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Preparation and gas-sensing property of parallel-aligned ZnO

nanofibrous films
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Abstract. Parallel-aligned zinc oxide (ZnO) nanofibrous films fabricated by using electrospinning technique were
used in gas sensors for the detection of ethanol and formaldehyde. The morphologies and crystal structures of the
films were characterized by field-emission scanning electron microscopy (FE-SEM) and X-ray diffraction (XRD),
respectively. FE-SEM results showed that ZnO nanofibres had an approximate diameter of 100-300 nm and con-
sisted of hexagonal wurtzite structure ZnO nanocrystals with a primary particle diameter of 20-50 nm. The results
of resistance-temperature characteristics and responses to ethanol and formaldehyde indicated that the parallel-
aligned ZnO nanofibrous film had a low activation energy (0-246 eV), a low optimum operating temperature and a
high response. The response and recovery had a high rate in the initial stage and a low rate in the later stage. The
parallel-aligned ZnO nanofibrous film had excellent potential application for formaldehyde sensor.
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these methods, electrospinning has been proved to be a ver-

Zinc oxide (ZnO), which is an interesting chemically and
thermally stable n-type semiconductor with a large exciton
binding energy (60 meV) and a large bandgap (3-37 eV)
energy, has many significant technological applications such
as photocatalysts (Chakrabarti and Dutta 2004), solar cells
(Baxter and Aydil 2006; Pradhan et al 2007), transparent
conductive films (Park et al 2006; Ma et al 2007), gas sen-
sors (Zhu et al 2004; Ge et al 2007a) and so on. A wide
variety of nanostructure ZnO, such as nanowires (Yang et al
2004), nanowalls (Heo et al 2004; Wu et al 2005; Zhang
et al 2006), nanobelts (Wang 2003), nanorods (Gao and
Wang 2005), nanosheets (Chen et al 2005), nanofibres (Yang
et al 2007; Wu et al 2009) and so on, have been fabri-
cated. Recently, one-dimensional ZnO nanostructures have
attracted much attention in gas-sensing since the dimension
and surface-to-volume ratio can greatly influence the mate-
rial performance (Wu et al 2009; Hongsith et al 2010). Con-
siderable efforts have been made to fabricate ZnO nanowires,
nanobelts, nanorods and nanofibres via thermal oxidation,
thermal evaporation, self-catalytic growth, molten salt syn-
thesis and electrospinning (Wang 2003; Yang et al 2004; Gao
and Wang 2005; Yang et al 2007; Wu et al 2009). Among
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satile and effective method for manufacturing a nanoscale
fibre.

Common to the reports is that for the fabrication of elec-
trospun ZnO nanofibre gas sensors, ZnO nanofibres must be
removed from a substrate and be transferred into a paste by
mixing with distilled water or organic vehicle and grinding,
and then dispersed randomly onto a sensor substrate (Wang
et al 2010), as our previous fabrication of ZnO thick film
gas sensor (Zhu et al 2005). This “pick-and-place” process
will damage the morphology of nanofibres to form ZnO rods
and/or particles. It is not accurate that the sensor responses
were discussed according to the morphology of raw fibres.
However, by using the electrospinning process for the fabri-
cation of nanofibre sensors, it was only reported that “pick”
step was eliminated as it allowed a direct placement of
nanofibres onto a sensor chip (Wu et al 2009). The obtained
film had a non-woven structure consisting of ZnO nano-
fibres and was isotropic in-plane. The nanofibre had a large
length-to-diameter ratio to facilitate fast mass transfer of gas
molecules to the interaction region as well as to improve
the rate for charge carriers to transverse the barriers induced
by molecular recognition along the fibres (Kolmakov and
Moskovits 2004). So the alignment of ZnO nanofibres had
an important effect on the gas-sensing response of sensor.
The parallel alignment of ZnO nanofibres is to improve the
gas-sensing response of sensor.

505



506

Substantial efforts have been devoted in recent years to the
development of methods to achieve parallel-aligned nano-
fibres (Chew et al 2006). Conventional collection method of
nanofibres on the surface of a rotating drum or mandrel can
produce thick nanofibrous sheets (Matthews et al 2002), but
typically results in only partial nanofibre alignment, even at
very high rotation velocities. Nanofibre deposition onto the
edge of arotating disc (essentially a narrow mandrel) resulted
in a band of nanofibres with relatively high alignment (Kim
et al 2003). Wu et al invented a modified electrospinning
method to fabricate the highly oriented zinc oxide nano-
fibre bundle (Wu et al 2007). However, it is difficult for
the alignment of nanofibrous sheets or films fabricated by
using this method to meet the electronic components. Seve-
ral alignment methods based on electrical forces acting on
charged jet segments have been explored recently (Dersch
et al 2003; Li et al 2003; Dzenis 2004). One of the best
methods is to use rectangular frame electrodes (Dersch et al
2003; Dzenis 2004) to produce parallel-aligned nanofibrous
films. However, the parallel-aligned ZnO nanofibre sensor
fabricated by using electrospinning technology was rarely
reported.

In this study, we designed a parallel grid collector con-
sisting of parallel aluminum wire to fabricate the parallel-
aligned zinc acetate/PVA composite nanofibrous films,
which were entwined closely onto a ceramic tube and then
were calcined to obtain the parallel-aligned ZnO nanofibrous
film sensors. Surface morphology, microstructure and gas
sensing characteristics were systematically investigated.

2. Experimental

2.1 Materials

All chemicals used in the experiment were of analytical
grade. Polyvinyl alcohol (PVA, Mn = 80000, analytical
grade) was supplied by Chuanwei Co. Ltd. Zinc acetate
(Zn(CH3CO00),-2H,0) and acetic acid (CH;COOH) were
obtained from Sinopharm Chemical Reagent Co. Ltd. Dis-
tilled water was used as a solvent.

2.2 Preparation of precursor solution

In this procedure, 5 g of PVA beads and 1-563 g of zinc
acetate were mixed with 45 ml distilled water (The mass ratio
of zinc acetate/PVA was an optimum value). Then, under
vigorous stirring, this solution was heated to 98 °C with a
heating rate of 1 °C/min and held for 4 h. Subsequently,
0-5 ml of acetic acid solution (0-1 mol/L) was added into the
above solution under vigorous stirring for 10 min, inhibiting
the formation of zinc hydroxide. Thus, transparent viscous
gel of zinc acetate/PVA was obtained.

2.3 Preparation of parallel-aligned nanofibrous films

Schematic diagram of the electrospinning apparatus is shown
in figure 1, which consisted of three major components: a
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Figure 1. Schematic diagram of electrospinning apparatus.

spinneret, a collector and a high voltage power. The spinneret
was a 5 ml syringe (the inner diameter of the stainless needle,
0-45 mm) that connected to a syringe pump. The positive lead
from a high voltage supply was connected to the external sur-
face of needle via an alligator clip. The collector was a para-
llel grid consisting of parallel aluminum wire. Previous opti-
mization work had been done in deciding the electrospinning
deposition conditions (distance needle-collector, voltage and
flow rate). Distance between the needle and the collector was
10 cm. The transparent viscous gel of zinc acetate/PVA was
loaded into a 5 ml plastic syringe. The flow rates were con-
trolled by the syringe pump (0-08 ml/h). Voltage of 20 kV
was applied to the needle. The transparent viscous gel of zinc
acetate/PVA was electrospun onto the parallel grid collec-
tor to obtain a parallel-aligned zinc acetate/PVA composite
nanofibrous film between the parallel aluminum wires.

2.4  Sensor preparation and measurement

The as-prepared zinc acetate/PVA composite nanofibrous
films were enwound closely onto a ceramic tube with a pair
of annular gold electrodes. To obtain close adhesion between
the zinc acetate/PVA composite nanofibrous films and the
annular gold electrodes, Ag paste was painted on the nano-
fibrous films present at the end of the ceramic tube. The
obtained samples were conserved in air for 24 h and then
dried at 80 °C for 6 h. The ceramic tube with nanofibrous
films was subsequently heated with a rate of 2 °C/min from
room temperature to 650 °C in a tubular silica furnace in air
and calcined for 4 h at 650 °C to obtain the parallel-aligned
nanofibrous film gas sensor. A small Ni—Cr alloy wire was
placed through the tube as a heater, which provided operat-
ing temperature. In order to improve their stability, the gas
sensors were aged at 400 °C for 3 days in air. Schematic
illustration of the sensor structure is shown in figure 2(a).
Gas-sensing properties of the sensor were measured
on a static system in laboratory condition (25 °C, 80%
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Figure 2.
being sintered (b), after being sintered (c) and high magnification (d).

relative humidity). The experimental procedure was
described in detail in the literature (Zhu et al 2005). The
detected vapours were ethanol and formaldehyde (con-
centration, 100 ppm). The gas response (S) is given by
S = R./R,, where R, and R, are the resistance of the sensor
in air and in detected gas, respectively.

2.5 Characterization

In X-ray diffraction analysis (XRD), the sample was fixed
onto a stub and placed within the chamber of analytical X-
ray powder diffractometer (X’ Pert Pro, PANalytical Holland,

wavelength 1-54 A, CuKa; radiation). The morphologies of
the films were observed by a Sirion II type field-emission
scanning electron microscope (FE-SEM, FEI, Holland).

3. Results and discussion

3.1 Morphologies and structures of parallel-aligned
nanofibrous films

Figure 2(b) shows typical FE-SEM images of the parallel-
aligned zinc acetate/PVA composite nanofibrous films, while
figures 2(c) and (d) show morphologies of ZnO parallel-
aligned nanofibrous films. The parallel grid collector consist-
ing of the parallel aluminum wire had the same effect as the
rectangular frame electrodes to obtain the parallel-aligned
nanofibrous films (Dersch et al 2003). Zinc acetate/PVA
composite fibres with a smooth surface morphology had a
diameter of 1-2 wm. After calcination, diameter of ZnO
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Figure 3. XRD patterns of zinc acetate/PVA composite fibres
before (a) and after (b) calcination.

nanofibre shrank drastically to 100-300 nm, as shown in
figures 2(c) and (d). The shrinkage of fibres was due to
the burn-out of PVA from the nanofibres and the crystal-
lization of ZnO phase during calcination process. Although
PVA was fully decomposed, the parallel-aligned fibre struc-
ture was still retained. It contributed to the low heating
rate (2 °C/min). Figure 1(d) shows that the ZnO nanofibres
consisted of granular crystallites with a primary particle
diameter of 20-50 nm and mesopores with a diameter of
5-10 nm. PVA pre-occupied spaces could contribute to the
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formation of the pores. Moreover, the pore structures could
also be related to the crystalline phase growth as the calcina-
tion temperature was raised (Chen et al 2008).

Figure 3 shows XRD patterns of zinc acetate/PVA com-
posite fibres before and after calcination. Figure 3(a) shows
only a broad peak at 260 = 20°, indicating that the zinc
acetate/PVA composite fibres were amorphous. After
annealing at 650 °C, the strong and sharp diffraction peaks
obtained could be well indexed to hexagonal wurtzite struc-
ture ZnO (JCPDS: 89-0510, figure 3(b)). No other diffrac-
tion peaks were observed, which indicated that the sintered
sample was high-purity ZnO. Referring the main peak (101)
of wurtzite phase, the grain size of ZnO estimated from
Scherrer’s formula was about 40 nm, which was entirely con-
sistent with the result in figure 2(d). This indicated that the
nanofibres consisted of nanocrystalline ZnO.

3.2 Electrical conductivities of parallel-aligned ZnO
nanofibrous films

Figure 4 shows Arrhenius plots of the parallel-aligned ZnO
nanofibrous film in air. If the electrical conduction of ZnO
nanofibres was thermally assisted, the conductivity (o) could
be depicted as 0 = ogexp (—E,/k,T), where E,, ky and T
were the activation energy, Boltzmann constant (= 8-62 x
107 eV/K) and absolute temperature, respectively (Mott
and Davis 1979). In such a case, the data could be fitted
to a straight line and the average activation energy of sur-
face chemisorbed oxygen could be deduced from the slope
of the straight line. The apparent activation energy derived
from this plot was 0-246 eV, which was much lower than
that of the non-woven structure nanofibrous film (0-33 eV)
(Park et al 2009) and was much higher than that of the single
nanorod (0-089 eV) (Heo et al 2004). The smaller the acti-
vation energy was, the more active surface absorption was.
The change of resistance, largely depending on the operating
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Figure 4. Arrhenius plots of parallel-aligned ZnO nanofibrous
film.
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temperature, indicated that the resistance of the films were
controlled by surface effects.

The electrical conductivity of polycrystalline metal oxides
was mainly governed by the potential barrier formed at grain
boundaries (GBs) and the electrical conduction occurred
along percolation paths via GB contacts (Gupta 1990). The
activation value represented Schottky barriers formed at
GBs. In this study, ZnO nanofibres consisting of granu-
lar crystallites with a diameter of 2050 nm composed of
the sensing film (figure 2(d)). The grain boundaries along
the fibre were different from the fibre-to-fibre grain bounda-
ries. The parallel-aligned ZnO nanofibrous film was highly
anisotropic in-plane. The parallel-aligned ZnO nanofibres
bridged between the two electrodes of the device. The direc-
tion of the test current was parallel to the fibre axis. As a
result, charges in a parallel-aligned nanofibrous film would
be limited to traversing only across grain boundaries along
the fibres, with the shortest transmission path. So, the
parallel-aligned nanofibrous film has a low activation energy
(0-246 eV). It is confirmed that the grain boundary along the
fibre had a smaller barrier than the fibre-to-fibre grain bounda-
ries (Ra er al 2005; Leslie et al 2009; Zhou et al 2009).
Charges in a non-woven structured nanofibrous film would
be forced to traversing across the fibre-to-fibre grain bounda-
ries between the two electrodes of the device. The total trans-
port barriers in charge-transport pathways were increased. So,
the non-woven structure of nanofibrous film (0-33 eV) had
a higher activation value than the parallel nanofibrous film
(0-246 eV). The single nanorod had a low activation value
(0-089 eV = 0-02 eV) and it is possible that the conduction
is surface-related, as in UV photo-response measurements
(Heo et al 2004).

3.3 Gas sensing properties of parallel-aligned ZnO
nanofibrous films

The responses of the parallel-aligned ZnO nanofibrous film
to ethanol and formaldehyde (concentration, 100 ppm) as a
function of operating temperature are shown in figure 5. It
was obvious that the responses increased with the increase in
operating temperature in low temperature range, reached the
maxima at 240 °C and 270 °C to ethanol and formaldehyde,
respectively and began to decrease above this temperature.
The change in response was mainly induced by the adsorp-
tion and desorption of gas molecules from a surface of film at
testing temperature (Huang et al 2004). In air environment,
oxygen molecules were generally chemisorbed onto the sur-
face of the ZnO in forms of O, , O~ and 0%~ The decrease
in carrier concentration within ZnO caused resistance of the
film to increase. When the film was exposed to reducing gas
(i.e. ethanol and formaldehyde), the surface oxygen species
(oxygen ions O;, O~ and O*7) reacted with reducing gas
and electrons were released into the conduction band of
ZnO, thus increasing the carrier concentration and ultimately
resulting in the decrease in resistance of the film. Obviously,
the film with higher specific surface area could adsorb more
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Figure 5. Response of parallel-aligned ZnO nanofibrous film-
based sensor with operating temperature.

oxygen molecules, thus possessing higher concentration of
oxygen ions. It was noteworthy that the oxygen-adsorption
reaction was exothermic (Chang et al 2002). At the tem-
perature above an optimum temperature, the basic reaction
(%02 (g) +e — Oa_ds) would proceed to the left, which led
to the decrease of trapped electrons from the conduction band
and the decrease of the oxygen ion concentration in the film.
Therefore, the response decreased.

The optimum temperature of the film was related to the
surface morphology and microstructure characteristics of the
film. In this study, the parallel-aligned ZnO nanofibrous film
to ethanol had a lower optimum temperature (240 °C) than
the non-woven structured ZnO nanofibrous film (300 °C)
(Wang et al 2010). For formaldehyde, the optimum tem-
perature of the parallel-aligned ZnO nanofibrous film was
270 °C, which was lower than that of ZnO nanopowder
film (460 °C) (Ge et al 2007b; Bai et al 2008). It was gene-
rally proposed that the parallel-aligned ZnO nanofibrous
film exhibited a higher surface-to-volume ratio (Wang et al
2006), thus provided more sites for adsorption of analyte
molecules and made the absorption of analyte molecules on
the surface of the film easily. In addition, the parallel-aligned
ZnO nanofibrous film had low activation energy (0-246 eV).
The change in responses with operating temperature was
related to the activation energy of surface chemisorbed oxy-
gen, which reflected the ability of interaction between sur-
face chemisorbed oxygen and adsorbed gas. The activation
energy was inversely proportional to the oxygen adsorption
capacity (Jiao et al 2002). The difference in the responses of
the films to ethanol and formaldehyde might be related to the
different chemical bonds (Ge et al 2007a, b). The parallel-
aligned ZnO nanofibrous film had a lower optimum tempe-
rature and higher response than ZnO nanopowder film. This
result showed that the parallel-aligned ZnO nanofibrous
film had excellent potential application for formaldehyde
Sensor.
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Figure 6. Response-recovery curves of parallel-aligned ZnO
nanofibre based sensor to ethanol (a) and formaldehyde (b), (i) in
initial stage and (ii) later stage.

It is well known that the response and recovery behaviour
is one of the most important characteristics for evaluating
the performance of gas sensors. The sensor response time
was defined as the time required until 90% of the response
resistance was reached after the film was in contact with the
detected gas. The recovery time denoted the time needed
until 90% of the original resistance was recovered after the
detected gas was removed. The resistances of the parallel-
aligned ZnO nanofibrous film to 100 ppm ethanol at 240 °C
and to 100 ppm formaldehyde at 270 °C as a function of time
are shown in figures 6(a) and (b), respectively which had
similar response-recovery characteristics. The response and
recovery times of the parallel-aligned ZnO nanofibrous film
were longer than that of the non-woven structured ZnO nano-
fibrous film (Wang et al 2010) and the tetrapod-shaped ZnO
nanoparticles film (Zhu et al 2005). It was noteworthy that
the response and recovery process could be divided into two
different rate processes, which were a high rate in the ini-
tial stage (i) and a low rate in the later stage (ii) as shown in
figure 6.
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The response and recovery of the sensor corresponded to
the reducing gas diffusion and oxidation in the film. The
diffusion time of the reducing gas, which was related to
microstructure of the film, dominated the response time. The
diffusion contribution to total molecular transport through
the pore material depended on pore size and length of the
path along which the molecule travelled (Ahmad et al 2003;
Korotcenkov 2008). The sensor had a fast response and
recovery in the initial stage because the diffusion of the
reducing gas (i.e. ethanol and formaldehyde) occurred in
the big pores between ZnO nanofibres. The nanofibres pre-
pared by using electro-spinning technology had a high
surface-to-volume ratio (Wang et al 2005, 2006) and a large
length-to-diameter ratio. The reducing gas (i.e. ethanol and
formaldehyde) could be adsorbed on the surface of the nano-
fibres quickly. At the same time, the large length-to-diameter
ratio of the nanofibres could facilitate fast mass transfer
of the reducing gas molecules to the interaction region as
well as to improve the rate for charge carriers to cross the
barriers induced by molecular recognition along the fibres
(Kolmakov and Moskovits 2004; Li et al 2008). In the later
stage, slow response and recovery behaviour of the sen-
sor could be attributed to the reaction taking place inside
ZnO fibres with 5-10 nm diameter mesopores. The slu-
ggish gas diffusion through the pores between the primary
nanoparticles greatly decreased the response speeds. When
reducing gas (i.e. ethanol and formaldehyde) was removed,
recovery of the resistance was determined by both oxy-
gen re-adsorption from the ambient to the surface and
re-oxidation of the oxide (Chang et al 2002). For small
molecule O,, effect of the film microstructure on the oxy-
gen re-adsorption rate was quite small. The re-oxidation of
the oxide was to form chemisorbed oxygen (oxygen ions
05, O~ and O*7) in the oxide surface. The re-oxidation pro-
cesses were the sluggish surface reactions regarding adsorp-
tion, dissociation and ionization of oxygen (Choi et al
2010). The different response and recovery of the parallel-
aligned ZnO nanofibrous film to ethanol and formalde-
hyde might be due to the diffusion characteristic difference
and different chemical bonds of ethanol and formaldehyde
(Ge et al 2007a).

4. Conclusions

Parallel-aligned ZnO nanofibrous films fabricated by using
electrospinning technique were used in gas sensors for the
detection of ethanol and formaldehyde. The ZnO nano-
fibres had an approximate diameter of 100-300 nm and con-
sisted of hexagonal wurtzite structure ZnO nanocrystals with
a primary particle diameter of 20-50 nm. The results of
the resistance—temperature characteristics and the responses
to 100 ppm ethanol and formaldehyde indicated that the
parallel-aligned ZnO nanofibrous film had low activation
energy (0-246 eV), alow optimum operating temperature and
a high response. The parallel-aligned ZnO nanofibrous film
had excellent potential application for formaldehyde sensor.
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The response and recovery had a high rate in the initial stage
and a low rate in the later stage. This work helps us to under-
stand that the microstructure optimization of the gas sen-
sor should focus not only on the surface morphologies and
the size of particles that composed of a film but also on the
arrangement between particles.
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