Sensors and Actuators B 160 (2011) 1468-1472

journal homepage: www.elsevier.com/locate/snb

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

Short communication

Highly sensitive SnO, hollow nanofiber-based NO, gas sensors

Nam Gyu Cho?, Dae Jin Yang®, Mi-Jin Jin¢, Ho-Gi Kim?, Harry L. Tuller®, II-Doo Kim*

a Department of Materials Science and Engineering, Korea Advanced Institute of Science and Technology, Daejeon 305-701, Republic of Korea
b Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
¢ Optoelectronic Materials Center, Korea Institute of Science and Technology, P.O. Box 131 Cheongryang, Seoul 130-650, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:

Received 15 April 2011

Received in revised form 29 June 2011
Accepted 18 July 2011

Available online 23 July 2011

Keywords:

Tin oxide

Gas sensor
Electrospinning
Hollow
Nanofiber

walled structures.

SnO, hollow nanofibers (HNFs) with diameters of 300-500 nm were fabricated via electrospinning of
templating nanofibers and RF-sputtering of SnO, thin overlayers (15-20 nm thick and comparable grain
size) followed by heat-treatment at 450 °C. Gas sensors using these HNFs exhibited n-type gas sens-
ing characteristics and an enhanced gas response to 2 ppm NO; (Rgas/Rair =81.4) as compared to that
(Rgas/Rair =19.9) of planar SnO; thin films. The enhanced response to NO, is attributed to the greater
accessible active area and the greater space charge modulation depth associated with the hollow thin

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Metal oxide nanostructures such as nanofibers, nanorods, nan-
otubes and nanobelts have received considerable attention owing
to their unique properties relative to bulk counterparts, especially
for application to gas sensors, batteries, solar cells and other nano-
electronics [1,2]. Among these items, gas sensors, also known as
chemiresistors, show considerable promise in environmental mon-
itoring, the food industry and in areas related to domestic safety
and security. Nanostructured metal oxides have high surface-to-
volume ratios and reduced cross-sections, offering more effective
modulation of resistivity by the gases, thereby leading to enhanced
response and faster response/recovery speeds [3]. This is partic-
ularly true for metal oxide gas sensors utilizing well-aligned and
gas accessible nanoporous structures which simultaneously offer
compatibility with microelectronic fabrication processes [3,4].
Hierarchical and hollow structured micro/nano-sized materials are
especially attractive for applications in chemical sensors [5]. These
nano-building blocks provide enhanced surface activity, i.e., high
surface reactions and fast diffusion, based on their low-density and
high surface permeability, allowing easy gas penetration into the
sensing layers [6-8].

The synthetic routes used for the fabrication of
nanostructured metal oxides include physical deposition
(vapor-solid/vapor-liquid-solid/solution-liquid-solid ~ growth),
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thermal oxidation growth, hydrothermal/solvothermal method,
and electrospinning [9,10]. Templating approaches using sacrificial
layers, such as colloidal microspheres or electrospun polymeric
fibers [11-14], represent one of several simple and attractive
synthetic routes for producing hollow metal oxide nanostructures.
The authors recently reported that gas sensors using SnO, hollow
hemispheres, synthesized with the aid of PMMA microsphere
templates, exhibited an approximately 3-fold enhancement in
NO, gas response compared to their non-templated counterparts
[15]. Although the colloidal templating method successfully
demonstrated improvements in gas response, the fabrication
of large-scale templated films remains a challenge due to the
difficulty in achieving a large homogeneous area with controlled
film uniformity. On the other hand, electrospinning is a very
simple and versatile approach for producing polymeric nanofiber
templates with diameters down to tens of nanometers and lengths
of up to several centimeters with controllable morphologies and
large-scale production capability [10]. More recently, the authors
synthesized hollow ZnO microtubes using electrospun nanofibers
as templates and demonstrated that ZnO microtube based gas
sensors showed four times higher sensitivities (depending on fiber
configurations) compared to planar ZnO thin film sensors [16].
However, a major drawback of the previously investigated ZnO
microtube sensors was their high base resistance (~0.15MS2),
resulting in difficulties with signal acquisition. By reducing device
resistance, while maintaining the unique nanoporous morphology,
one can envision the operation of gas sensors at lower tempera-
tures and more applicable ranges for many micro-scaled sensor
devices.
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Fig.1. SEMimages of SnO, HNFs; (a) top view of interdigitated electrode; (b) plan view - intermediate magnification showing arrangement of HNFs; (c) tilt view - intermediate
magnification showing randomly arrayed HNFs; (d) cross sectional view showing the SnO, nanofiber with pipe, cylindrical and hollow shapes.

In this work, we present the facile fabrication of low resistance
SnO, hollow nanofibers (HNFs) via physical thin film growth on
polymeric sacrificial template prepared by electrospinning, fol-
lowed by subsequent heat-treatment. These types of HNFs, with
very thin sensing layers of shell thickness of ~20 nm, are prefer-
able given fast gas diffusion and high surface activity resulting
from nearly full electron depletion of the shells. A gas sensor based
on SnO, HNFs was tested and compared with a planar SnO, thin
film in low-ppm-level nitrogen dioxide (NO,) gases, important for
monitoring environmental pollution resulting from combustion or
automotive emissions.

2. Experimental

PVP-PMMA composite fibers were electrospun from a
solution of N,N-dimethylformamide (DMF, Fluka, 98%), poly-
methylmethacrylate (PMMA), My ~ 350,000 g/mol, Aldrich) and
poly(vinyl pyrrolidone) (PVP, My ~ 1,300,000 g/mol). The com-
posite fibers were used as a sacrificial polymeric template. The
PVP-PMMA, with a 50/50 weight ratio, dissolved in the DMF,
was loaded into a plastic syringe with a stainless-steel needle of
0.25mm (25GA) diameter. The precursor solution was pumped
through the nozzle at a constant rate of 50 wL/min. A voltage
of 20kV was applied between the tip and the substrate, placed
15 cm below the needle tip to collect the PVP-PMMA fiber mats.
SiO,-coated silicon wafers, fitted with interdigitated electrodes
(16 fingers, 8 mm long and 200 pm wide, spaced 200 wm apart)
comprising 200 nm thick gold electrodes on a 50 nm thick titanium
adhesion layer, were used as sensor substrates.

Following the electrospinning of the PVP-PMMA composite fiber
templates, a 50 nm overlayer of SnO, was sputtered onto PVP-
PMMA fiber mats. The mats in turn, covered the SiO, substrates
with and without interdigitated Au electrode arrays (200 wm Au

fingers spaced 200 wm apart). Reference specimens comprising
SnO, thin films deposited directly onto interdigitated alumina sub-
strates without the templates were also prepared. The SnO, layer
was sputtered from a 3-in. SnO, target using an RF power of 70 W
under a flow of Ar (20sccm) at a working pressure of 1.33 Pa.
The substrates were not heated during the sputtering process to
prevent thermal decomposition of the as-spun PVP-PMMA fiber
templates. The melting temperatures (T,) of the PMMA and PVP
were 160°C and 180°C, respectively. After the SnO, deposition,
a post-annealing process was performed using a box furnace at
450°C for 30 min in an air to remove the as-spun PVP-PMMA fiber
templates and to crystallize the SnO, overlayers.

The morphology and microstructure of the SnO, HFs were ana-
lyzed using a field-effect scanning electron microscope (FE-SEM,
Philips XL30SFEG) and a transmission electron microscope (TEM,
Tecnai G2 F30 S-TWIN). The crystal structure of the SnO, HFs was
characterized by an X-ray diffractometer (Rigaku D/MAX-IIIC using
CuK,, radiation).

SnO, thin films and SnO, HNFs based sensors were prepared
on Au interdigitated electrodes. Each SnO; (thin film and HNF)
sensor was placed in a quartz tube chamber stabilized at a con-
stant sensing temperature (300°C). The gas concentration was
controlled by changing the mixing ratio of the target gases and
dry synthetic air. The gas sensing measurements were carried
out by monitoring changes in the DC resistance of Rgas/Rair (Rgas:
resistance during exposure to the target gas, R,;: resistance in
air atmosphere) during cyclic exposure to trace concentrations
(between 0.5 and 2 ppm) of NO, in dry air. A constant flow rate
of 500 sccm (standard cubic centimeter per minute) was used to
avoid possible variations in the sensing temperature upon exposure
to the gas. The DC 2 probe resistance of the sensor was mea-
sured using a Digital Multi Meter (NI PXI-1042Q) interfaced with a
computer.
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3. Results and discussion

The diameter of the as-spun PVP-PMMA fibers ranged between
400 and 600 nm. After the growth of the SnO, overlayers onto
the fiber templates, the SnO, shells uniformly covered the entire
length of the PVP-PMMA composite fibers. Following calcination at
450°C, the organic (PVP-PMMA) fiber cores decomposed, leaving
only the inorganic (Sn0O,) shells. As a result, SnO, HNFs, replicat-
ing the random structure of the as-spun PVP-PMMA fiber mats,
were produced. Due to very thin wall thickness, higher calcination
temperatures often resulted in the collapse of the tube structure.
As a consequence, the SnO, overlayers were calcined at relatively
low temperature (450°C) in order to maintain the hollow shape
of the sub-micron SnO, tubes. Fig. 1a and b shows SEM images
of the SnO, HNF networks prepared on the sensor substrates. The
SnO, HNF networks exhibit randomly oriented morphologies in the
form of nonwoven mats with a fiber diameter range of 300-500 nm,
as shown in Fig. 1b and c. Slight shrinkage was observed due
to the densification of the SnO, shells following the decomposi-
tion of the PVP-PMMA polymers during the heat-treatment. The
cross-sectional image of the SnO, fiber mats clearly exhibits the
hollow structures (Fig. 1d). This unique morphology results in ready
gas accessibility to the exceptionally high surface-to-volume ratio
structure as compared to dense SnO, thin films.

The crystalline structure of the SnO, HNFs was examined by
X-ray diffraction (XRD). Fig. 2 shows the XRD pattern of the SnO,
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SnO2 hollow nanofibers after calcination at 450°C
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Fig. 2. XRD pattern for the calcined SnO, HNFs prepared on Si substrate.

HNFs after calcination at 450 °C for 30 min. The XRD spectra show
that the SnO, hollow fiber mats crystallized into the rutile structure
with primarily (110), (101), and (21 1) orientations. The crystal-
lite sizes of the SnO, hollow fiber structure were calculated using
Scherrer’s equation (D = 0.94A/8 cos(20), where D is the mean grain
size, A is the wavelength of the X-ray radiation (A =0.154 nm for

Fig. 3. (a) Low resolution TEM micrographs of SnO, HNFs, (b) and individual SnO, HNFs showing shell thickness, (c) HR image showing polycrystalline, (d) enlarged lattice

image and corresponding FFT pattern (inset).
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Fig. 4. Response (S=Rgas/Rair to NO; gas at 300 °C); SnOz HNFs vs thin films serving
as a reference.

CuK, radiation), and f is the full width at half maximum of the
diffraction peak at 20) as a function of the FWHM (full width at
half maximum) intensity of the (110) plane of the XRD pattern.
The calculated grain size comprising the SnO, hollow fiber was
10nm.

To investigate the microstructure of the SnO, HNFs in greater
detail, TEM and HR-TEM characterizations were carried out. Fig. 3a
shows TEM micrographs of randomly distributed SnO, HNFs with
diameters in the range of 300-500 nm. This image indicates that
the surfaces of the HNFs are smooth and uniform and that the
length of the fibers can reach tens of micrometers. As indicated
in Fig. 3b, the shell thickness of the hollow SnO, fibers is approxi-
mately 15-20 nm, consistent with the SEM image in Fig. 1d. The
inset image of Fig. 3b shows selected-area electron diffraction
(SAED) patterns of a polycrystalline HNF structure with char-
acteristic peaks of (110), (101) and (200). Fig. 3c shows an
HR-TEM image of an HNF, indicating a polycrystalline SnO, struc-
ture with an average grain size of approximately 10 nm. This is in
good agreement with the grain size (10 nm) calculated by Scher-
rer'’s equations. In Fig. 3d, a lattice image of 3.19A and 3.35A
is clearly observable, corresponding to the {001} and {110}
planes of the rutile (tetragonal) SnO, structure, respectively. The
corresponding fast Fourier transform (FFT) pattern of the lattice
image, i.e., the white circle, in the figure along the [110] zone
axis direction, confirms the rutile SnO, structure (inset image in
Fig. 3d).

To examine the gas sensing characteristics of the SnO, HFs, DC
conductivity measurements were carried out in an NO, gas atmo-
sphere. Fig. 4 shows the gas response (Rgas/R,;i;) of the SnO, HNFs
and planar SnO, thin films upon exposure to successive cycles
(5min of exposure followed by 5min of recovery in dry air) of
NO, gas at 300°C. The NO, concentration increased from 0.5 to
2ppm, as indicated in the top part of Fig. 4. The gas response
is defined as the resistance of the sensor at a given concentra-
tion of the target gas (Rgas) normalized by the resistance in the
absence of the target gas (R,;;). The base resistances of the SnO,
thin films and SnO, HNFs were 1k and 13KkS2, respectively.
The 13-fold increase in resistance of the SnO, HNFs is due to
their highly porous nature as well as the greater extent of elec-
tron depletion associated with the thinner walls of the fibers as
compared to the films. Generally, sensor materials are sintered at

relatively high temperature (>600°C) to stabilize the microstruc-
ture and phase distribution. For n-type semiconducting metal
oxides, this also locks in a reduced base resistance given that
these oxides tend to lose oxygen upon heating leaving behind oxy-
gen vacancy or metal interstitial donors [17,18]. However, higher
temperature sintering also leads to grain growth and the conse-
quent decrease of sensor performance [19]. For example, when
the grain size exceeds about 20nm, sensor response decreases
markedly. The base resistance of 13 k€2, achieved in SnO, HNFs,
is moderate and readily monitored with inexpensive electron-
ics.

The electrical resistance of the SnO, HNFs sensor is observed
to increase with increasing concentration of NO, gas, an oxidizing
agent. This is consistent with expectations given that chemisorbed
oxidants are known to withdraw electrons from n-type semi-
conductors with the resultant formation of a zone depleted of
electrons adjacent to the semiconductor/gas interface. As is well
known, at a sensor operating temperature of 300°C, the domi-
nant species on SnO, surfaces is O, i.e. the atomic surface oxygen
ion [20]. Oxidizing gases like NO, are known to adsorb as anions
like NO»~, NOy(ga5) + €~ =NO3 (445 This adsorption competes with
that of oxygen, Oy(gas)+2€~ =207 (545). The O~ and NO,~ adsor-
bents together provide the total surface charge density. Given
that adsorption of NO, gas is considerably stronger than that of
0,, the surface potential barrier will increase further upon expo-
sure to the NO, gas, resulting in an increase in sensor resistance,
even when the partial pressure of NO, is considerably below that
of 02.

The responsivity of the SnO; HNFs (Rgas/R,;;) at 300°C to 0.5,
1, and 2ppm NO, was 12, 30.1, and 81.4, respectively. On the
other hand, the responsivity of the planar SnO, thin films to 0.5,
1, and 2 ppm NO; was 5.5, 10.6, and 19.9, respectively, consider-
ably lower that the HNF configuration, which displayed a 4-fold
enhancement (at 2 ppm NO,) of response compared to the non-
templated planar films. In order to extract the response times ( Tres),
the resistance curves were fitted by a simple exponential func-
tion of the form, R(t)=a+b exp(—t/tres) with a, b and t being fitting
parameters. The 75 values upon exposure to 0.5, 1, and 2 ppm NO,
were 96, 56, and 55 s for the planar film and 79, 57, and 55 s for
HNF, respectively. Improvement in gas response can be explained
on the basis of the enhanced surface area of the HNF sensor, as
supported by microscopy images. The unique morphological fea-
tures, high surface-area-to-volume ratio and open porosity, provide
larger reaction areas to the target gases. However, a more quanti-
tative explanation for the 2-4-fold improvement in gas response
requires consideration of other parameters. Obviously the hollow
nanofiber has an asymmetric wall thickness varying from top to
bottom [13]. The asymmetrical wall thickness arises from shadow-
ing effects when the metal oxide film is deposited over PVP-PMMA
fiber. The thinner parts of the hollow nanofibers can have rela-
tively high resistances resulting from the formation of the depleted
regions in vicinity of the potential barriers [21]. The same can
occur at the contact points between nanofibers, making the resis-
tance higher [22]. Also, SnO, deposits not only on the templated
fibers, but also on the substrate in planar form during sputtering
of the SnO, overlayer. Thus, a fraction of the electrons follow a
conduction pathway through this planar film and bypassing the
fibers. However, those parameters are difficult to extract numer-
ically due to the highly disordered network of fibers. For a more
exact and reliable characterization, extremely simple model struc-
tures (for example, a single fiber) are necessary. In subsequent
studies, attempts will be made to further improve gas response by
modifying the packing density of the fibers to minimize deposition
directly onto the substrate, by further controlling wall thickness
and introducing catalytic modification of the surfaces of the hollow
tubes.
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4. Conclusion

Polycrystalline SnO, HNFs were fabricated by depositing a SnO,
overlayer onto electrospun PVP-PMMA nanofiber templates with
subsequent calcination at 450°C. This procedure resulted in the
removal of the fiber template by thermal decomposition and the
crystallization of the SnO, overlayers. These SnO, HNFs were syn-
thesized in the form of nonwoven randomly oriented mats, which
showed high surface-to-volume ratios and high porosity, allowing
gases to easily penetrate into the sensing layers. Gas sensors based
on the SnO, HNFs showed a 4-fold higher gas response (Rgas/Raj;:
81.4 at 2 ppm) compared to those using SnO; thin films (Rgas/Raj;:
19.9 at 2ppm) in terms of their NO, gas detection capabilities.
The higher gas response of the SnO, HNFs sensors is attributed
to the increased surface area and enhanced carrier depletion of
the thin hollow SnO, shells. The synthesis method described in
this work is facile and versatile, providing opportunities to con-
trol the morphology of various semiconducting metal oxides with
HNF structures, with particular promise for application in gas
sensors.
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