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ZnO nanorods with high aspect ratio were synthesized and were dispersed in poly(vinyl alcohol) (PVA)–
water, PVA–water-N,N-dimethylforamide (DMF) and poly(acrylonitrile) (PAN)–DMF systems. These mix-
tures were electrospun to understand their spinning behaviour. It was found that only PAN–DMF system
could result in formation of nanofiber composites reinforced with aligned ZnO rods. PAN nanofibers rein-
forced with ZnO rods up to 50 wt% on the weight of polymer could be readily electrospun. The presence of
aligned ZnO rods inside PAN nanofibers was confirmed using scanning electron microscopy (SEM) and
scanning/transmission electron microscopy (STEM). Raman analysis revealed that such reinforced nano-
composites are enabled only when ZnO rods could interact with both the dispersant as well as the poly-
mer. Both random and aligned ZnO–PAN reinforced nanofibers could be successfully produced to suit
different applications.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

ZnO has attracted remarkable attention in research because of
its wide range of potential applications such as catalysis [1], solar
cells [2,3], optoelectronic devices [4,5], and chemical and biological
sensors [6]. Various methods have been employed to prepare dif-
ferent morphologies of ZnO structures including spheres, star,
flower [7], rods [8–11], etc.

Aligned ZnO nanofibers or hollow nanotubes have also been
produced using template assisted synthesis for optoelectronic
applications [12]. Also, vertically aligned ZnO rods on various
substrates have been produced for field emission and super hydro-
phobic properties [13,14] and increased interfacial strength [15].
One-dimensional tubular ZnO nanostructures have been produced
using electrospinning of polymer solution with zinc precursor fol-
lowed by calcination [16].

For many applications, it is important to produce composites of
ZnO nanostructures in order to incorporate properties that are ab-
sent with ceramic materials. Composites of ZnO nanoparticles with
polymers such as poly(ethylene terephthalate), poly(phenylene
vinylene) have been reported either by in situ synthesis of ZnO par-
ticles in polymer matrix [17] or by incorporating ZnO isotropic
nanoparticles into films [18,19] or electrospun fibers [20,21] to
impart multifunctionalities.
Composites of ZnO rods are expected to have enhanced proper-
ties, especially when they are made to align inside a composite
structure. However, presence of aggregates and inhomogeneous
distribution of nanostructures is a major obstacle in polymer nano-
composites. Their dispersion and inclusion in aligned form has
never been investigated, and therefore, remains an important area
for exploration. Incorporation of long ZnO nanorods inside a nano-
fiber is a greater challenge in this direction.

Interaction of nanostructures with polymer chains and solvent
is likely to play a crucial role in determining their dispersion and
alignment along the nanofibers axis. In the present study, feasibil-
ity of orienting high aspect ratio ZnO nanorods along the axis of
nanofibers has been investigated in poly(vinyl alcohol) PVA/H2O,
PVA/H2O–DMF and poly(acrylonitrile) PAN/DMF systems.
2. Experimental methods

2.1. Materials

Fiber grade commercial acrylic terpolymer, with Mw of 75,000
was procured from Pasupati Acrylon, India. The terpolymer had
about 8% methyl acrylate and 1% 2-acrylamido 2-propane sulfo-
nate as comonomers in addition to acrylonitrile. Zinc acetate dihy-
drate, Sodium hydroxide (NaOH), N,N-dimethylforamide (DMF),
and ethanol were procured from Merck, India. Poly(vinyl alcohol)
PVA, (cold) of Mw 1,25,000 and degree of hydrolysis 86–89% was
obtained from CDH, India.
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Fig. 1. Electrospinning set up for making: (i) random and (ii) aligned nanofiber web.

Fig. 2. SEM (a) and TEM (b) images of ZnO nanorods.

Fig. 3. X-ray diffraction patterns of: (i) ZnO nanorods (ii) ZnO nanorods and
nanoparticles.
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2.2. Methods

2.2.1. Synthesis of ZnO rods
The nano sized, ZnO rods were synthesized using hydrothermal

non stirred vessel as reported in the literature [8,10,22]. Zn2+/OH�

ratio was kept 1:10 and ethanol was used as solvent for the synthe-
sis. In a typical procedure, Zinc acetate dihydrate (Zn(Ac)2�2H2O)
(0.002 mol) was added in 20 ml ethanol. In the above dispersion,
0.02 mol of NaOH dissolved in 40 ml ethanol were added drop
wise. This mixture was then transferred to a non-stirred hydro-
thermal vessel and kept for 12 h at 150 �C. Precipitates obtained
were washed several times with water, finally with ethanol and
then dried.
2.2.2. Dispersion of ZnO rods
2.2.2.1. ZnO–PVA/water. 10 wt% of ZnO rods on the weight of PVA
were dispersed in water by stirring for 15 min followed by ultra-
sonication for 30 min in sonication bath (Elma, at 100% power
and frequency of 35 kHz). ZnO–PVA composite solution was pre-
pared by adding required amount of PVA (from a stock solution
of 16 wt%) to the above dispersion. Additional water was added
to adjust the total solid content to 8 wt%. The final mixture was
constantly stirred for 5 h at 50 �C, followed by sonication for
30 min at 100% power and frequency of 35 kHz. The sample was
coded as 10 ZnO–PVA/H2O.
2.2.2.2. ZnO–PVA/water:DMF(60:40). 10 wt%, 20 wt% and 50 wt% of
ZnO rods on the weight of PVA were dispersed in the solvent i.e.
water:DMF (60:40) using the method described above. The total
solid content was maintained at 8 wt% for all compositions. These



Fig. 4. Raman spectra of ZnO rods.

Fig. 5. SEM images of nanofibers electrospun using different systems: (a) PVA/water and (b) 10 ZnO–PVA/water.

Fig. 6. SEM images of nanofibers electrospun using different systems: (a) PVA/H2O–DMF, (b) 10 ZnO–PVA/H2O–DMF, (c) 20 ZnO–PVA/H2O–DMF, (d) 50 ZnO–PVA/H2O–DMF,
(e) 10 ZnO–PVA/H2O–DMF after 1 day and (f) 20 ZnO–PVA/H2O–DMF after 1 day.
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have been coded as 10 ZnO–PVA/H2O–DMF, 20 ZnO–PVA/H2O–
DMF and 50 ZnO–PVA/H2O–DMF, respectively.
2.2.2.3. ZnO–PAN composites. The ZnO rods (10, 20, 30 and 50 wt%
on the weight of PAN) were dispersed in DMF by stirring for
15 min followed by ultrasonication for 30 min (Elma, at 100%
power and frequency of 35 kHz). Concentrated PAN solution in
DMF (22 wt%) was added in the above dispersion of ZnO rods to ad-
just the total solid contents to 13.2 wt%. The solution was
homogenized by stirring it for 3 h followed by sonication for
30 min at frequency of 35 kHz. These mixtures were coded as 10
ZnO–PAN/DMF, 20 ZnO–PAN/DMF, 30 ZnO–PAN/DMF, and 50
ZnO–PAN/DMF, respectively.
2.2.3. Electrospinning of ZnO rod–polymer/solvent dispersions
Electrospinning was carried out using an Infusion syringe pump

KDS 100 (KD Scientific) and a flat tip needle (internal diameter
0.834 mm). High voltage power supply (40 kV), Model-DES40PN



Fig. 7. SEM images of nanofibers electrospun using different systems: (a) PAN/DMF, (b) 10 ZnO–PAN/DMF, (c) 20 ZnO–PAN/DMF, (d) 30 ZnO–PAN/DMF and (e) 50 ZnO–PAN/
DMF.

Fig. 8. STEM images of nanocomposite fibers electrospun using different systems: (a) 10 ZnO–PAN/DMF, (b) 20 ZnO–PAN/DMF, (c) 30 ZnO–PAN/DMF and (d) 50 ZnO–PAN/
DMF.
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from Gamma HV, was used to charge the needle as well as a collec-
tor plate. The polymer solutions with homogeneously dispersed
ZnO rods were electrospun at a fixed flow rate of 0.5 ml/h. The dis-
tance from the tip of needle to the collector was kept at 15 cm. The
temperature and relative humidity was maintained at 30 �C, 40%,
respectively. This arrangement resulted in randomly laid nanofiber
webs, which were dried in vacuum oven and used for characteriza-
tion. For comparison, nanofibers of PVA were also electrospun
using 8 wt% solutions of PVA in water and water-DMF (60:40) sol-
vent systems and of PAN using 13.2 wt% PAN solution in DMF.

In order to get aligned nanofibers, a set of parallel aluminum
rods were used as collector instead of flat plate. The schematic
experimental set up for production of random and aligned PAN
nanofibers is shown in Fig. 1(i) and (ii), respectively.

2.2.4. Characterization
The morphology of ZnO rods, random and aligned electrospun

fibers was determined using a field emission scanning electron
microscope (SEM), FE-SEM (FEI Quanta 200F, Netherland) and
Transmission electron microscope (TEM) (Model: Philips CM12).
The diameter of the nanofibers was determined as an average of
200 readings using Image J software. Energy dispersive X-ray
(EDX) analysis was done using Oxford-EDX system, IE250 XMAX
80. X-ray diffraction (XRD) patterns were obtained from



Fig. 9. SEM images for electrospun nanocomposite fibers using different systems: (a) 10 ZnO–PAN/DMF after 1 day, (b) 20 ZnO–PAN/DMF after 1 day, (c) 30 ZnO–PAN/DMF
after 1 day and (d) 50 ZnO–PAN/DMF after 1 day.

Fig. 10. Energy dispersive X-ray (EDX) mapping of nanocomposite fiber obtained using 30 ZnO–PAN/DMF system.
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PANalytical X-ray diffractometer, with Cu Ka radiation
(k = 0.154 nm) at 40 kV. The interaction between ZnO rods, poly-
mers and their solvents were studied using Raman spectra ob-
tained using confocal laser dispersion micro Raman spectrometer
(Model-INVIA, laser 785 nm�1) from Renishaw, UK.
3. Results and discussion

3.1. Morphology of ZnO rods

Morphology of ZnO rods was analysed using SEM and TEM as
shown in Fig. 2a and b, respectively. The dimensions of the ZnO
rods were determined as an average of 100 readings using Image
J software. SEM study revealed that the synthesized ZnO rods
had an aspect ratio of �14 with average length of 691 ± 167 nm
(CV = 24.25%) and average diameter of 50 ± 10 nm
(CV = 18.07%).The ZnO rods showed a typical XRD pattern for high
purity wurtzite hexagonal phase Fig. 3(i) and the entire diffraction
pattern matched well with the standard hexagonal ZnO (JCPDS
number 36–1451 for ZnO). As reported in the literature [22], the
nanoparticles grew along [001] direction to produce ZnO rods.
The higher intensity peak corresponding to [100] plane of ZnO
rods was observed in contrast to ZnO nanoparticles as shown in
Fig. 3(ii).



Fig. 11. X-ray diffraction patterns of: (a) ZnO–PAN nanofibers, (b) PAN nanofibers
and (c) ZnO nanorods.
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Fig. 4 shows the Raman spectrum for ZnO rods. E2 high mode at
439 cm�1 indicates that the sample has perfect crystal quality [23].
Typical peaks of ZnO rods i.e. optical phonon overtone peak at
333 cm�1, multiphonon process peaks at 375 cm�1 and
Fig. 12. SEM images for aligned nanocomposite fibers elrctrospun using different system
DMF.

Fig. 13. STEM images for aligned PAN nanocomposite fibers electrospun using differen
1142 cm�1 and acoustic combination of A1 and E2 mode at
1091 cm�1 were also observed in the Raman spectrum.
3.2. Morphology of ZnO–PVA composite fibers

The morphology of electrospun PVA and ZnO–PVA nanocom-
posite fibers is shown in Fig. 5(a) and (b), respectively. PVA nanof-
ibers had an average diameter of 270 ± 25 nm. However, the
diameter of ZnO–PVA fibers was found to be 185 ± 20 nm. The
SEM micrograph shows the presence of only a few ZnO rods inside
the fibers in ZnO–PVA nanocomposite fibers. However, mostly ZnO
rods were present as aggregates outside the nanofibers indicating
that ZnO rods could not be inserted inside the PVA nanofibers. This
effectively reduced the total solid contents of the spun fibers
resulting in their lower diameter compared to pure PVA nanofi-
bers. The results indicate that though the ZnO rods appear to have
dispersed in the PVA–water system, they tend to agglomerate and
segregate into different phases during the electrospinning process.
The segregation of ZnO rods was also visible in the ZnO–PVA/water
mixture, which showed settling of the rods with time.

In order to improve the dispersion of ZnO rods in PVA, the sol-
vent system was modified by adding DMF as a cosolvent in a ratio
s: (a) PAN/DMF, (b) 10 ZnO–PAN/DMF, (c) 30 ZnO–PAN/DMF and (d) 50 ZnO–PAN/

t systems: (a) 10 ZnO–PAN/DMF, (b) 30 ZnO–PAN/DMF and (c) 50 ZnO–PAN/DMF.



Fig. 14. Raman spectra: (i) 100–3200 cm�1 for: (a) DMF and (b) ZnO/DMF, (ii) 200–
600 cm�1, (a) ZnO nanorods, (b) DMF and (c) ZnO/DMF, (iii) 1600–1800 cm�1, (a)
ZnO nanorods, (b) ZnO/DMF and (c) DMF.

Table 1
Raman frequencies and corresponding vibrations of DMF, ZnO/DMF, PAN and ZnO–
PAN/DMF.

DMF ZnO/DMF PAN/DMF ZnO–PAN/DMF

m (cm�1) Vibration type

323 c (Me–N–Me) 326 334 334
363 368 373 373
411 d (Me–N–Me) 412 420 420
– E2 High Mode of ZnO 441 – 444
665 d (O@CAN) 667 674 674
872 (N–Me) 871 879 880
1102 c (CH3) N 1108 1112 1113
1415 d(CH3) N 1419 1424 1424
1448 (C–N) 1447 1453 1453
1667 (C@O) 1680 1674 1688
2870 c (C–H) 2874 2881 2881
2942 ms (CH3) N 2946 2947 2949

Fig. 15. Raman spectra for: (a) ZnO–PAN/DMF and (b) PAN/DMF.

Fig. 16. Raman spectra for: (a) PAN and (b) ZnO–PAN.
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of water:DMF (60:40). The PVA and ZnO–PVA nanofibers obtained
from water-DMF system are shown in Fig. 6. The diameter of PVA
nanofibers obtained from water-DMF system was higher
(330 ± 30 nm) compared to that of water system. On incorporation
of 10 and 20 wt% ZnO rods in place of PVA polymer, the diameter
was observed to decrease slightly to 250 ± 40 nm and
210 ± 50 nm, respectively. The images show that higher number
of ZnO rods could be incorporated in the nanofibers than the pure
water system, however, on increasing the ZnO content to 50 wt%,
only polymer beads with ZnO aggregates could be obtained. Also,
when the above solutions were electrospun after a day of storage,
gave nanofibers with substantially reduced diameter and large
aggregates of ZnO rods outside the nanofibers.
The poor incorporation of ZnO rods within the nanofibers indi-
cates that though the use of DMF as a cosolvent has helped in
improving the dispersion of ZnO rods, the dispersions are still
not very stable.
3.3. Morphology of ZnO–PAN composite fibers

In order to investigate the role of polymer in improving the dis-
persion stability of ZnO rods, a different polymer system,
poly(acrylonitrile) (PAN), in DMF was chosen. The morphology of
PAN nanofiber webs was studied using SEM and STEM as shown
in Figs. 7 and 8. PAN nanofibers had an average diameter of
260 ± 30 nm. The fiber diameter of PAN–ZnO composites was
found to increase as the amount of ZnO rods was increased from
0 to 10 wt% (732 ± 50 nm) and 20 wt% (840 ± 150 nm). However,
further increase in ZnO rods to 30 and 50 wt%, resulted in decrease
of the diameter to 541 ± 100 nm and 482 nm ± 100, respectively.

In ZnO–PAN nanofibers, ZnO rods were found to be properly
dispersed inside the nanofibers and also aligned along the axis of
the fibers resulting in reinforced nanofiber structures. In nanofi-
bers reinforced with 10 wt% ZnO rods, the rods were properly dis-
persed inside the fibers without any overlapping. In nanofibers
with 20 and 30 wt% ZnO rods, again the rods were uniformly dis-
persed inside fibers with a little overlapping of rods inside the
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fibers. However, nanofibers with 50 wt% ZnO rods showed promi-
nent overlapping of ZnO rods due to very high loading.

The significant increase in diameter of the nanofibers with
incorporation of ZnO rods indicates that there is a strong interac-
tion between PAN chains and the rods. At smaller addition of
ZnO at 10–20 wt%, the individual rods are able to interact well with
the polymer and probably are able to create an elastic networked
structure. However, at higher loadings of 30–50 wt%, stacking/
aggregation of rods may interfere in creating this elastic structure
resulting in somewhat smaller diameter of the reinforced nanofi-
bers. When electrospun after a day of storage, ZnO–PAN solutions
gave nanofibers with properly dispersed ZnO inside the nanofibers
with no aggregation as shown in Fig. 9 indicating stable dispersion
of ZnO rods in PAN/DMF system.

EDX mapping of Zn, O, C and N elements was carried out to
trace the location of ZnO rods and is shown in Fig. 10. C and N were
found to be homogenously distributed over the entire image of the
nanofiber. On the other hand, zinc (Zn) and oxygen (O) elements
were present at the locations were ZnO rods were in the SEM
images. EDX map confirmed the presence of rods inside the fibers
as well as their alignment along the axis of nanofibers. XRD spectra
given in Fig. 11 also show typical peaks of ZnO in ZnO–PAN nano-
composite fibers.

Aligned structures in a particular direction can impart enhanced
properties to composites. Therefore, an attempt was made to align
the nanofibers reinforced with aligned ZnO rods in a particular
direction in a single step. The nanofibers were electrospun using
parallel aluminum rods as collectors. Fig. 12 shows the SEM images
of PAN and ZnO–PAN nanofibers containing 10, 30 and 50 wt% ZnO
rods. The nanofibers were observed to be properly aligned in a par-
ticular direction. Also, the ZnO rods were found to be aligned in the
same direction as can be seen from the STEM images given in
Fig. 13. The images confirmed that ZnO rods were properly dis-
persed inside the aligned nanofibers.

PAN nanofibers are excellent precursors for carbon fibers
[24,25] and the incorporation of anisotropic ZnO inside PAN nanof-
ibers may improve the structure and mechanical properties of car-
bon fibres. ZnO is an optically active material, therefore this
combination i.e. PAN/ZnO composite nanofibers may find applica-
tion in optoelectronics, piezoelectric devices [5] and chemical/bio-
logical sensors [6,25].

3.4. Interaction between ZnO rods and polymer PAN

In PVA/water system presence of aggregates of ZnO rods proved
that water is a poor dispersing medium for ZnO rods. In PVA/
water–DMF system, DMF enabled dispersion of rods into PVA solu-
tion, however the dispersion was not stable for extended periods.
On the other hand, PAN/DMF system enabled homogeneous and
stable dispersion of ZnO rods. The results indicated that solvent
alone is not able to provide stable dispersion, rather interaction be-
tween the rods and the polymer plays a crucial role for proper dis-
persion of ZnO rods inside the polymer–solvent system. In order to
understand the interaction of ZnO rods with PAN/DMF system,
which led to good dispersion as well as alignment of rods along
the fiber axis, raman analysis was carried out.

Raman spectra of DMF and DMF/ZnO dispersion are shown in
Fig. 14. The spectra show typical peaks of DMF and Table 1 lists
the assignment of the various observed peaks.

As can be observed from the spectra, C@O stretching peak of
DMF shifts from 1667 cm�1 to 1680 cm�1 in the presence of ZnO
rods. Further, raman peaks related to (CH3)N- of DMF shift from
1102 cm�1, 1415 cm�1, 2942 cm�1 in DMF to 1108 cm�1,
1419 cm�1, 2946 cm�1, respectively, in ZnO/DMF dispersion. The
shifts indicate that a strong interaction may exist between the
ZnO rods and the DMF solvent. It appears that interaction of DMF
molecules to bulky ZnO rods are able to restrict the movement of
DMF bonds leading to emissions at higher wave numbers.

The spectra of PAN/DMF and ZnO–PAN/DMF are shown in
Fig. 15. The spectra show typical peaks for DMF as well as PAN in
both PAN/DMF and ZnO–PAN/DMF.

In PAN/DMF, all the peaks corresponding to DMF were observed
to shift to higher wavenumber indicating interaction of DMF with
PAN. Interestingly, on addition of ZnO rods to PAN/DMF i.e. in ZnO–
PAN/DMF, further shift in the carbonyl peak of DMF to1688 cm�1

was observed. This suggests a stronger interaction of DMF with
ZnO rods in the presence of PAN. This may be attributed to the pos-
sible interaction of ZnO rods with PAN which is confirmed by shift
of C�N stretching peak from 2246 cm�1 to 2252 cm�1 (Fig. 16).
4. Conclusion

ZnO nanorods of aspect ratio �14 having high purity crystalline
wurtzite hexagonal phase were successfully synthesized by hydro-
thermal method. The dispersion behaviour of ZnO rods in different
polymer–solvent systems was investigated to make ZnO–polymer
composite nanofibers. PVA/water system was observed to be a
poor dispersing medium for ZnO rods. Large aggregates of ZnO rods
were observed in SEM images of ZnO–PVA composite nanofibers
indicating that ZnO rods could not be inserted inside the PVA
nanofibers with water as solvent. The use of DMF as a co-solvent
resulted in a marginal improvement in dispersion of ZnO rods.
However, with time ZnO rods had a tendency to settle down again
resulting in separation as aggregates in electrospun composite
fibers.

On the other hand, in PAN/DMF system, very stable and homo-
geneous dispersion of ZnO rods was observed. The ZnO–PAN com-
posite nanofibers were observed to have uniformly dispersed ZnO
rods aligned along the axis of fibers. The significant increase in the
diameter of ZnO–PAN composite fibers compared to PAN fibers
points to the strong interaction between PAN polymer chains and
ZnO rods as revealed by Raman studies.

In both random as well as aligned PAN nanofibers, ZnO rods
were found to be aligned along the axis of nanofibers. Presence
and alignment of ZnO rods inside the random as well as aligned
ZnO–PAN composite nanofibers was further confirmed using
SEM, STEM, EDX and XRD. From the foregoing, it appears that the
polar interaction of carbonyl bond of DMF and nitrile groups of
PAN with ZnO enabled a homogeneous dispersion of rods in
PAN/DMF system, which was possibly the key to the formation
of anisotropic ZnO reinforced composites nanofibers.
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