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ZnO/PVA Macroscopic Fibers Bearing Anisotropic Photonic 
Properties
 Composite PVA/ZnO-nanorods fi bers, synthesized through co-axial fl ux 
extrusion exhibit higher anisotropic photonic properties, both in absorption 
and emission, as a result of the collective alignment of the ZnO nanorods 
along the main axis of the PVA fi ber. This photonic anisotropy is triggered by 
a synergistic interaction between the PVA matrix, stretched above the glass 
transition temperature (Tg), and cooled down under strain. Compared with 
non-elongated fi bers that present an isotropic emission, composite fi bers pre-
viously submitted to a tensile stress absorb selectively UV emission when the 
polarized laser beam is parallel to the main axis of the fi ber. In addition, their 
photolumincescence is also anisotropic, with a waveguide behavior along the 
main axis of the fi ber. Mechanical properties of these composite fi bers are 
also drastically improved, compared with pure PVA fi bers: the longitudinal 
Young modulus of these fi bers is increased from 2 to 6 GPa upon ZnO addi-
tion, a value similar to those already observed for composite fi bers, prepared 
either with carbon nanotubes, or V 2 O 5  macroscopic fi bers. 
  1. Introduction 

 Zinc oxide, with a wide direct band gap of 3.37 eV and high 
exciton binding energy (60 meV) larger than the thermal 
energy at room temperature, [  1  ]  represents intrinsically a prom-
ising material for ultra-violet nano-optoelectronic devices and 
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lasers operating at room temperature. [  2  ]  
Considering the morphology of ZnO, 
a tremendous amount of nanostruc-
tures have been obtained ranging from 
nanowires, [  3  ]  nanorods, [  4  ]  nanobelts, [  5  ]  
nanotubes, [  6  ]  aligned nanonails, [  7  ]  and 
so forth. Properties of ZnO regarding 
the absorption and emission properties 
are well-known, [  8  ]  but it is interesting to 
check if the expected emission polariza-
tion predicted from modeling, [  9  ]  can be 
observed for ZnO anisotropic structures. 
As measurements on a single nanorod 
are diffi cult, [  10  ]  being able to align a 
whole population of ZnO nanorods along 
a single axis, is a better way to evaluate 
the macroscopic effect of collective align-
ment. As a result, beyond the specifi c 
interest of validating anisotropic proper-
ties provided by shape anisotropy at the 
nano-scale, actual functionality can result 
from a magnifi cation of this local property by providing the 
correct synergy among a collection of nanoparticles through 
preferential orientation, and true applications can result from 
this magnifi cation if the design and processing of these syn-
ergistic nanostructures is easy. It has been demonstrated that 
a multiplexed combination of chemistry, physical chemistry 
of complex fl uids, and biomimetic processes is a suitable 
way to defi ne specifi c synthetic pathways that allow us to 
reach multi-scale architectures bearing functionalities. These 
methods, which have been widely used for many years, can be 
summarized under the “ Integrative Chemistry”  defi nition, [  11  ]  an 
extension of the previous concept of integrative syntheses, [  12  ]  
which allows for designing and engineering advanced func-
tional hierarchical architectures, as demonstrated in many 
examples. [  13  ,  14  ]  More specifi cally, the association of micro-
extrusion and gelling mechanisms, allowed us to achieve 
the preparation of carbon nanotubes, [  15  ]  and vanadium oxide 
macroscopic containing composite fi bers. [  14  ,  16  ,  17  ]  In this study, 
we report on a new method for the preparation of PVA/ZnO-
nanorods composite fi bers. We demonstrate that the addi-
tional order resulting from the micro-extrusion and specifi c 
post-alignment, provides an additional level of anisotropy 
photonic properties as a result of an optimized alignment of 
the ZnO nanorods within the fi bers. This process, illustrates 
how intrinsic properties of anisotropic nanostructures can be 
m Adv. Funct. Mater. 2012, 22, 3994–4003
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magnifi ed by collective properties resulting from a judicious 
hierarchical structure. 

   2. Experimental Section 

  Materials : ZnCl 2 .H 2 O, N 2 H 4 .H 2 O, Poly-Vinyl alcohol PVA (Mw 
120 000, hydrolysed, 87–89%) and Na 2 SO 4  were purchased 
from Aldrich and used as received. 

  Syntheses :  ZnO nanorods syntheses : The synthesis of ZnO nano-
rods was inspired from Zhu et al. [  18  ] Typically, 0.95 g of ZnCl 2  
and 0.75 ml of N 2 H 4 .H 2 O were added to 160 ml of distilled 
water under stirring. A slurry-like white precipitate was formed. 
Once the solution became homogeneous, it was transferred into 
a Tefl on-lined stainless steel autoclave of 120 ml capacity and 
sealed. The autoclave was maintained at 200  ° C for 24 h and 
cooled down through the autoclave inertia. The solution was 
removed and washed several times with distilled water. A max-
imum of supernatant water was removed and the remaining sol 
was transferred into a sample bottle. The zinc oxide sol weight 
fraction was determined through dry extracts. Solid polyvinylal-
cohol (PVA) was then added into the solution under stirring was 
kept for 24 hours until the PVA was fully dissolved. Finally, the 
excess of PVA beads was fi ltered out, and the fi nal PVA weight 
fraction was determined through dry extracts. 

  ZnO/PVA co-extrusion process : The fi bers were generated by 
needle injection of the as-prepared PVA/ZnO dispersion into 
a rotating bath containing a saturated salt solution of Na 2 SO 4 . 
The extrusion was maintained tangential to the rotation axis 
of the beaker in order to promote a pseudo-coaxial fl ux at the 
external part of the syringe hole. The diameter of the spinneret 
is 300  μ m. The beaker containing the salt solution was kept at 
constant rotation of 25 rpm, while the solution containing the 
PVA/ZnO dispersion was extruded out of the syringe at a con-
stant fl ux of 40 ml.h  − 1 . Upon the completion of the extrusion 
process, the ZnO/PVA fi bers were meticulously taken out of the 
beaker by hand and allowed to dry in air. Finally, the fi bers were 
washed once in water to remove the excess of salt. We would 
like to mention that the polymer in use should be soluble in 
water while bearing OH group to promote hydrogen bond with 
the hydroxyl pending group at the inorganic particles external 
surface. Thereby PVA partially hydrolyzed is appearing as the 
polymer of choice in this extrusion process. 

  ZnO fi bers extension process : Stretch under load of the fi bers 
was performed with a ZWICK/ROELL Z2.5 apparatus at a 
constant traction speed of 1 mm/min. The fi bers were main-
tained largely above PVA glass transition (T g   =  85  ° C) during 
the mechanical extension processes. 

  Characterization : Morphological analysis of the particles 
was carried out by Transmission Electron microscopy (TEM) 
with a JEOL JSM-840, the samples being placed on a grid and 
carbon-coated prior examination. Scanning Electron Micro-
scopy (SEM) observations performed at 15 kV on a TM3000 
Hitachi apparatus allowed us to evaluate the ZnO particles 
repartition within the fi bers. The crystalline structure of ZnO 
was characterized by XRD with a PANalytical X’pert MDP with 
a Bragg-Brentano  θ – θ  geometry, equipped with a back graphite 
monochromator, a spinner and a 3  ×  15 positions sample 
holder (CuK  α   X-ray,  λ   =  1.54 Å  −  40 kV working voltage, 40 mA 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3994–4003
working intensity). Studies of the ZnO particles alignment 
inside the fi bers, were performed with a homemade X-ray scat-
tering apparatus equipped with a microfocus copper rotating 
anode X-ray source (Rigaku MicroMax-007 HF) combined with 
multi-layers optics and a 3-pinholes collimation, the sample 
holder being mounted on a X-Y stage. Individual fi bers were 
vertically placed on off-centered supports, with the fi ber main 
axis perpendicular to the X-ray beam. The scattering signal was 
collected on a 2-dimensional detector (Image plate from Mar 
Research). In the present work, the sample-detector distance 
was fi xed to 103 mm in order to record in parallel the Bragg 
refl ections over a 0–40 degree 2-theta angular range. Silver 
behenate was used as a reference. The anisotropic angular dis-
tribution of ZnO crystals in the fi bers was quantifi ed by inte-
grating fi rst the radial intensity of the (001) diffraction line, and 
report this intensity as a function of the [( − 100)  −  ( + 80)] degree 
angular orientation on the 2D detector, zero being located at the 
position of the maximum intensity. This analysis was applied 
to fi bers prepared under various stretching constraints, and the 
quantifi cation of the anisotropy was achieved by fi tting the pre-
vious angular-dependent intensities with a Lorentzian function, 
the anisotropy factor being further reported as the full width 
at half maximum (FWHM). It results that a higher anisot-
ropy will appear with a narrower distribution of the diffracted 
intensity on the 2D detector, hence a small FWHM. Therefore, 
this value represents the angular distribution of the particles 
axes around the fi ber axis and allows for quantifying the par-
ticles orientation inside the fi ber. Characterization of the fi bers 
mechanical properties was carried out with a ZWICK/ROELL 
Z2.5 apparatus working at a constant traction speed of 1 mm.
min  − 1 . Raman measurements were conducted on a dispersive 
Raman spectrometer, model NRS-3100 (Jasco), equipped with a 
confocal microscope. Photoluminescence measurements were 
performed at room temperature using the fourth harmonic 
(266 nm) of a Brilliant (Quantel) Q-switched Nd:YAG laser 
as the excitation source. The laser pulse frequency was 5 Hz, 
and the pulse duration around 4–6 nanosec. Fluorescence was 
detected with a StellarNet EPP2000-UV-VIS spectrometer. 

   3. Results and Discussion 

   3.1. Fibers Preparation 

  As shown in  Figure    1  a, the ZnO particles present a signifi -
cant anisotropic shape with an aspect ratio, length/diameter, 
of around 20. This shape ratio would formally rank these par-
ticles among the “nanowire” nomenclature, but we think that 
the “nanorod” terminology remains more appropriate and 
descriptive. The other composite fi bers that had been prepared 
until now with the micro-extrusion method, used particles with 
a much higher aspect ratio, [  14  ,  15  ,  19  ]  and the method was based 
on the co-injection of the inorganic phase along with the PVA 
gelling agent into an aqueous solution of PVA that polymerized 
around the extruded fl ow. This method could not be applied 
straightforwardly with the present system, probably because 
of the restricted aspect ratio of ZnO particles, compared with 
V 2 O 5  ribbons and CNT. As a result, we turned the synthetic 
3995wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  1 .     Overall synthetic path. a) as-synthesized TEM picture of ZnO 
particles b) typical extrusion where the PVA/ZnO hybrid sol is injected 
through a syringe needle into a rotating beaker containing a Na 2 SO 4  satu-
rated water solution. c) as-synthesized hybrid fi bers extracted by hand 
from the beaker.  
route toward a new scenario where the PVA is injected with the 
nanoparticles into a beaker containing the gelling agent, that is, 
a saturated aqueous solution of Na 2 SO 4  (Figure  1 b). This new 
6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

   Table  1.     Elemental Analysis. 

Element C Zn Na

wt% (exp.) 23,3 28,4 6,6

wt% (cal.) 24,5 30,3 7,4
www.MaterialsViews.com

method allowed us to obtain PVA/ZnO composite fi bers, that 
present a crude mechanical resistance high enough to allow their 
extraction by hand (Figure  1 c) before washing and air drying.   

   3.2. Fibers Characterization 

  The water content and organic/inorganic matter composition 
of the composite fi bers was deduced from TGA experiments 
(Supplementary Info fi gure 1S). The TGA curves present a 
fi rst weight loss of 1.5 wt% between ambient temperature and 
200  ° C, which corresponds to hydration water, followed with a 
weight loss of 45 wt% between 250  ° C and 500  ° C, resulting 
from the organic matter calcination, from which a 55:45 
inorganic:organic mass ratio is deduced. The initial analysis 
was completed with C, Zn and Na elemental analyses, which 
allowed us to refi ne the amount of sulfate, PVA and sodium 
present in the fi bers. From the combination of both TGA and 
elemental analyses ( Table    1  ), the following fi bers stoichiometry 
is proposed: (ZnO)(PVA) 2.2 (Na 2 SO 4 ) 0.35 .0.2H 2 O. Considering 
the proposed composition we notice that a signifi cant amount 
of sodium sulfate remains trapped in the composite fi bers, 
despite severe washing, as evidence below with XRD investiga-
tions. This salt is embedded within the PVA matrix as a result 
of its polymerization.  

 The crystalline structure of the ZnO particles was character-
ized by XRD ( Figure    2  b). The ZnO nanorods present the hexa-
gonal ZnO Wurtzite (space group P6 3 mc) structure with lattice 
constants a  =  3.25(2) Å and c  =  5.21(2) Å, in good agreement 
with the expected values (JCPDS 76–0704). The XRD pattern 
of the composite fi bers (Figure  2 d) was compared with that of 
PVA (Figure  2 a) and Na 2 SO 4  (Figure  2 c). The diffractogram 
confi rms the combination of ZnO and PVA, with the sodium 
sulfate embedded in the fi ber.  

 The crystalline structure of the ZnO particles was fur-
ther investigated by Raman scattering to evaluate the level of 
mbH & Co. KGaA, Weinheim

     Figure  2 .     X-rays diffraction patterns of a) PVA, b) ZnO, c) Na 2 SO 4  salt 
and d) composite PVA/ZnO fi bers.  

Adv. Funct. Mater. 2012, 22, 3994–4003
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     Figure  3 .     Raman spectra of the ZnO nanorods (Top), non-elongated 
PVA/ZnO fi bers (Middle) and 150% - elongated PVA/ZnO fi bers (Bottom) 
excited by 785 nm line. The symbol W indicates vibration modes induced 
by the ZnO inorganic Wurtzite structure; the stars indicate vibration 
modes associated to the PVA counterpart.  
crystallinity and concomitantly that of defects ( Figure    3  ). The 
Raman spectrum is characteristic of pure and well-crystallized 
hexagonal wurtzite: [  20  ]  it is mostly dominated by a sharp peak 
at 438 cm  − 1  attributed to the E 2H  mode, but other weaker peaks 
are observed at 335, 381 and 1095 cm  − 1 , which correspond to 
the E 2H -E 2L , A 1T  multiphonon contributions, and the acoustic 
combination of A 1  and E 2  modes, respectively. The absence of 
contribution around 578–583 cm  − 1  (A 1L  and E 1L  modes) reveals 
the absence of punctual defects such as interstitial zinc cations 
or oxygen vacancies, in the ZnO lattice. [  21  ]  The spectra of the 
ZnO fi bers indicate that ZnO structure remains unchanged 
upon extrusion, and that no signifi cant defects associated to the 
extrusion process have been created. However, compared with 
the ZnO particle alone, the Raman spectra of the composite 
fi bres show a slight blue shift of the peak at 438 cm  − 1 , corre-
sponding to the E 2H  mode. This E 2H  mode is usually used to 
probe the degree of crystalline stress of the ZnO crystals, [  22  ]  and 
the E 2H  frequency of the Wurzite ZnO crystal is blue-shifted 
when submitted to pressure, this variation being assigned to 
changes in the content of defects (oxygen vacancies, etc … ). [  23  ]  
In our study, a small blue-shift of less than 2 cm  − 1  was detected 
for the elongated ZnO fi bers, which we ascribe to a minor 
stress induced by the PVA matrix confi nement onto the ZnO 
nanocrystals when the fi bre is stretched out.  

 Integration of ZnO nanorods into PVA fi bers was carried out 
to explore how the preferential alignment along a single main 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 3994–4003
axis could amplify the mechanical and photonic properties of the 
resulting material by providing some collective anisotropy as a 
result of a preferential alignment of the ZnO nanorods. Such an 
effect was already observed with V 2 O 5 /PVA composite fi bers, [  16  ]  
and it depends on the extrusion shear rate. As the shape factor 
of ZnO particles is smaller than that of V 2 O 5  ribbons, the align-
ment of the ZnO particles had to be improved by stretching the 
composite fi bers, at a temperature above the PVA glass transi-
tion temperature (around 70  ° C for Mw  =  120 000). Depending 
on the hydration state, Tg can vary within 69  ° C–72  ° C (see DSC 
analysis in SI. Figure 2S), and we proceeded to the mechanical 
fi ber extension at 85  ° C. SEM observation ( Figure    4  ) confi rms 
that the fi ber stretching promotes a better alignment of the ZnO 
particles along the fi ber main axis.  

 Without the fi ber pre-stretching, a spontaneous but limited 
pre-alignment of the ZnO particles exists (Figure  4 a,b), as a 
result of the co-axial fl ux shaping extrusion, but this alignment 
remains limited. Applying tensile stress to the fi ber above the 
PVA T g  and cooling it down under stress, drastically increases 
this alignment (Figure  4 c,d), as confi rmed by SAXS/XRD. The 
experimental geometry was set in order to detect refl ections up 
to (2 ∪   =  40 ° ), that is, an angular range containing the three 
main refl ections of the wurtzite structure: (00l), (002), and 
(101) ( Figure    5  ) (additional refl ections due to the Na 2 SO 3  salt 
are also observed). This pattern was collected with a slightly 
stretched fi ber and the angular distribution of the scattered 
intensity gives access to quantitative information on the 
angular distribution of the main axis of the ZnO nanorods.  

 This diffraction pattern reveals the anisotropic distribu-
tion of the intensity corresponding to the (00l), (002), and 
(101) planes. With a fi ber vertically placed and perpendicular 
to the X-ray beam, the maximum of intensity is centred on 
the coronal and sagittal planes for the (100) and (002) refl ec-
tions, respectively. As for the diffraction assigned to (101), it 
is distributed over four spots at  π /4 of the coronal and sag-
ittal planes (Figure  5 ). We selected the (100) refl ection line 
to quantify the angular distribution  χ  of the diffracted inten-
sity I  =  f( χ ). As illustrated with the wo examples reported in 
 Figures    6  (a) and (b), for non elongated and 150% elongated 
fi bers, respectively, the intensity as function of the angular 
distribution, is narrower for the elongated fi ber than for the 
non-elongated one, as a result of a better alignment among 
the ZnO nanorods.  

 Each intensity profi le was fi tted with a Lorentzian function 
and the full width at half maximum (FWHM) of this curve was 
used to quantify the degree of anisotropy among a group of 
fi bers that had been stretched under different extension stress 
(Figure  6 c): the smaller the FWHM, the higher the alignment. 
Figure  6 c presents the evolution of FWHM/2 versus the elon-
gation percentage of the fi bers. As already observed on SEM 
images, the ZnO particles are already partially aligned by the 
extrusion process with an average angle of  ± 31 °  with respect to 
the fi ber axis. This alignment is improved upon fi ber stretching 
with a limit reached for 100%- elongated-fi bers. Above 100% 
extension the ZnO wires mean orientation within the fi bers 
is no more improved. This result was confi rmed with similar 
analyses carried out on several set of fi bers. 

 Fibers mechanical properties. A preliminary test revealed 
that these composite fi bers can stand a tight knot formation 
3997wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     SEM images of a non-elongated fi bers (a, b) and of a 150%-elongated fi ber (c, d). The 
white arrows indicate the fi bers axis.  
( Figure    7  ), which confi rms that they posses good mechan-
ical properties in terms of both transversal fl exibility and the 
absence of longitudinal plasticity.  

 More accurate tests were carried out with fi bers prepared 
with different post-synthesis stretching. As illustrated in 
 Figure    8  , that displays the different tensile stress curves as a 
function of the applied extension strain, non-extended fi bers 
exhibit only an elastic behavior with a reversible strain up to 2% 
before rupture. As the fi ber is pre-stretched at 50%, its mechan-
ical properties are modifi ed with an additional plastic response 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  5 .     a) 2D X-Ray pattern of a partially elongated fi ber. The fi ber axis 
is vertical. b) unit cell of the wurtzite (space group P63mc) with the visu-
alization of the crystallographic planes of interest.  
www.MaterialsViews.com

that allows for an additional 8% non-revers-
ible strain. Extension of the pre-stretching to 
100% increases the tensile strength resist-
ance since the elastic limit is reached for a 
higher stress (50 MPa instead of 25 MPa for 
the non-extended fi ber). Finally, higher pre-
extension (150%) has a negative impact on 
the stress/strain curve, probably as a result of 
a too extensive fi ber extension that degrades 
the PVA matrix cohesion. These tests along 
with the macroscopic behavior as illustrated 
in Figure  7 , illustrate the synergy between 
the two components (PVA, ZnO): (i) PVA 
provides the organic fl exibility to the inor-
ganic part and confi nes the ZnO nanorods 
within a compressive matrix, as revealed by 
the Raman analysis, and (ii) the ZnO nano-
rods provide an additional resistance via their 
intrinsic mechanical strength and the collec-
tive resistance resulting from their preferen-
tial alignment along the PVA fi ber main axis. 
An additional proof of the constriction of the 
PVA matrix around the ZnO nanorods, as a 
result of the pre-extension, is the increasing 
of the nanocomposite fi ber stiffness marked 
by an important improvement of the Young 
Modulus ( Table    2  ).   

 In the elastic regime, at low strain, the ten-
sile Young modulus varies from 2 to 6 GPa as 
the post-synthesis fi ber extension goes from 
0 to 100% extension, which corresponds to 
the range of values obtained for similar composite fi bers, pre-
pared either with carbon nanotubes [  15  ]  or V 2 O 5 . [  14  ]  Here again, 
increasing the fi ber extension beyond 100% has a negative 
impact on the Young Modulus. 

   3.3. Fibers Photonic Properties 

 We conducted photonic analyses on ZnO fi bers since ZnO 
photoluminescence signifi cantly varies depending on the 
quality of the crystals and the presence and nature of defects 
(oxygen vacancies, interstitial zinc cations, etc … ). The con-
trol of defects is indeed of paramount importance in applica-
tions that exploit the wide range of optoelectronic properties. 
Photo nic properties of ZnO are well known, and we focused 
our analysis on the infl uence of both the intrinsic ZnO particle 
anisotropy and collective alignment onto the optical properties. 
Therefore, the optical measurements were designed in order 
to see how both dimensionality and alignment of nanorods 
along the fi ber main axis, infl uence the photonic properties. 
Measurements were carried out fi rst in two confi gurations: 
(a) laser beam perpendicular, that is, at an angle of 90º, to the 
fi ber main axis (Electrical fi eld parallel to the plane of the fi ber 
main axis), and (b) laser beam parallel, that is, at an angle of 
0 ° , to the fi ber main axis (Electrical fi eld perpendicular to the 
fi ber main axis), (see  Scheme    1  ). These two confi gurations 
were used to measure the photoluminescence resulting from 
heim Adv. Funct. Mater. 2012, 22, 3994–4003
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     Figure  6 .     (a,b) Curves representing the Lorentzian integration of the light 
intensity on the circle corresponding to the (100) diffraction and their 
fi tting, (a) non-elongated fi bers, (b) 150%-elongated fi ber; (c) presents 
the FWHM/2 evolution of the fi tted peaks, as a function of the stretching 
percentage.  
the anisotropic absorption for non-stretched (Scheme  1 a) and 
stretched (Scheme  1 b) fi bers.  

   Figure 9  a displays the photoluminescence (PL) spectra 
obtained for the non-stretched fi bers with the laser oriented at 
90 °  or 0 °  of the fi ber main axis. Their photoluminescence is 
compared with that of ZnO particles alone. The PL spectrum 
of ZnO particles is dominated by a sharp and strong peak at 
around 388 nm (3.27 eV) in the UV region. This emission 
corresponds to the near band edge emission (NBE) of highly 
pure wurtzite ZnO crystals, and it arises from the recombi-
nation of the free excitons through an exciton–exciton colli-
sion process. This band presents a shoulder at lower energies 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 3994–4003
(lambda  >  390 nm), which it is usually assigned to optical 
transitions involving free electrons and neutral-acceptor 
levels. The contribution of each of both signals was obtained 
by deconvolution of the spectra (see  Table    3  ). No other sig-
nals in the green visible region (450–600 nm) associated to 
defects or impurities were detected. [  22–24  ] This profi le in the 
PL spectrum confi rms that the ZnO structure is highly crys-
talline with no structural defects, in agreement with SEM, 
WAXS and XRD results.   

 The luminescence spectra of the nanocomposites ZnO-PVA 
fi bers display similar, but broader, profi les as for the ZnO 
particles alone. This broadening results from surface interac-
tions between free electrons on the ZnO surface and the pol-
ymer matrix. For non-stretched fi bers, a similar response is 
observed for both the longitudinal and transversal measure-
ments. This isotropic response illustrates the poor alignment 
of ZnO nanorods after the fi ber extrusion if the post-extru-
sion stretching is not applied. On the contrary (Figure  9 b), 
responses of stretched fi bers display huge differences: the 
intense UV emission detected when the laser beam is perpen-
dicular to the fi ber main axis (90 ° ) is almost suppressed when 
the measurement is conducted with the laser beam parallel to 
the fi ber main axis (0º). This difference can result only from 
the alignment of ZnO nanorods within the composite fi ber, 
and their resulting orientation with the incident beam. If the 
propagation vector  k

�
  of the incident light is normal to the 

fi ber and concomitantly to the aligned ZnO nanorods main 
axis, then the light wave, polarized with its electric fi eld  E

�
  

(perpendicular to  k
�

 ) parallel to the axis of the fi ber will gives 
an optimal interaction with the absorption transition dipole 
of ZnO ( μ�  ZnO ), and  E

�
 .  μ�  ZnO  will be maximal. If the propaga-

tion vector  k
�

  of the incident light is parallel to the main axis 
of the fi ber, then  E

�
 .  μ�  ZnO  is almost equal to zero, and almost 

no PL will be detected. 
 In addition to enhanced photoluminescence, [  25  ]  it is 

expected that spatially aligned 1D ZnO nanostructures can 
exhibit polarized emission, [  9  ]  or photonic confi nement. [  26  ]  
The size scale for reaching quantum confi nement and 
waveguiding phenomena is close to the average Bohr radius 
for excitons in ZnO, and this value has not yet been attained 
in the synthesis of single-ZnO crystalline wires. We deter-
mined if the preferential orientation of ZnO nanorods inside 
the polymer provided some of these particular photo nic 
effects as a result of their collective response. The small 
diameter of the fi bers ( ∼ 1 mm) prevented us from recording 
the PL emission as a function of several angles with our cur-
rent system. Therefore, we positioned the detector at two 
positions ( Scheme    2  ), toward the side of the fi ber, at 90 °  of 
the laser (position 1), or toward the cross-section of the fi ber 
at 90 °  of the laser (position 2).  

 The laser beam was polarized with the electric fi eld parallel 
to the main axis of the fi ber in order to assure an optimal inter-
action with the absorption dipole of ZnO. The measurements 
have been conducted with identical experimental conditions, 
and special care was taken to ensure that no refl ected incident 
beam was hitting the detector. The spectra were fi nally normal-
ized in order to compare the intensity of the signals.  Figure    10   
shows the emission spectra registered for the composite fi bers 
without (a) or with (b) elongation.  
3999wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  7 .     Sequenced pictures showing ZnO non-elongated fi bers forming a tight knot.  

     Figure  8 .     Mechanical tests on fi bers elongated at several percentages: 
 �  not extended,  �  50%,  �  100%,  �  150%.  
 As PL emission is isotropic, its angular dependence mostly 
depends on the surface of emission in a given direction. Hence, 
the emission is enhanced perpendicularly to the main axis of 
the nanorods, because the surface of emission is larger, com-
pared to the cross-section of the fi ber. It is also expected that the 
collective alignment of ZnO nanorods in the PVA fi bers, should 
give an anisotropic angular emission with two major angles of 
emission: perpendicular to the fi ber, since the surface of emis-
sion of the ZnO nanorods is larger, and along the fi ber main 
axis, as a result of the anisotropy of alignment of the ZnO nano-
rods. The comparisons between the PL spectra upon polarized 
light excitation for the non-stretched and stretched fi bers, show 
indeed that the intensity of the emission by non-stretched fi bers, 
is more homogeneously distributed than for the stretched ones. 
For example, the emission perpendicular to the fi ber (detector 
in position  1 ) is enhanced with the stretched fi ber (Figure  10 b), 
compared to the non-stretched one (Figure  10 a). More impor-
tant, the non-stretched fi ber does not emit any PL along the 
main axis of the fi ber (detector in position  2 ) (Figure  10 b) 
whereas the stretched one (Figure  10 a) demonstrates a clear PL 
emission. Moreover, we observed that the luminescence peak 
shifts slightly from 388.5 to 386.9 nm when the detector is 
changed from position  1  to  2 . This blue-shift has already been 
observed in other aligned anisotropic ZnO nanostructures. [  27  ]  
It has been assigned to a surface effect, because the mecha-
nism accounting for this energy shift is the concentration of 
native defects on the surface area. [  28  ]  With the ZnO particle size 
decreasing, the surface-to-volume ratio increases and surface 
phenomena become preponderant. It is then inferred that the 
energy shift in all the excitonic transitions of the nanorods is 
due to the infl uence of the total surface area made available 
by alignment of the ZnO nanorods. Thus, the energy of the 
band-edge transition in the PL spectrum of stretched fi ber is 
000 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
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higher than that of non-stretched one due to 
the larger additional surface area of the lat-
eral planes {1010} in the aligned ZnO fi ber 
than those of the top planes {0001} in the 
non aligned ZnO fi ber. Additionally, tests to 
detect photo nic confi nement and an actual 
waveguide phenomenon were not conclu-
sive with our experimental system setup: the 
presence of fl at and parallel end faces on the 
nanowires is a requirement for the optical 
feedback in a resonant cavity, and this feature 
is very diffi cult to reach when nanorods are 
interacting with a polymer host matrix. How-
ever, our measurements demonstrate that the 
parallel alignment of ZnO nanorods along 
the PVA fi ber main axis allows the nanorods 
to act collectively as an antennae with polar-
ized optical emission. This particular align-
ment provides preferences in the PL emis-
sion directions, which should be enhanced by 
a still higher alignment of nanorods within 
the PVA matrix. 
    4. Conclusion 
heim Adv. Funct. Mater. 2012, 22, 3994–4003
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   Table  2.     Mechanical properties of fi bers stretched at different percent-
ages (values have been normalized to the fi ber section). 

elongation% Young Modulus 
(GPa)

Tensile strength 
(MPa)

0 2,0 39,6

50 3,2 43,4

100 6,0 79,9

150 5,2 79,2
 Composite macroscopic fi bers made of ZnO nanorods 
embedded into PVA matrix have been synthesized through co-
axial fl ux nanoparticles alignment, with a modifi ed process, 
compared with previous studies. Unlike other works where the 
very high aspect ratio of particles allowed for an easy alignment 
during the fi ber extrusion, the correct alignment of the ZnO 
particles could be achieved only with a specifi c post-synthesis 
fi ber stretch process under hot mechanical traction above the 
polymer glassy transition temperature. The as-synthesized 
fi bers have been thoroughly characterized at the macro-, 
meso and microscopic length scales. According to the XRD 
pattern, ZnO corresponds well with hexagonal ZnO Wurtzite-
type (space group P6 3 mc) with lattice constants a  =  3.25 Å and 
c  =  5.21 Å. Raman spectroscopy has revealed that the ZnO 
particles exhibit a high crystallinity, and no signifi cant defects 
associated to the extrusion process were observed. A small 
blue-shift of less than 2 cm  − 1  was detected for the elongated 
ZnO fi bers, which reveals that the fi bre extension process 
improves the interaction between the polymer matrix and 
particles, and creates locally some surface stress in the ZnO 
structure. At the mesoscopic length scale, the ZnO nanorods 
© 2012 WILEY-VCH Verlag Gm

     Figure  9 .     PL spectra of (a) non-stretched and (b) stretched ZnO fi bers 
measured upon excitation beam oriented at 90º (confi guration a, 
Scheme  1 ) and 0º (confi guration b, Scheme  1 ). The grey plain curve cor-
responds to the PL spectrum of pure ZnO nanorods (reference).  

      Scheme  1 .    Schematic representation of PL measurements on non-
stretched (left) and stretched (right) ZnO fi bers. The excitation beam 
strikes perpendicularly to the ZnO fi ber (angle of 90 ° , confi guration 
a) and parallel to the ZnO fi ber (angle of 0 ° , confi guration b), and detector 
is place at an angle of 45º between the laser and the main axes of the 
fi bers. 

Adv. Funct. Mater. 2012, 22, 3994–4003
are partially pre-aligned by the extrusion process itself with an 
average angle of 31 degrees, but this alignment is not high 
enough to emphasize anisotropic properties. Improvement of 
4001wileyonlinelibrary.combH & Co. KGaA, Weinheim

   Table  3.     Contribution of each signal (mean peak at  ∼ 380 nm and the 
shoulder at  ∼ 390 nm) to the total emission spectra in different samples. 
The 380 nm peak corresponding to the recombination of free excitons 
through an exciton–exciton collision process and the  ∼ 390 nm peak to 
optical transitions involving free electrons and neutral-acceptor levels. 

Sample % (380 nm) % (390 nm)

ZnO nanorods 63 37

ZnO/PVA fi ber 48 52

(non stretched)

ZnO/PVA fi ber 51 49

(150% stretched)
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     Scheme  2 .     Schematic representation of PL measurements on non- stretched (left) and stretched 
(right) ZnO fi bers. The excitation beam strikes perpendicularly to the ZnO fi ber (angle of 90 ° ) 
and the detector is positioned in two perpendicular directions to the incident laser.  
this alignment through the applied hot mechanical traction 
step allowed us to confi ne the mean alignment of nanorods 
within a 18 °  angle value at 100% elongation, above which 
ZnO wires main orientation within the fi bers remains con-
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  10 .     PL spectra of (a) non-stretched and (b) stretched ZnO fi bers 
obtained with polarized excitation beam, and detection according to the 
setup of Scheme  2  (detector position 1 Top, and detector position 2 Down).  
stant. Considering these fi bers mechanical 
properties we have found that the longitu-
dinal Young’s modulus can be increased 
from 2 to 6 GPa. When photonic proper-
ties are addressed, intense near band edge 
(NBE) emission with no green emission in 
the PL spectrum confi rmed that the ZnO 
particles are highly crystalline with no struc-
tural defects. In the case of non-elongated 
fi bers, an isotropic response was observed 
in the longitudinal and transversal measure-
ments. On the contrary, for elongated fi bers, 
the intense UV emission detected when the 
ZnO nanorods are aligned perpendicular to 
the laser beam is almost suppressed when 
the measurement is conducted at an angle 
of 0º, depicting thereby anisotropic photonic properties. Sim-
ilar anisotropy was observed regarding the angular depend-
ence of the photoluminescence emission. 
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