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n recent years, hollow nanomaterials

such as metal—oxide nanotubes or hol-

low spheres have been explored world-
wide for potential application as functional
elements in chemical' and gas sensors,>™*
catalysts,® dye sensitized solar cells,®” pho-
toelectrochemical cells,® and electrodes for
supercapacitors’ and biomolecular de-
vices.'® The widespread interest in these
materials arises from their unique electri-
cal, electrochemical, and catalytic proper-
ties which are closely tied to their high
surface-to-volume ratio and, in some cases,
unusual transport properties connected
with confinement effects, one-dimensional
(1D) transport phenomena, or transport in
fractal dimensions. Different approaches
have been developed to fabricate device ar-
chitectures whose building blocks com-
prise nanosized hollow spheres,’" hemi-
spheres,’? nanocubes,'® or nanotubes.™ The
primary synthesis methods to date have
been anodic oxidation to produce
metal—oxide nanotubes' and chemical or
physical deposition on sacrificial colloidal
templates to prepare 2D or 3D arrays of hol-
low spheres 34! Despite the intensive re-
search activity in this field over the past few
years, developing innovative fabrication
methods that provide versatility in materi-
als selection as well as structural and dimen-
sional flexibility and control remains a key
challenge toward device applications.

In this work we present a new process-
ing strategy for the fabrication of unique
device architectures comprising hollow fi-
bers of inorganic materials with typical
length of up to several centimeters, sub-
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ABSTRACT Thin (0.5 to 1 pum) layers of nonaligned or quasi-aligned hollow Zn0 fibers were prepared by
sputtering Zn0 onto sacrificial templates comprising polyvinyl-acetate (PVAc) fibers deposited by electrospinning
onssilicon or alumina substrates. Subsequently, the Zn0/PVAc composite fibers were calcined to remove the organic
components and crystallize the ZnO overlayer, resulting in hollow fibers comprising nanocrystalline Zn0 shells
with an average grain size of 23 nm. The inner diameter of the hollow fibers ranged between 100 and 400 nm
and their wall thickness varied from 100 to 40 nm from top to bottom. The electronic transport and gas sensing
properties were examined using DC conductivity and AC impedance spectroscopy measurements under exposure
to residual concentrations (2—10 ppm) of NO, in air at elevated temperatures (200—400 °C). The inner and outer
surface regions of the hollow Zn0 fibers were depleted of mobile charge carriers, presumably due to electron
localization at 0~ adions, constricting the current to flow through their less resistive cores. The overall impedance
comprised interfacial and bulk contributions. Both contributions increased upon exposure to electronegative
gases such as NO, but the bulk contribution was more sensitive than the interfacial one. The hollow Zn0 fibers
were much more sensitive compared to reference Zn0 thin film specimens, displaying even larger sensitivity
enhancement than the 2-fold increase in their surface to volume ratio. The quasi-aligned fibers were more

sensitive than their nonaligned counterparts.
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micrometer diameter, and wall thickness of
several tens of nanometers. These hollow fi-
bers can be assembled in different ways en-
abling to construct nanoengineered device
architectures with tailored functional prop-
erties. We demonstrate application of this
fabrication method as a means to produce
highly sensitive chemical sensors compris-
ing hollow fibers of ZnO, an important ma-
terial with potential applications in elec-
tronic and optoelectronic devices.””
Random (nonaligned) or quasi-aligned fi-
bers were obtained by modifying process
parameters, demonstrating some of the fas-
cinating opportunities offered by our
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fabrication method for device engineering at the nano-
scale. The electronic transport properties were exam-
ined using DC conductivity and AC impedance spec-
troscopy measurements, enabling a discernment
between the contributions of surface and bulk parallel
conduction paths along the fibers to the overall imped-
ance of the specimen.

Our fabrication method involves electrospinning of
polymer fibers that serve as sacrificial templates for sub-
sequent physical vapor deposition (PVD) of inorganic
materials such as metal—oxides or metals in the form
of thin overlayers that coat the fibers. Finally, the poly-
mer template is decomposed by calcination, leaving
hollow fibers of the inorganic shells. Among the differ-
ent strategies for producing fibers of organic or inor-
ganic materials, electrospinning offers several advan-
tages including ease of fabrication and versatility.'s"
Over 20 different metal—oxides including lead zircon-
ate (PZT), mesoporous TiO,, and two-phase mixtures of
NiO/Zn0O and other couples have been prepared in
this way.'® Long continuous fibers with submicrometer
diameter can be produced, with potential for alignment
and spooling. Different fiber morphologies can be ob-
tained via control of the processing conditions, en-
abling the production of dense as well as hollow, po-
rous, and core—shell structures.” Near-field
electrospinning techniques are being developed as a
potential tool for direct write nanofabrication of vari-
ous materials.?’ Recently, there have been a few reports
on the application of electrospun polymer fibers as sac-
rificial templates for preparing inor-
ganic hollow fibers in which the inor-
ganic shells were deposited onto the
polymer templates by means of chemi-
cal vapor deposition (CVD)?' or electro-
less plating methods,? but their func-
tional properties and prospective
application in nanoelectronic devices
remain unexplored up until now.

(a)

RESULTS AND DISCUSSION

The processing steps of our fabrica-
tion procedure are shown schemati-
cally in Figure 1. Polyvinyl-acetate
(PVAC) fibers were electrospun onto sili-
con or alumina substrates, serving as

ZnO capped
sacrificial templates onto which ZnO PVAc fibers
overlayers were sputtered subse-
quently. In general, nonaligned fibers
in the form of nonwoven mats are ob-
tained in conventional electrospinning
as a result of the chaotic motion (result- Hollow

ZnO fibers

ing from bending instability) of the
polymer fiber injected from the nozzle,
as shown in Figure 1a."® In order to
align the fibers in parallel to each other

num wires were placed along opposite edges of the
substrate and connected to the ground terminal of the
power supply that applied the electrical field between
the nozzle and the substrate during the electrospinning
processes. This imposed a directional distribution of
the electrical field flux lines between the nozzle and
the aluminum wires, as depicted in Figure 1b, facilitat-
ing alignment of segments of the fibers across the alu-
minum wires.?* The difference between the nonaligned
and quasi-aligned PVAc fibers is clearly observed in
the scanning electron microscopy (SEM) micrographs
in Figure 2a (left and right micrographs, respectively).
Following the electrospinning process a thin over-
layer of ZnO was sputtered onto the PVAc fiber tem-
plate covering the substrate. Subsequently, the speci-
men was calcined at 500 °C for 1 h to remove the
polymer template by thermal decomposition of the or-
ganic components and crystallize the inorganic (ZnO)
overlayer. Thermogravimetric measurements showed
no weight loss during 1 h anneal at 500 °C, and elemen-
tal analysis showed negligibly small (~0.25 wt %)
amount of carbonaceous residues in the calcined speci-
mens, indicating that the organic components com-
pletely degraded to volatile specie during the calcina-
tion step. As a result, ZnO replicas of the PVAc fibers
were produced in the form of hollow fibers having in-
ner diameter ranging between 100 and 400 nm and
asymmetric wall thickness varying from approximately
100 to 40 nm from top to bottom. The asymmetrical
wall thickness arises from shadowing effects as dis-
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Figure 1. Schematic diagram illustrating the fabrication procedure of an ar-
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ray of nonaligned (a) or quasi-aligned hollow ZnO fibers (b).
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Figure 2. SEM micrographs of (a) as-spun PVAc fibers (left, nonaligned; right, quasi-aligned); (b) close-up image from a bro-
ken part of the fiber showing the as-deposited ZnO overlayer coating the electrospun PVAc fiber; (c) high magnification im-
age of hollow ZnO fibers after calcination at 500 °C; (d) tilted view image of quasi-aligned hollow ZnO fibers; (e) cracks at
the bottom of ZnO fibers that have been scratched from the substrate; (f) FIB cross section image of hollow ZnO fibers; (g)
tilted view image of a broken part of a PVAc fiber coated with thermally evaporated gold overlayer in the as-deposited state;
(h) tilted view image of bended belt-shaped broken fragments of the gold overlay after calcination at 500 °C; (i) close-up
cross sectional image of a hollow ZnO fiber with a gold crust on top of it (after calcination at 500 °C).

cussed below. The inner diameter and wall thickness
can be tuned by tailoring the electrospinning and sput-
tering processes, respectively. Cracks were formed at
the bottom of the ZnO fibers, most likely due to high
pressure that built up in the core of the fibers as the or-
ganic components decomposed.

Exemplary SEM micrographs showing typical fiber
morphologies are depicted in Figure 2. Figure 2a shows
nonaligned (left image) and quasi-aligned PVAc fibers
(right image) in the as-spun state. The fiber diameter
ranged between 200 and 500 nm. The thickness of the
PVAC fiber mats scales with the amount of polymer so-
lution electrospun onto the substrate. The layers pro-
duced and investigated in this work were approxi-
mately 0.5—1 wm thick. Figure 2b shows a high
magnification SEM image of a composite fiber prior to
the calcination step. It comprises a thin ZnO shell
closely capping the PVAc core of the fiber. The ZnO
shells uniformly covered the entire length and perim-
eter of the PVAc fibers, but their wall thickness was
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slightly asymmetrical due to shadowing effects as dis-
cussed below. Following calcination at 500 °C the or-
ganic (PVAc) fiber cores decomposed leaving only the
inorganic (ZnO) shells. As a result, hollow ZnO fiber
mats replicating the morphology of the as-spun PVAc fi-
ber mats were produced, as shown in Figure 2c,d. The
inner (bore) diameter of the ZnO hollow fibers varied
between approximately 100 and 400 nm, slightly less
than the diameter of the PVAc fibers in the as-spun
state, displaying a small shrinkage that can be ascribed
to densification of the ZnO shells following the decom-
position of polymer fibers during the calcination step.
To examine the bottom part of fibers some pieces
of calcined ZnO fiber mats were scratched off and re-
moved from the substrate. SEM images of these
scratched pieces show cracks along the bottom of the
fibers, as demonstrated in Figure 2e. These cracks prob-
ably formed during the calcination step as a result of
the high pressure that was built up inside the ZnO fi-
bers due to thermal degradation of the PVAc fibers to
volatile degradation products.?* The internal pressure in
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Figure 3. XRD diffractograms of (a) as-spun PVAc fibers; (b)
after ZnO deposition by reactive sputtering; (c) after calcina-
tion at 500 °C; and (d) a reference ZnO film calcined at 500
°C.
the core of the fibers must have led to circumferential
stresses in the ZnO shell in excess of its mechanical
strength, ending up in cracking of the shell at the weak-
est point at the bottom of the shell where it is thin-
nest. Closer examination of the cross section of the ZnO
fibers using focused ion beam (FIB) revealed elliptical
tubular cross sections with asymmetrical wall thickness,
as shown in Figure 2f. The wall thickness was largest at
the top (105—107 nm), intermediate at the sidewalls
(80—85 nm), and smallest at the bottom of the hollow
fibers (37—47 nm). This asymmetry is attributed to the
hydrodynamics of the fluxes of Zn** and O* ions sput-
tered from the ZnO ceramic target, accounting for par-
tial shadowing introduced by the 3D morphology of the
PVACc fiber template.?> Compared to other PVD tech-
niques such as thermal or electron-beam evaporation,
sputter deposition is less influenced by such shadowing
effects because the working pressure during deposi-
tion is typically higher giving rise to smaller mean free
paths of the sputtered ions. As a result, the energetic
ion fluxes encounter multiple scattering events before
reaching the substrate, and therefore they are less af-
fected by shadowing effects.

To examine the effect of shadowing on the morphol-
ogy of different materials obtained by other deposi-
tion methods we used thermal evaporation to deposit
Au overlayers onto our PVAc fiber templates. As shown
in Figure 29, the evaporated Au shells coated only the
top section of the PVAc fibers, leaving part of their side-
walls and bottom completely uncoated. In compari-
son, the sputtered ZnO overlayers displayed much
more uniform coating covering the entire circumfer-
ence of the PVAc fibers (cf. Figure 2b). This demon-
strates the directional nature of the evaporation pro-
cess which is much more sensitive to shadowing effects
compared to the relatively scattered nature of the sput-
ter deposition process. Following calcination of the Au/
PVAc composite fibers the polymer cores decomposed
leaving their Au crusts unsupported. As a result the Au
crusts crashed down to the substrate, leading to frag-
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Figure 4. (a) TEM micrograph of a bunch of fragments of
hollow ZnO fibers (the inset shows a high magnification TEM
micrograph of the marked area). (b) HRTEM micrograph
showing several ZnO nanocrystallites (the inset shows a
magnified lattice image with the interplanar spacing corre-
sponding to the (1110) and (1210) planes of the wurtzite
structure marked in green and yellow, respectively).

ments of bended Au nanobelts as shown in Figure 2h.
Combining all these steps sequentially, that is, electro-
spinning of PVAc fibers followed by sputtering the ZnO
overlayer and then evaporating the Au crusts and fi-
nally calcination of the PVAc/ZnO/Au composite fibers,
resulted in hollow ZnO fibers with Au crusts on their
tops as shown in Figure 2i.

The crystalline structure of the hollow ZnO fibers
was examined by X-ray diffraction (XRD). Figure 3 shows
representative X-ray diffractograms following different
processing steps: (a) PVAc electrospinning; (b) ZnO
sputtering; and (c) calcination; while the diffractogram
in panel (d) corresponds to a reference ZnO film depos-
ited by sputtering on a plain (untemplated) substrate
and calcined under the same conditions as the tem-
plated layers. The as-spun PVAc fibers (spectrum a)
were amorphous, as characterized by the broad peak
centered around 26 ~ 20°. The sputtered ZnO overlay-
ers displayed polycrystalline wurtzite structure already
in the as-deposited state (spectrum b). While no texture
was observed in the as-deposited state, preferred
(0002) orientation corresponding to the basal wurtzite
plane oriented in parallel to the substrate was observed
following calcination at 500 °C as evident from the
strong (0002) reflection centered at 26 = 34° in the re-
spective diffractogram (spectrum c). However, smaller
peaks corresponding to (1100), (1101), and (1102) re-
flections still remained after the calcination step. In
comparison, the reference ZnO film displayed only the
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Figure 5. The resistance response R/R, (= lp/l where I, is the baseline cur-
rent in dry air at the beginning of the measurement and / is the DC current
at time t during the measurement) during cyclic exposure to increasing
NO, concentrations at 350 °C of sensors comprising a network of non-
aligned (red) or quasi-aligned hollow ZnO fibers (black) and a reference
ZnO thin film sensor (blue). Note that the responses of the three speci-
mens are shifted vertically by one unit in order to separate them from each
other. The NO, gas concentration profile is shown on top. The baseline cur-
rent (o) levels were 6.0, 0.9, and 1.6 nA for the quasi-aligned fibers, non-
aligned fibers, and thin film specimens, respectively. The inset shows a
SEM micrograph of quasi-aligned fibers on an interdigitated alumina sub-

higher magnifications displayed lattice
fringes that can be identified with crystal-
lographic planes of the ZnO wurtzite struc-
ture. For instance, lattice fringes having in-
terplanar spacing of 2.46 and 3.30 A with
an angle of 30° between them, corre-
sponding to ZnO (1100) and (1210) planes,
respectively, are highlighted in the inset
of Figure 4b.

To study the electronic transport prop-
erties and examine the gas sensing charac-
teristics of the ZnO hollow fibers, DC con-
ductivity and AC impedance spectroscopy
measurements were carried out in differ-
ent gas atmospheres. To this end non-
aligned and quasi-aligned ZnO hollow fi-
bers were deposited on alumina substrates
fitted with interdigitated electrodes. The
preparation method of these specimens
followed the fabrication schemes depicted
in Figure 1 panels a and b, respectively.
An exemplary SEM micrograph of quasi-
aligned fibers on an interdigitated alumina
substrate is presented in the inset of Fig-
ure 5 showing an area with two gold elec-

strate, our prototypical sensor structure.

(0002) reflection (spectrum d), indicating strong prefer-
ential orientation of the basal wurtzite plane parallel to
the substrate. The multiple ZnO reflections in spec-
trum c can therefore be ascribed to the curvature of
the ZnO tubular shells bringing into Bragg’s diffraction
conditions the (1100), (1101), and (1102) planes. The av-
erage crystallite size was obtained using the Scherrer
equation, D = 0.94\/B cos(26), where D is the mean
grain size, \ is the wavelength of the X-ray radiation (A
= 0.154 nm for Cu Ka radiation), and 3 is the full width
at half-maximum of diffraction peak at 26, yielding D
~ 23 nm for the calcined ZnO hollow fibers.

To examine the microstructure of the hollow ZnO fi-
bers in greater details, transmission electron micros-
copy (TEM) and high resolution transmission electron
microscopy (HRTEM) characterizations were carried out.
Figure 4 shows representative TEM micrographs of a
bunch of hollow ZnO fibers. The low-magnification
TEM image in Figure 4a shows the tubular shape of
the hollow ZnO fibers, with diameters ranging from ap-
proximately 100 to 400 nm. The polycrystalline micro-
structure of the ZnO shells is clearly observed at higher
magnifications, as shown in the TEM image in the in-
set of Figure 4a. High magnification HRTEM images
such as the one shown in Figure 4b enabled direct grain
size measurement of selected grains yielding grain size
distribution between ca. 15 and 25 nm, in excellent
agreement with the average grain size estimated from
the peak broadening in the corresponding X-ray diffrac-
togram (Figure 3c). Lattice images obtained at even
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trodes (bright contrast) underneath the
ZnO fibers, whereas the darker contrast
corresponds to ZnO fibers covering the nonmetalized
alumina substrate between the electrodes. In addition
to nonaligned and quasi-aligned fibers, reference speci-
mens comprising ZnO thin films (~200 nm thick) de-
posited directly onto interdigitated alumina substrates
without the polymer templates were prepared and
measured under the same conditions as their hollow fi-
ber counterparts for comparison purposes.
Representative results of the resistance response of
three exemplary specimens during cyclic exposures to
increasing NO, concentrations at 350 °C are shown in
Figure 5. The hollow fibers were considerably more sen-
sitive than their thin film counterparts, displaying well
resolved response signals down to the lowest NO, con-
centration (2 ppm) experienced in our tests. In con-
trast, the thin film reference sensors did not show a de-

) NO, +e-> NO +0°
Oxygen adions

5 _ Quter
NO,+e > NO+O depletion
region
Current g
direction O;

Free Depletion Conductive Free Inner
electrons region core electrons depletion
region

Figure 6. Schematic cartoons showing the effect of NO, adsorption
on the electronic transport properties of ZnO planar thin films (left
cartoon) and aligned hollow fibers (right cartoon).
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tectable response below 8 ppm, and their sensitivity
(at higher concentrations) was considerably smaller
compared to the hollow fiber sensors. The enhanced
gas sensitivity of the hollow fibers can be attributed, in
part, to their high surface to volume ratio. Note that gas
molecules can reach not only the outer but also the in-
ner surface of the hollow ZnO fibers via the cracks at the
bottom of the fibers (see Figure 2e). The sensitivity of
nanostructured metal —oxide gas sensors scales with
the surface to volume ratio.?%?’ Therefore, given the fact
that this ratio is twice as large for hollow fibers as for
planar films of the same thickness,? their sensitivity is
expected to be enhanced by a factor of 2 based on this
geometric consideration alone. However, as demon-
strated in Figure 5 the sensitivity of our hollow fiber
sensors was found to be much higher than their thin
film counterparts, outshining this 2-fold enhancement
by far and large. This suggests that other effects may
have led to further enhancement in sensitivity.

The high resistance surface depletion regions and rela-
tively conductive cores of the thin film and hollow fiber
sensors are depicted schematically in Figure 6. The sur-
face depletion regions, whose thickness and resistivity
vary as a function of the gas composition due to adsorp-
tion of electronegative gases such as NO, (see discussion
below), are shown in green while the remaining relatively
conductive cores are in blue. Further enhancement of
the gas sensitivity of the hollow fibers compared to their
thin film counterparts above and beyond the 2-fold “geo-
metric” enhancement due to the 2-fold increase in their
surface-to-volume ratio may result from nontrivial effects
connected with their unique morphology and unusual
electronic transport properties. Such effects may include,
for instance, constriction of the current to the conductive
cores of the fibers giving rise to 1D transport phenom-
ena. As a result, the free carriers (electrons) must tunnel
through every local barrier introduced by gas adsorption
along the entire length of the fiber from one electrode to
the next. This so-called molecular wire effect is respon-
sible for the ultrahigh sensitivity of chemical sensors
based on 1D polymer chains.?’ In contrast, in the thin
film case the current flow is 2D and therefore it can per-
colate around these barriers mitigating their influence on
the overall film resistance. Likewise, deleterious effects
such as interdiffusion, solid state reaction, and the so-
called “dead layer” effect®® connected with the interface
between the sensing layer and the substrate are signifi-
cantly mitigated in fibrillar scaffolds because the interface
area between the fibers and the substrate is so small (cf.
Figure 2d).

Between the quasi-aligned and nonaligned hollow fi-
bers, the former demonstrated approximately 2-fold
higher sensitivity. The sensitivity enhancement of the
quasi-aligned fibers may result from a number of differ-
ent reasons including improved gas transport properties
and more distinctive 1D character of the electronic trans-
port along the aligned fibers compared to their non-
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Figure 7. Impedance spectra of a quasi-aligned hollow ZnO

fiber specimen (the same specimen as in Figure 5, black

curve) under steady state conditions in clean air or air mixed

with 0.5 or 1 ppm NO; at 400 °C. The inset shows the equiva-
lent circuit used for fitting the experimental data.

aligned counterparts wherein the current may take perco-
lation paths crossing from one fiber to another avoiding
local barriers similarly to the thin film case. Further inves-
tigations should be carried out to clarify the electronic
transport and gas sensing mechanisms of aligned versus
nonaligned fibers but all the same the observation that
the aligned fibers were considerably more sensitive than
their nonaligned counterparts is encouraging, demon-
strating that significant improvement in gas sensing
properties can be achieved using fiber alignment
techniques.

All our specimens displayed higher resistances upon
exposure to NO, compared to the baseline resistance in
clean air (cf. Figure 5), regardless of their morphology and
microstructure, test temperature, and NO, concentra-
tion. This observation is in agreement with previous
reports'32 that ZnO typically behaves as an n-type semi-
conducting metal —oxide whose surface conductivity
typically decreases upon exposure to electronegative
gases such as NO, due to electron localization at surface
adsorbates.?® This arises from the high electron affinity of
the NO, molecules leading to electron transfer from the
ZnO layer to surface adsorbates. On the basis of recent
density functional theory (DFT) calculations, the adsorp-
tion of NO, on ZnO nanotubes leads to dissociation to NO
and O~ following the reaction NO, + e~ —NO + O~ 34
The resultant O~ adions add up to the preadsorbed O~
adions that already exist at the surface due to chemisorp-
tion of oxygen from the air,>® increasing the width of the
depletion region and the sensor resistance as a result of
enhanced electron localization at O~ adions introduced
by the surface reaction with NO,. As can be seen in Fig-
ure 5 the response was reversible despite the fact that
steady state conditions were not achieved due to insuffi-
cient exposure time (20 min). The fact that both the hol-
low fibers and thin film specimens did not reach steady
state suggests that the reaction kinetics was limited by
surface rather than gas transport processes although fur-
ther investigations should be carried out to verify this
conclusion.
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TABLE 1. Equivalent Circuit Fit Values for the Impedance
Spectra in Figure 7

air 0.5 ppm NO, 1ppm NO,
R11Q] 51X 10° 93 X 10° 1.4 X 106
(11[A 43X 107" 19X 107" 15X 107"
R2[Q] 1.1 X 106 1.3 X 106 1.9 X 106
Qo IFs" ] 9.1%107° 89X 107° 9.6 X 107°
n 0.49 0.49 0.44
Oy [rad/s] 205247 126776 85809
Q°[F] 17X 107" 23X 107" 17X 107"
GIA 21X 1077 34X 1077 37X 1072
X 0.00050 0.00047 0.00059

%2 was calculated using the formula € = Qy X wpa .

To examine the electronic transport properties of the
quasi-aligned hollow fibers in more details and obtain fur-
ther insight into their NO, gas sensing mechanism, im-
pedance spectroscopy measurements were carried out
under similar temperatures and gas compositions as in
our gas sensing tests. Figure 7 shows impedance spectra
of the same quasi-aligned fibers specimen whose gas
sensing results are shown in Figure 5. The impedance
spectra were measured at 400 °C in clean air or air mixed
with 0.5 or 1 ppm NO,. The results are presented in com-
plex impedance plane plots (also known as Cole—Cole or
Nyquist plots) in which the (negative value of the) imagi-
nary impedance (—Z'’) is plotted against the real imped-
ance (Z'). In this presentation two distinct semicircles
were obtained, as shown in Figure 7, corresponding to
different contributions to the overall impedance of the
sensor. These contributions are characterized by differ-
ent relaxation times, T = pe (p = resistivity, e = permittiv-
ity), that give rise to separate semicircles in the complex
impedance plane. The semicircle on the left of each spec-
trum (close to the origin) corresponds to high frequen-
cies (small 7), whereas the one on the right corresponds
to low frequencies (large 7). Typically they represent the
dielectric response of the bulk material and interfacial
(double layer) phenomena, respectively.®

The impedance spectra in Figure 7 can be fitted quite
well with an equivalent circuit comprising two parallel
RC (R, resistor; C, capacitor) units connected in series and
a third parallel capacitor, as depicted in the inset of Figure
7. The first and third capacitors (C1 and C3) were found
to be ideal capacitors, while the second one (C2) was best
fitted with a constant phase element (CPE) because the
corresponding semicircles (the ones on the right-hand
side of each spectrum) were depressed (i.e., their centers
lay below the x-axis). Constant phase elements are often
used to describe the behavior of polycrystalline materials
or electrochemical systems having a distribution of some
of their electrical properties (e.g., grain boundary or elec-
trode resistance) that give rise to a distribution of the re-
spective relaxation time 7. The impedance of a constant
phase element is given by Zcpe = 1/[Qoljw)"], where Qq is
the admittance at w = 1 rad/s (having dimension of Fs"~)
and n is a positive dispersion parameter smaller than
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unity.3> The respective values of the equivalent circuit el-
ements obtained by fitting the impedance spectra in Fig-
ure 7 to the equivalent circuit shown in the inset of the
figure and the goodness of fit parameter (x?) are listed in
Table 1. The low values of C1 and C3 are indicative of bulk
contributions to the overall impedance while the rela-
tively high value of C2 suggests an interfacial
contribution.®¥ On the basis of these observations and
considering the specimen’s morphology and microstruc-
ture, we assign C3 to the depletion regions in the inner
and outer surfaces of the hollow ZnO fibers (cf. the green
regions on the right cartoon in Figure 6). Being depleted
of mobile charge carriers (electrons) these regions were
highly resistive and their contribution to the conductivity
was negligible. Consequently, the current was constricted
to the cores of the hollow fibers (cf. the blue regions on
the right cartoon in Figure 6). The resistive and capacitive
contributions of these conductive cores to the overall im-
pedance of the hollow fibers are represented by the
equivalent circuit elements R1 and C1, respectively. We
note that the values of C1 and C3 are quite close (cf. Table
1), supporting the assignment of the respective equiva-
lent circuit elements to the core and shells (inner and
outer shells) of the hollow fibers, respectively.

The relatively high value of C2 and the fact that it
fits much better a constant phase element with a low
dispersion parameter (n ~ 0.5) rather than an ideal ca-
pacitor (n = 1) suggests that the respective element
(R2//CPE2) in the equivalent circuit is connected with in-
terfacial contribution to the overall impedance. The ori-
gin of this interfacial contribution is not entirely clear
yet and we can only speculate that it may be connected
with the contribution of the grain boundaries in the
nanocrystalline hollow fibers (cf. Figure 4) or perhaps
with the semiconductor/metal contacts between the
ZnO hollow fibers and the interdigitated gold elec-
trodes. Note that both R1 and R2 increased on expo-
sure to NO,, but R1 was considerably more sensitive
than R2. Further investigations should be carried out
to clarify the origin of the interfacial contribution and
its effect on the gas sensing mechanism.

In summary, we presented a new processing
method for the fabrication of unique device architec-
tures comprising hollow fibers of inorganic materials
with typical length of up to several centimeters, submi-
crometer diameter, and wall thickness of several tens
of nanometers. The hollow fibers can be assembled in
different ways enabling the construction of nanoengi-
neered device architectures with tailored functional
properties. Using this fabrication method we prepared
quasi-aligned or random networks of hollow ZnO fibers
and investigated their microstructure evolution and
electronic transport properties. DC conductivity and
AC impedance spectroscopy measurements in clean
air or under exposure to residual concentrations of NO,
revealed that the inner and outer surfaces of the hol-
low ZnO fibers were depleted of mobile charge carri-
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ers, constricting the current to flow through their less
resistive cores. This current constriction gave rise to 1D
electronic transport along the hollow fibers, which
might be the reason for the unexpectedly large en-
hancement in their gas sensitivity compared to refer-
ence thin film specimens of the same composition
(ZnO) and thickness. Compared to previous reports on
gas sensors produced by electrospinning techniques
our hollow ZnO fibers are considerably more sensitive

METHODS

Sample Preparation. Polyvinyl-acetate (PVAc) fibers were elec-
trospun from a solution of dimethylformamide (DMF, 16.5 mL),
PVAc (0.75 g, M,, = 1300 000 g/mol) and cetyltrimethylammo-
nium bromide (CTAB, 0.05 g). DMF was used as a solvent and
CTAB as an organic salt to increase the electrical conductivity of
the solution. In the electrospinning process the solution was in-
jected through a stainless steel needle (21 gauge, orifice diam-
eter = 300 wm) that was connected to a high-voltage DC power
supply (Bertan, High Voltage Power Supply series 230). The solu-
tion was continuously fed through the nozzle using a syringe
pump (KD scientific, 781200) at a rate of 10 um/min. High volt-
age (13 kV) was applied between the needle and the grounded
collector 11 cm below it. As a result, a continuous stream was
ejected from the nozzle as a long fiber and collected on the sub-
strates. Silicon wafers were used as substrates in specimens for
microstructural characterizations and polycrystalline alumina ce-
ramic substrates fitted with interdigitated electrodes (16 fin-
gers, 8 mm long and 200 wm wide, spaced 200 pm apart) com-
prising 200 nm thick gold electrodes on a 50 nm thick titanium
adhesion layer, which were used for electrical and gas sensing
measurements. To obtain uniaxial alignment of the fibers, two
stripes of aluminum wires (diameter = 0.5 mm) were placed
right next to the substrate edges in parallel to the interdigi-
tated electrodes as shown in Figure 1b and connected to the
ground terminal of the power supply. The distribution of the
electrical field flux lines between the needle and the aluminum
wires led to uniaxial alignment of the electrospun fibers perpen-
dicular to the wires and the interdigitated electrodes. Following
the electrospinning process a thin overlayer (approximately 100
nm thick) of ZnO was sputtered onto the PVAc fiber template
covering the substrate. The ZnO layer was sputtered from a ZnO
target (99.999% pure) using rf power of 100 W under a flow of
Ar (10 sccm) at a working pressure of 60 mTorr. The substrates
were not heated during sputtering to prevent thermal decompo-
sition of the PVAc template. Subsequently, the samples were cal-
cined at 500 °C for 1 h to remove the polymer template by ther-
mal decomposition of the organic components and to crystallize
the inorganic (ZnO) overlayers.

Material Characterizations. The morphology and microstructure
evolution of the fibers were examined after each processing
step by means of field emission scanning electron microscopy
(SEM, JEOL JSM 6330F). Focused ion beam (FIB, Nova 600, FEI)
was used, in some cases, to cut sharp cross sections of the hol-
low ZnO fibers for closer examination of their cross section struc-
ture. Thermogravimetric/differential thermal analysis (TG/DTA)
were carried out using a TG2050 thermal analyzer system (Ta in-
strument, Inc.) to examine the thermal degradation of the or-
ganic components in the ZnO-coated PVAc fibers. The crystal-
line structure was examined by X-ray diffraction (XRD) using a
Rigaku D/MAX-RC diffractometer with Cu Ka radiation, and the
microstructure was observed by means of transmission electron
microscopy (TEM) and high resolution transmission electron mi-
croscopy (HRTEM) using a FEI Tecnai G2 microscope. Sample
preparation of TEM specimens involved ultrasonication to dis-
perse the hollow ZnO fibers in ethanol followed by immobiliz-
ing the suspension on a carbon-coated copper grid.
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than solid fibers of MoO; or WO; produced by the elec-
trospinning of polymer fibers containing inorganic pre-
cursors of Mo or W, respectively.® Although they are
not as sensitive as mesoporous TiO, fibers produced by
electrospinning followed by hot-pressing and calcina-
tion steps,*® the process presented in this work does not
involve hot-pressing and therefore it may be more com-
patible with low power sensor arrays (so-called elec-
tronic nose) fabricated on microhot plate platforms.

Gas Sensing Tests. Gas sensing tests were carried out by moni-
toring changes in the DC current (using Keithley 6514 electrom-
eter) under constant applied voltage (50 mV) during cyclic expo-
sure to trace concentrations (between 2 and 10 ppm) of NO, in
dry air. To achieve this, a premixed NO,/air gas mixture contain-
ing 50 ppm of NO, in dry air (BOC U.K.) was mixed with clean dry
air using mass flow controllers (MKS). To ensure that the re-
sidual concentrations of NO, and other interfering gases in the
reference gas (air) were well below the minimum exposure level
(2 ppm) of the test gas (NO,), we passed fresh air through a
zero air generator (Environics series 7000 Zero Air Generator)
comprising catalytic converter and Purafil and Charcoal scrub-
bers. The zero air generator is specified by the manufacturer to
provide dry air (dew point < —10 °C) with residual concentration
of less than 0.5 ppb for NO, NO,, SO,, and O3 and less than 25
ppb for hydrocarbons and CO. The gas sensing and impedance
spectroscopy measurements were carried out in a small (~0.5 L)
cylindrical UHV-compatible stainless steel chamber fitted with
gas inlet and outlet ports and a temperature-controlled speci-
men holder (hot stage). The measurements were carried out in
the temperature range 200—400 °C taking the necessary mea-
sures to ensure stable and reproducible baseline at the begin-
ning of each test. To this end the specimens were equilibrated
under the baseline conditions, that is in clean air, at the test tem-
perature for several hours (typically around 12 h) prior to the ex-
posure to the test gas (NO,).

Impedance Spectroscopy Measurements. The impedance spectra
were measured at 400 °C in clean air or air mixed with 0.5 or 1
ppm NO,. The complex impedance Z(w) = Z'(w) — jZ''(w) was
measured as a function of frequency (f = 2m/w) between 1 Hz
and 1 MHz with an ac amplitude (V,) of 20 mV using a frequency
response analyzer (Novocontrol Alpha-AK) coupled to an electro-
chemical test interface (Novocontrol POT/GAL). Upon changing
the gas atmosphere (that is, the NO, concentration) sufficient
time was given for the specimen to reach stable steady state
conditions as determined by monitoring the complex imped-
ance (at f = 1 Hz) as function of time. The respective stabiliza-
tion times were on the order of few hours, considerably longer
than the exposure time (20 min) in the gas sensing tests (cf. Fig-
ure 5).
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