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ABSTRACT 

We report a new method to precisely locate inorganic nanoparticles at polymeric fiber crossing sites. Polymeric fibers 
are aligned by a previously reported non-electrospinning Spinneret based Tunable Engineered Parameters (STEP) 
polymeric fiber manufacturing technique. Cross-hatch pattern (perpendicular) of polymeric fibers embedded with inor- 
ganic nanoparticles (e.g. Fe(NO3)3 or Bi(NO3)3) were fabricated on top of each other and the fiber compositions reacted 
during annealing process, thus, producing a desired phase (e.g. BiFeO3) only at the crossing site. Our method offers an 
easy way to mass arrange and locate nanoparticles at designed positions on virtually all types of substrates. 
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1. Introduction 

Nanomaterials have attracted much interest because of 
their novel properties compared to bulk materials [1,2]. 
Different manufacturing processes such as sol-gel [3], 
solid state reaction [4], and hydrothermal method [5] 
have been widely used to synthesize nanomaterials. Syn- 
thesis is typically followed by application of nanomateri- 
als in engineering, which is currently limited due to dif- 
ficulties in spatial organization and deposition of nano- 
materials. The two main approaches to deposit nanoma- 
terials in a controllable way are through self-assembly [6] 
and engineered assembly via vapor phase synthesis on 
top of a seed layer [7,8]. For example, with the help of a 
focused ion beam (FIB), a method to pattern BaTiO3 thin 
films have been demonstrated via pulsed laser deposition 
[7]. Buhlmann et al. also reported the growth of 
Pb(Zr,Ti)O3 single crystals on TiO2 seeds via sputtering 
[9]. 

In this work, we report an alternative and simple way 
to achieve patterning of nanomaterials. Spinneret based 
Tunable Engineered Parameters (STEP) non-electro- 
spinning fiber manufacturing platform has recently been 
developed to deposit polymeric nano/microfibers [10,11]. 
This technique can continuously deposit uniform diame-
ter micro/nano polymer fibers with control on fiber di-

mensions (diameter: sub 100 nm—microns, length: mm- 
cm, orientation: parallel and orthogonal) in single and 
multiple layers at user defined spacing. Furthermore, 
STEP allows deposition of single and multiple-layer fi-
brous structures in planar, and customized three-dimen- 
sional configurations. These polymer networks can be 
used as inorganic nanomaterial carriers, through mixing 
of metal oxide ion solutions with polymer solutions be-
fore spinning. Post fiber fabrication, the networks are 
subjected to high heat, which ablates the base polymer 
and initiates a chemical reaction at intersection of two or 
more different types of fibers, thus, resulting in the for-
mation of a new phase only at specific locations.  

2. Materials and Methods 

2.1. Materials 

Two different polymer solutions: polystyrene (PS) (Mw = 
2,257,000, Scientific Polymer, USA) dissolved in Xy- 
lene at 7 wt%; and polyvinylpyrrolidone (PVP) (Sigma- 
Aldrich, USA) dissolved in a mixture solvent (6 ml ethyl 
alcohol and 5 ml H2O) at 6 wt% were used in this study. 
A metal source of 0.202 g Fe(NO3)3·9H2O or 0.243 g 
Bi(NO3)3·5H2O was added into PVP solution.  

2.2. Fiber Deposition 
*Corresponding authors. 
#Yaodong Yang and Ji Wang contributed equally to this work. The solution was pumped through the micropipette at a 
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flow rate of 20 ml/hour using a syringe pump (Fisher 
Scientific Inc, USA). STEP based resultant fibers were 
collected on the substrate (4 - 8 mm in width) in aligned 
configurations at 1000 RPM and cris-cross structures 
were fabricated by depositing fibers on top of previously 
deposited layers. SrTiO3 signal crystal substrates were 
used to collect fibers. 

2.3. Characterization 

Scanning electron microscopy (SEM) images were ob- 
tained using a LEO (Zeiss) 1550 high-performance Schot- 
tky field-emission SEM operated at 5 kV. Oxford INCA 
Energy E2H X-ray Energy Dispersive Spectrometer 
(EDS) system with Silicon Drifted detector attached to 
SEM was used to take DES data. A FEI Helios 600 
NanoLab focused ion beam SEM or FIB was used to 
lift-out transmission electron microscope (TEM) samples. 
A Philips EM420 transmission electron microscope was 
then used to obtain cross sectional images. 

3. Results and Discussion 

The STEP technique offers a simple and cost-effective 
way, to spin aligned polymer fibers with well-controlled 
separation distances. Smooth and uniform diameter 500 
nm diameter parallel PS fibers were deposited at 2 mi- 
crons separation distances (Figure 1(b)). Metal oxide ion 
solution was then mixed into the PVP polymer precursor 
as mentioned above and using STEP fibers were depos- 
ited at precise locations and annealed to obtain pure ox- 
ide fibers. Figure 1(c) provides an example of PVP-Fe+ 
fibers post annealing with tunable and well-controlled 
distances between two fibers. The aligned fiber structures 
were observed to possess strong anisotropy, as evidenced 
by the decreased contact angle along the fiber axis. Wa- 
ter droplets spread easily along the aligned PS fibers and 
are observed to sit on (001) oriented SrTiO3 substrates on 
which fibers were deposited (data not shown). 

Figure 2(a) shows a schematic of the process by 
which nanoparticles were located. After obtaining two 
layers of metal ion-PVP fibers, the fibers were annealed 
at 700˚C for 1 h, leading to polymer material being burnt 
off completely, thus, forming the metal oxide. At the 
intersection of two fibers, the two different metal based 
particles chemically reacted and produced a new oxide 
phase of BiFeO3 (Figures 2(b) and (c)). Melting of poly-
mer together with the dispersed metal ions happens be-
tween two fibers and the annealed fibers (300 nm in di-
ameter) are thinner than the original polymer fibers. 
Please note that the oxide fibers maintained good align-
ment at the crossing of fibers, as clearly can be seen in 
the image of Figure 2(e). 

Since only the intersection regions have both Bi and 
Fe elements, EDS line scans were used to confirm the  

 

Figure 1. (a) Schematic representation of STEP setup; (b) 
evenly spaced PS fibers; and (c) well aligned PVP-Fe+ fibers 
with different spacing. 
 

 

Figure 2. (a) Schematic map of the proccess of using cross- 
ings of oxide fibers to locate oxide nanoparticles. SEM ima- 
ges with different maginfication of as-spun fibers (b) and (d) 
and annealed fibers (c) and (e). 
 
elemental ratio of the reactant phase in the fibers. Three 
such line scans were taken from different fiber cross sec- 
tions as shown in Figure 3(a). The EDS line scans from 
these three different areas (line scan areas are marked in 
Figure 3(a)) are shown in Figure 3 for Fe (parts b, d, f) 
and Bi elements (parts c, e, g). EDS plots confirmed the 
fiber along y axis has higher concentration of element Fe 
(part b, c) and along x axis has higher concentration of 
element Bi (part d, e), whereas at the regions of intersect- 
tion fibers both Bi and Fe elements were found, leading 
to formation of BiFeO3. 

To further study the fiber intersection regions, we used 
a FIB to lift-out annealed fiber cross section areas and 
obtain cross sectional images using transmission electron 
microscope (TEM). TEM samples were made by lifting- 
out regions shown as broken line in Figure 2(e). Figure 
4(a) shows top (Fe abundant), middle (both Bi, Fe abun- 
dant), and bottom (Bi abundant) at the cross section. 
Figures 4(b)-(d) show corresponding images at higher 
magnification of each region. Figures 4(b) and (c) clear- 
ly demonstrate 10nm particles aggregating together. In- 
terestingly, these aggregated regions are aligned along 
the fiber axis in both top and bottom fibers and are attri- 
buted to form during the fiber spinning process. Please 
note that there are many holes in both top and bottom 
fibers, because during annealing polymer burned out and  

Copyright © 2012 SciRes.                                                                               OJINM 



Y. D. YANG  ET  AL. 57

 

Figure 3. EDS line scans of elemental distribution across 
fibers. (a) SEM image of the entire area studied from where 
EDS line scans were obtained, the line scanned areas are 
marked with numbers. (b) and (c) scan profiles taken from 
the line marked as “1” in a; (d) and (e) scan profiles taken 
from the line marked as “2”; (f) and (g) scan profiles taken 
from the line marked as “3”; (b), (d) and (f) are profiles for 
Fe element; (c), (e) and (g) are these for Bi element. 
 

 

Figure 4. TEM images of fiber intersection regions. (a) Fi

ft some spaces. A high resolution image of the middle 

4. Conclusion 

application to locate nanoparticles us-
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