydrogen production [6–9]. Recently, the sensing and catalytic
performance of ZnO has been enhanced significantly through the
production of ZnO-based heterostructures or composites in the
presence of Cu metal elements [10,11]. Capitalizing on the unique
properties of these heterostructures requires a method capable of
organizing 1D micro- and nanoscale fibers, rods, and tubes into
macroscale functional structures. The top-down approach of electro-
spinning has been widely utilized to fabricate organic and inorganic 1D
structures, ranging in size from tens of nanometers to hundred of
micrometers, due to its cost effectiveness, rapid fabrication time, and
versatility [12,13]. Previous electrospinning studies have reported the
synthesis of several single-component, composite, and doped fibers
with various physical and chemical properties [14–16]. In this letter, we
report the preparation of polycrystalline fibers consisting of Cu
nanocrystals and ZnO grains through an electrospinning, calcination,
and reduction process. The synthesis of this kind of nanostructured
polycrystalline fiber offers the potential to modify and tailor physical
characteristics such as thermal conductivity, electrical conductivity, and
optical properties.

2. Experimental

The fabrication of Cu/ZnO nanofibers began with the creation of a
sol precursor containing copper acetate (Aldrich), zinc acetate
(Aldrich), and poly(vinyl pyrrolidone) (PVP, MW=1,300,000, Al-
drich). A 0.1 g aliquot of PVP was dissolved in 1 ml of ethanol and
magnetically stirred for 24 h. A drop-by-drop addition of 0.32 ml of 5%
copper acetate in water and 0.32 ml of 20% zinc acetate in water
yielded a 1:4 molar ratio of Cu:Zn in the dissolved PVP. The precursor
was stirred for 2 h to achieve a uniform solution for electrospinning
before being loaded into a syringe (5 ml, norm-ject) with a metallic
needle (Small parts). The syringe needle was connected to a high-
voltage power supply (Gamma High Voltage Research, Inc., USA)
capable of a generating a positive voltage up to 20 kV. The distance
between the tip of the needle and the aluminum foil counter collector
was set to 15 cm. A constant flow rate of 0.3 ml/h was controlled by a
syringe pump (Cole-Parmer, IL, USA). Non-woven electrospun fibers
were deposited on the collector and allowed to dry at 20 °C for 24 h.
The dried fibers were then calcinated at 450 °C for 3 h under a flow of
O2 gas to obtain composite fibers containing CuO, Cu2O, and ZnO.
Further heat-treatment of the electrospun fibers at 300 °C for 2.5 h in
an H2 environment resulted in the in-situ reduction of CuO and Cu2O
into Cu nanocrystals.
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Fig. 1. XRD patterns of the electrospun fibers after calcination at 450 °C in a flow gas of
O2 (blue) and after reduction at 300 °C in a flow of H2 (pink).

Fig. 2. Lowandhighmagnificationof SEMmicrographsof (A) and (B) as-electrospuncomposite
fibers after reduction at 300 °C for 2.5 h in a H2 environment.
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3. Result and discussion

The composition and crystalline phases of the calcinated and heat-
treated fibers were characterized by XRD, as shown in Fig. 1. The
samples calcinated at 450 °C in an O2 environment show crystalline
phases of ZnO, CuO, and Cu2O. The ZnO phases show diffraction peaks
originating from the (10 0), (00 2), (10 1), and (10 2) planes, which
correspond to Würtzite ZnO. These results indicate that the
calcination process was sufficient to remove organic content and
decompose copper acetate and zinc acetate into various phases of
ZnO, CuO and Cu2O. The XRD patterns in Fig. 1 display the presence of
Cu and ZnO phase peaks, which prove that the CuO and Cu2O were
reduced into Cu crystals within the polycrystalline ZnO fibers.

The morphologies and microstructures of the as-electrospun,
calcinated, and reduced fibers were examined by SEM. The micro-
graphs presented in Fig. 2 (A) and (B) indicate that the as-electrospun
fibers have a relatively smooth surface with no obvious indication of
crystallization arising from the polymeric and amorphous nature of
the composite fibers. The diameters of the as-electrospun fibers range
from 50 nm to 200 nm, with an average diameter of 130 nm. The
lengths of the fibers were on the order of several millimeters. Fig. 2(C)
and (D) shows that after calcination the electrospun fibers have
reduced diameters in the range of 20–120 nm, which is attributable to
fibers; (C) and (D)fibersafter calcination at450 °C for 3 h inanO2 environment, (E) and (F)
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Fig. 3. TEM and HRTEM images of the Cu/ZnO polycrystalline composite fibers.
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both the burn-out of PVP and the decomposition of metal-organic
substances during the calcination process. The calcinated electrospun
composite fibers have an average diameter of around 85 nm and
retain straight morphology; however, slight surface roughness is
apparent due to the removal of the organic components. Fig. 2(E) and
(F) shows SEM micrographs of the final Cu/ZnO electrospun
composite fibers obtained through the reduction of CuO and Cu2O
into Cu metal nanocrystals. With diameters ranging from 15–112 nm
and an average diameter of 65 nm, the reduced Cu/ZnO fibers are
slightly smaller than those of the calcinated ZnO polycrystalline fibers.
Careful study reveals the polycrystalline character and 1D structural
continuity of the reduced Cu/ZnO fibers. A visible increase in the
overall surface smoothness of the fibers was attributed to the
densification of the fibers during the heat-treatment process. The
lengths of the composite fibers are in the millimeter range, although a
few smaller fibers are also found in the SEM micrographs.

The transmission electron microscopy (TEM) image in Fig. 3(A)
shows the nanostructure of the Cu/ZnO composite fibers. Due to the
dense morphology of the composite Cu/ZnO polycrystalline fibers the
internal structure of individual composite fibers could not be
visualized; however, the grains could be examined. The presence of
Cu nanocrystals and ZnO grains was confirmed by examining a high-
resolution transmission electron microscopy (HRTEM) image
(Fig. 3B). Using the high-resolution image the inter-planar spacing
for the Cu (inset in Fig. 3B) and ZnO components were found to be
0.37 nm and 0.32 nm, respectively. These values correspond to the
interplanar distance of Cu (1 0 0) and ZnO planes (JCPDS No. 38–
1240). The average diameters of the Cu nanocrystals and ZnO grains
are approximately 15 nm and 23 nm, respectively.

4. Conclusions

In summary, we have demonstrated the in situ synthesis of Cu
nanocrystals within ZnO polycrystalline fiber through the calcination
and reduction of 1D electrospun fibers. This study presents a
promising and facile route for the high-throughput synthesis of
polycrystalline composite fibers containing metal nanocrystals and
inorganic oxide grains. The ability to produce polycrystalline hetero-
structures with variable morphology, macrostructure, and composi-
tion should expand their application in photonic, catalytic, and other
microscale devices.
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