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The low-cost growth of patterned zinc oxide (ZnO) nanorod arrays (NAs) has attracted much attention
with the rapid development of electronics and nanotechnology. A mechanoelectrospinning-assisted
continuous hydrothermal synthesis method (MES-CHSM) is proposed to direct-write the precursor
patterns for the growth of the ZnO-NAs, in a digital, low-cost, and mask-free manner. The morphology
and distribution of the hierarchical ZnO nanorods, having a tremendous impact on the gas response, are
determined by the process parameters of the MES-CHSM. It is highly desirable that the diameter,
interval, orientation and distribution of the ZnO nanorods can be tuned proactively by changing the
growth time, the solution concentration, the nature of the precursor layer, and the pattern by MES. The
ZnO-NAs exert excellent Ohmic contact with interdigital electrodes when exposed to dry air, NO, gas and then
dry air again. The gas response of the ZnO sample is surface-reaction-determining. The gas sensing results
show highly sensitive and repeatable response—recovery cycles following NO, gas exposure and air purging,
respectively. The dynamic response of the gas sensor shows a temperature-dependent response to NO,, even
at low concentrations (1-50 ppm). The best gas response is located between 200 °C and 225 °C. Gas sensors,
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DOI: 10.1039/c5tc02187a prepared by different process parameters, show two laws regarding the corresponding responses and
the NO, concentrations: approximately linear and saturation regions. The optimal process parameters

www.rsc.org/MaterialsC are presented to postpone the occurrence of the saturation region, to enlarge the measuring range.

Therein, ZnO nanomaterials, as functional n-type semiconductors
with a wide direct band gap (3.37 eV), have already been utilized in
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Nitrogen dioxide (NO,) is one of the main pollutant gases
generated during automotive engine combustion, and by power
plants and factories, and is involved in many disasters like acid
rain and photochemical smog.' According to health and safety
guidelines, humans should not be exposed to more than 2.5 ppm
NO,. Therefore, highly sensitive gas sensors are significant for NO,
monitoring. A large variety of NO, gas sensors have been obtained,
e.g. piezoelectric sensors,” electrochemical sensors,” solid electrolyte
sensors,” etc. However, these sensors have some disadvantages such
as moisture permeable absorption, easily poisoned electrodes, poor
selectivity, etc. Semiconductor oxide resistance-type NO, gas
sensors can overcome the above shortcomings with a simple circuit.
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gas sensors™® for detecting toxic or hazardous gases because of
their typical properties, such as high electrochemical stability, non-
toxicity, high response, long term stability and recyclability.””®
Solvothermal methods,”'® molecular beam epitaxy,"" and vapor
phase methods'? have been employed to grow ZnO nanorods.
But molecular beam epitaxy and vapor phase methods (including
thermal evaporation and condensation,"® physical/chemical vapor
deposition,'* etc.) require high temperature, vacuum or costly
equipment. Recent studies have demonstrated that the morphology
of ZnO nanorods has a significant influence on their gas sensing
performance.’>'® So the selective growth of ZnO nanostructures is
very important for highly sensitive gas sensors like electronic noses
and integrated devices."”'® Various micro-patterning methods,
such as monolayer self-assembly,” microcontact printing,*
nanoimprinting or soft lithography,** the pulsed laser deposition
method,” the photolithographic method* and ink-jet printing,>®
have been adopted but are limited by high-temperature treatment,
needing a high-vacuum system, complicated lithography, low-
resolution patterns, or needing a mask or mold.

The continuous hydrothermal synthesis method*”*® has been
considered as an excellent procedure to prepare ZnO nanostructures
due to its low-cost, low-temperature and controllable* properties
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compared to other growth methods. The electrohydrodynamic
direct-writing®>*" technique can deposit high-resolution patterns
directly onto a substrate in an individually controllable, high-
resolution, and low-temperature manner. We present a mechano-
electrospinning-assisted continuous hydrothermal synthesis method
(MES-CHSM) to fabricate an NO, sensor based on ZnO nanorod
arrays (ZnO-NAs), where the MES is an improved electrohydro-
dynamic direct-writing process with high controllability over the
morphology of the fibers.*”** This method can achieve highly
aligned ZnO nanorods on sub-10-micrometer printed patterns,
to form hierarchical structures for the highly sensitive sensors.
Further, the morphology and distribution of the ZnO-NAs are
tunable with different process parameters, such as the growth
time, the ZnAc precursor concentration, the Zn(NOj3), concen-
tration in the growth solution and the printed micropattern of
the MES. Their relationships with the gas sensing performance
are investigated in detail to discover the optimal parameters of
process and working.

Experimental section

Preparation

Zinc acetate (ZnAc, Zn(CH;COO),-2H,0, AR), zinc nitrate
(Zn(NO3),, AR) hydrate and hexamethylenetetramine (HMTA,
(CH,)eN,) were purchased from Sinopharm Chemical Reagent
Co., Ltd. The polyethylene oxide (PEO) used in this study was
purchased from Aldrich. The relative molecular mass (M,) of
PEO was 600 000. An aqueous solution containing PEO (6 wt%)
and ZnAc was fabricated by magnetic stirring for 10 hours (h).
Aqueous solutions of Zn(NO3), (0.2 M) and HMTA (0.2 M) were
prepared by magnetic stirring for > 0.5 h, then were mixed with
equal volume and stirred evenly to fabricate a mixed solution of
Zn(NOj3), and HMTA.

Interdigitated electrodes of Ag were screen printed on an
alumina substrate (1 cm x 0.8 cm). The distance between
adjacent electrodes was 800 pm. The hierarchical ZnO-NAs
were prepared on an alumina substrate and interdigitated
electrodes for use as a gas sensor by the following steps:
(1) PEO was adopted into the prepared aqueous solution to
adjust the solution viscosity, then parallel arrays containing
ZnAc along one direction were direct-written on the substrate
by MES,"'® and the micropattern of the large-area, well-defined
ZnAc-PEO fiber array, which was the first level pattern, was
fabricated. The applied voltage, moving speed and flow rate of
the MES were 2.25 kV, 200 mm s * and 500-750 nl min?,
respectively. (2) The obtained sample was annealed at 200 °C in
air for 2 h to form ZnAc nanoparticle nuclei and to ensure the
adhesion of the seed particles on the substrate to form a seed
layer. (3) The ZnO-NAs were formed by suspending the sub-
strate upside-down in a Teflon-bottle filled with the growth
solution for 1-12 h at 90 °C. The selective growth of the ZnO
nanorods resulted from the ZnAc nanoparticle nuclei on the
MES-assisted pattern through the hydrothermal decomposition
of the zinc complex. The growth solution was a mixture of
Zn(NO;), and HMTA. The obtained ZnO-NAs were the second
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level pattern. So the preparation of the hierarchical ZnO-NAs
had been completed.

Characterization and measurements of the gas sensor

The morphologies of the samples were investigated using field
emission scanning electron microscopy (FESEM). The current—
voltage (I-V) characteristics were recorded using a Semiconductor
Characterization System (Keithley 4200-SCS) and a typical four-
point probe station (CASCADE SUMMTI 11000). The gas responses
of the ZnO sensor were tested with homemade measurement
equipment.

The test schematic of the custom test circuitry for gas
measurement is shown in Fig. 1(a). A DC voltage of 4.096 V is
applied and the voltage (V,) across the signal resistor (R,) is
continuously recorded, as the sensor is subjected to repeated
target gas (NO,) exposure and removal at a set temperature.
According to Ohm’s law, the following formula for the resistance R
of the ZnO sample is obtained from the above-mentioned test
schematic:

(R + Ro)-Vo/Ry = 4.096 = R = (4.096/V, — 1):R, (1)

So the dynamic response of the ZnO sample can be calculated
when R, is determined and V, has been measured.

Fig. 1(b) shows a schematic diagram of the gas sensing
measurement system. A gas dilution system is utilized for the
sensor response measurements. The ZnO sensors are mounted
inside the test chamber and connected into the custom test
circuitry shown in Fig. 1(a). A DC power supply provides 4.096 V
to the series resistance and sensor electrodes. The temperature
is controlled by a resistive heater, to improve the measurement
performance. NO, gas is injected into the test chamber with
dry-air (carrier gas). The gas sensing performance is evaluated
by measuring the resistance changes of the ZnO sample related to
various NO, concentrations at different operating temperatures.
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Fig.1 The test schematic (a) and schematic diagram (b) for NO, gas
sensing measurement configuration system.
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The resistance changes over time during exposure to on-off cycles
consisting of specific concentrations of NO, (“on”) and pure air
(“off”). Cycles of different concentrations are tested for NO, gas by
ramping from a low concentration to a high concentration. Since
ZnO is an n-type semiconductor, its resistance R increases with an
increase in the oxidizing gas, NO,, concentration. R of the ZnO
sample is measured under dry air to obtain the base line resistance
R,. The resistance of the sample increases to a maximum value
R, when the sample is exposed to different concentrations of
NO, (1-50 ppm). Sensor response S is defined as S = (Ry — R,)/Ra,
where R, and R, are the resistances measured in air and an NO,-
air mixture, respectively.

Results and discussion
Morphologies and structures

Due to the anisotropic crystal properties, the growth rates (V)
in different directions under hydrothermal conditions are
Viooo1] > Vio110] > Vj100.>* The as-grown nanorods are c-axis
oriented (001) and highly crystalline with less impurities."® The
crystals of individual nanorods are of good quality in accordance
with low index crystallographic face growth. Overall the morphology
and distribution of the ZnO-NAs are controlled by process
parameters such as the growth time, the ZnAc precursor concen-
tration, the Zn(NO;), concentration, etc.

The effect of growth time. The growth time in the continuous
hydrothermal synthesis can improve the orientation of the ZnO
nanorods. Within the first 1 h of growth time, non-directionally
oriented ZnO nanorods are obtained, and most nanorods are not
vertically aligned to the substrate (Fig. 2(a)). After growing for
4 h, the ZnO nanorods do not have enough space to grow sideways
but show consistent orientation, and the axis of the nanorods is

Diameter(nm)
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=3 wn
= =
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Time

Fig. 2 FESEM images of ZnO nanorods growing for (a) 1 h; (b) 4 h; (c) 8 h;
(d) 12 h. The insets are the corresponding FESEM images of the ZnO-NAs
edges. (e) Shows the average top diameter distribution of ZnO nanorods
obtained with different growth times.
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perpendicular to the substrate in the middle area (Fig. 2(b)).
After growing for 8 h, it is beginning to appear that the
diameters of the nanorods at the edges are larger than those
in the middle, which can be observed from the insets of Fig. 2.
The growth rate of the marginal nanorods provided with more
growing space is greater than that of the middle ones. Well-
aligned ZnO-NAs are obtained through growing for 12 h. The
consistency becomes greater and the average diameter of the
nanorods is larger (Fig. 2(e)) with the increase in growth time.

The effect of ZnAc precursor concentration. The ZnAc pre-
cursor concentration in the growth solution has a tremendous
impact on the morphology of the ZnO-NAs. The radial growth of
flower-type structures is shown in Fig. 3(a) and (b) which
correspond to a 0.01 M and 0.025 M ZnAc precursor concen-
tration, respectively. The ZnO nanorods originate from the ZnO
seed layer and grow uniformly in all directions. Additionally,
the central part of the flower-shape structure, corresponding to
the ZnO seed layer, provides a root for the growth of the ZnO
nanorods. There are lots of breakpoints in the ZnO-NAs resulting
from the 0.01 M ZnAc precursor layer, because the concentration
of seed particle nuclei is very low. When the concentration of
the ZnAc precursor increases to 0.025 M, the ZnO nanorods can
be congregated well. Well-alighed ZnO-NAs are obtained with

1 pm

0.01M 0.025M 0.05M 0.1M

Concentration of ZnAc
Fig. 3 FESEM images of ZnO nanorods growing from (a) 0.01 M ZnAc,
(b) 0.025 M ZnAc, (c) 0.05 M ZnAc, and (d) 0.1 M ZnAc seeds. The insets of
(a—c) are the corresponding FESEM images of the ZnO-NA edges, and the
inset of (d) is the corresponding high magnification FESEM image. The
(e) side view and (f) sectional view FESEM images of ZnO-NAs are shown.
(g) Shows the average top diameters of ZnO nanorods with different ZnAc
concentrations.
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0.05 M and 0.1 M ZnAc as the seed (Fig. 3(c) and (d)). The
diameter of the array edge is larger than that of the intermediate
region for the 0.5 M ZnAc seed layer, which is shown in the inset
of Fig. 3(c). For certain ZnAc concentrations, the lateral growing
space of the edge array is more sufficient than that of the
intermediate region (Fig. 3(e) and (f)). It is easy to form a ZnO
nanorod network intersection between parallel arrays, which has
advantages for gas sensor devices.*® The ZnO nanorods begin to
show a mutual adhesion phenomenon for the 0.1 M ZnAc
precursor because of the limited growing space of the individual
nanorods owing to the large precursor concentration. The number
of nanorods increases as the precursor concentration increases,
however the average diameter of the nanorods reduces (Fig. 3(g)).

The effect of Zn(NOs), concentration in growth solution. The
Zn(NO3), concentration in the growth solution has a significant
effect on the diameter distributions of the ZnO nanorods. Fig. 4
shows the FESEM images of the ZnO nanorods growing with
different concentrations of Zn(NOj), in the growth solution.
The average top diameter of the ZnO nanorods increases
(Fig. 4(g)), when the Zn(NOs), concentration increases from
0.01 M to 0.2 M. Radially grown, flower-type structures with
uniform and individual nanorods are prepared with 0.01 M
Zn(NO3), (Fig. 4(a)). The diameter of the array edge is larger
than that of the intermediate region for the ZnO-NAs grown

® 1000

Diameter(nm)

[ = (= =3
=3 =3 =3 =3
] S S 3
1 1 1 1

0.01M 0.05M 0.075M 0.1IM 0.15M
Concentration of Zn(NO3),

Fig. 4 FESEM images of ZnO nanorods growing in growth solution with
(@) 0.01 M Zn(NO3),; (b) 0.05 M Zn(NOs),; (c) 0.075 M Zn(NOs)y; (d) 0.1 M
Zn(NOs3),; (e) 0.15 M Zn(NO3),; (f) 0.2 M Zn(NO3),. The insets of (a—d and f)
are the corresponding FESEM images of ZnO-NAs edges and the inset of
(e) is the corresponding enlarged view. (g) Shows the top diameter
distribution of ZnO nanorods with different Zn(NOs), concentrations in
growth solution.
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with 0.5 M Zn(NOj3), growth solution, which is shown in the
inset of Fig. 4(b). The ZnO nanorods grown with 0.1 M Zn(NO3),
solution begin to crowd together, which affects their continued
growth and forms stubby nanorods, thereby impacting on the
gas response. There are representative joints as seen in
Fig. 4(d)-(f), which exhibit that neighboring nanorods grown
in a direction deviating from the rigid vertical growth azimuth
would fuse together - neighboring nanorods grow and finally
combine into one nanorod with a larger diameter. The coalescence
of adjacent nanorods renders objective evidence to the issue
reported by Li et al.,*® which reveals that the growth mechanism
should be attributed to the coalescence of ZnO crystals and the
secondary growth.

The effect of distance between parallel fibers of ZnAc-PEO in
MES technology. The ZnO-NAs are grown with 0.05 M ZnAc
seed in 0.05 M Zn(NOj), solution for 12 h. The distance
between parallel fibers of the ZnAc-PEO is recorded as d. When
d is equal to 5 pm, 10 pm, 20 pm, 30 pm, 40 um and 50 pm in
the mechanoelectrospinning (MES) technology, for simplicity,
the corresponding samples of the ZnO-NAs are labeled as Djm,
Diopms D2oum, D3oumy Daopm and Dsg,m respectively. The ZnO-
NAs exist independently as parallel fibers for D3gum, Daoum and
Dsoum samples, which can be seen in Fig. 5(a)-(c). There are
networks between the ZnO-NA parallel fibers for the sample
Dsoum (Fig. 5(d)). Enough spaces are still achieved for gas
transport and adsorption. The ZnO-NAs are interconnected
together to form a densified ZnO nanorod film owing to too
close or partial overlap between the ZnAc-PEO seed fibers,
when d is equal to 5 pm, and 10 um (Fig. 5(e) and (f)). The
size of the electrode on the sample was decided. The smaller
the value of d is, the greater the number of ZnAc-PEO fibers
between the electrodes is, and there are more grown ZnO
nanorods. The order of the amount of nanomaterial (M) is
Msopm < Miopm < Maopm < Maoum < Mioum < Msum-

Fig. 5 FESEM images of ZnO-NAs growing from ZnAc—PEO fibers with
distances of (a) 50 um, (b) 40 pm, (c) 30 um, (d) 20 um, (e) 10 pm and
(f) 5 pm in MES technology. The ZnO-NAs are grown with 0.05 M ZnAc
seed in 0.05 M Zn(NO3), solution for 12 h.

This journal is © The Royal Society of Chemistry 2015
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Characterization of the ZnO gas sensor

The sensing mechanism of the ZnO-NAs for NO, can be explained
as follows. When a patterned ZnO-NA gas sensor is exposed to air,
the chemisorbed oxygen on the surface plays an important role in
the electrical transport properties of the ZnO nanorods. Electrons
from the ZnO conduction band ionize adsorbed oxygen making it a
reactive oxygen species such as O,”, 0°~ and O, and an electron
blocking layer (a depletion layer) is formed on the ZnO nanorod
surface. The reactive oxygen species depend strongly on tempera-
ture. At low temperatures, O, is commonly chemisorbed. At high
temperatures, O~ and O*~ are commonly chemisorbed while O,~
disappears rapidly.”” The electron blocking layer increases the
resistance of the ZnO-NAs.*® The possible reactions can be shown
as follows:*

0,(gas) < O,(ads) (2)
0O,(ads) + e~ < 0, (ads) (3)
0O, (ads) + e~ « 20 (ads) (4)
O (ads) + e~ < 0> (ads) (5)

The NO, gas molecules are adsorbed on the surface of the
ZnO nanorods when the ZnO nanorods are exposed to NO, gas.
The NO, acts as an electron acceptor and attracts the electrons
from the ZnO conduction band.

NO,(gas) + e — NO, (ads) (6)
NO, (ads) + h* — NO,(gas) (7)

When the NO, concentration increases, more electrons will
participate in reaction (6), resulting in an increase in the
depletion layer width, and leading to the increase in the sensor
resistance.*’

The current-voltage (I-V) characteristics (Fig. 6(a)) of the
ZnO sample’s exposure to dry air, NO, gas and dry air again
indicate that the electrical current is approximately linearly
proportional to the intensity of the applied bias voltage (from
—10 V to 10 V), which denotes that the ZnO sample has Ohmic
behavior. This is beneficial for the gas sensing properties
because the response of the gas sensor can be maximized when
the metal-semiconductor junction displays Ohmic behavior or
has a negligible junction resistance.

Fig. 6(b) shows the dynamic response of the ZnO-NAs to NO,
at various concentrations from 1 to 50 ppm at 180 °C. The
resistance increases to a maximum resistance within minutes
of the injection of the oxidizing NO, gas into the testing
chamber, suggesting a rapid response to NO, and a steady
state. The resistance recovers completely to the original base-
line level with the removal of NO,. The response of the ZnO
sensor increases as the NO, concentration increases. The
response of the ZnO-NAs to NO, gas is stable and reproducible
for repeat tests.

The response time is defined as the time taken by the sensor
to attain 90% of the maximum increase in resistance on
exposure to the target gas and the recovery time is defined as
the time to get back 90% of the maximum resistance when

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

50 ppm

10

Resistance (M)

0 1000 2000 3000 4000 5000
Time (sec)

Fig. 6 (a) Room-temperature /-V characteristics measured when ZnO-
NAs gas sensor is exposed to dry air, NO, gas and then dry air again.
(b) Dynamic response of ZnO sample for two measurement cycles to
different concentrations of NO, at 180 °C. The ZnO-NAs are grown with
0.05 M ZnAc seed in 0.05 M Zn(NOxs), solution for 12 h.

exposed to clean air. Fig. 7(a) shows the dynamic response of
the ZnO samples at different working temperatures from 150 °C
to 250 °C and different concentrations of NO, from 1 ppm to
50 ppm. The working temperature has a significant effect on
the gas response. Usually, the NO, gas sensing tests are carried
out at a high operation temperature (working temperature).**
Hamaguchi et al.** reported that the gas sensing responses and
recovery times became much longer as the operation tempera-
ture decreased. NO, gas sensing at low working temperatures
by a ZnO nanorod based sensor can be achieved by doping and
using a spiral electrode.*® The hierarchical ZnO-NAs exhibit a
repeatable, fast response and recovery towards NO, at 150 °C
(Fig. 7(a)) in this study. The response times (less than 120 s)
and recovery times (less than 150 s) for every test concentration
of NO, at all working temperatures (150-250 °C) are in the order
of minutes.®

The gas response increases with the working temperature up
to a range from 200 °C to 225 °C and then decreases sharply
(Fig. 7(b)). The optimal working temperature is 200-225 °C.

The gas response (sensor conductance) is believed to be
affected by many factors, including absorbed oxygen species,
rates of adsorption and desorption, and the charge-carrier
concentration, which are all functions of temperature. All of
the factors together determine the quantity of active electrons in the
surface reaction. Therefore, the gas response becomes temperature-
dependent, and an optimal temperature (200-225 °C) is induced
here, which corresponds to the optimal conditions where the largest
number of active electrons are involved in the surface reactions of
the ZnO nanorods. The gas sensing performance is with respect to
the tangent slopes of the response curves. The tangent slopes in
Fig. 7(c) at different gas concentrations for the optimal temperatures

J. Mater. Chem. C, 2015, 3, 11397-11405 | 11401
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Fig. 7 (a) Shows the dynamic response of ZnO samples exposed to
different concentrations of NO, at high working temperatures. Response
(b and c) of the ZnO sensor to different concentrations of NO, at different
working temperatures. The ZnO-NAs are grown with 0.05 M ZnAc in
0.05 M Zn(NOs), growth solution for 12 h.

are larger than those for other temperatures. So the gas sensor
has the best sensing performance at 200-225 °C.

It is obvious that the gas response values increase with the
increase in gas concentration (Fig. 7(c)). An approximately linear
increase relationship between the corresponding responses and the
NO, concentrations at optimal working temperatures is observed.
However, the gas response values reach saturation gradually as the
NO, gas concentration increases at other working temperatures.
The sensor surface reaction will become saturated at higher NO,
concentrations (>50 ppm). The available surface area of the ZnO
nanorods is enough to let the NO, molecules interact with the ZnO
at low NO, concentrations. So the gas response is mainly
dependent on the NO, concentration before the sensor reaches
the saturation stage. However, if the NO, concentration
increases, there are insufficient adsorption sites and the NO,
molecules have to compete for adsorption sites.

The effect of process parameters on the ZnO-NAs sensing
performance

The gas response of the ZnO sensor is dependent on the
surface-reaction rate which is determined by the adsorption
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sites on the ZnO nanorod surface and the quantity of NO, gas
molecules. The adsorption sites are related to the surface area of
the nanomaterial (the amount of nanomaterial) and the quantity of
NO, molecules is determined by the gas concentration. The gas
sensing performance is affected by the morphology of the ZnO-NAs
prepared under different conditions including the growth time, the
solution concentration and the concentration of the precursor. If
there is insufficient nanomaterial or NO, concentration, the gas
response of the ZnO sensor easily reaches saturation.

Gas sensing performance with growth time. The NO, sensing
properties of the ZnO-NAs/ZnO sensors grown with 0.05 M ZnAc
seed in 0.05 M Zn(NOj3), growth solution for different growth
times (1 h, 4 h, 8 h, 12 h) are measured. There is no visible
response to NO, when ZnO nanorods are grown for 1 h, because
the baseline resistance R, is more than 10° ohms, and the
resistance change of dozens of MQ is too small to be sensed.
The signal resistance is R, = 156 MQ, 78 MQ and 1 MQ, when the
growth time is 4 h, 8 h and 12 h respectively. It is observed that
the gas response S of the ZnO samples increases in an order of
Sin < Sgn < Sion (Fig. 8(a)). For 4 h, the increases slow down
gradually, and the response becomes saturated with an increase
in the gas concentration. When the growth time is 8 h and 12 h,
an approximately linear increase relationship between the
corresponding responses and NO, concentrations is observed.
The tangent slopes T of the response curves to the same test gas
concentration are in the order: Ty, < Tgn < Tipn. So the gas
sensor using ZnO-NAs growing for 12 h has the best sensing
performance. When the growth time is too short (1 h), there are
barely any ZnO nanorods on the substrate, and thus the sensor
has no signal. With the increase in the growth time, the lengths
and diameters of the ZnO nanorods are both increased, and
there are more adsorption sites on the surfaces of the ZnO
nanorods, which can enhance the gas sensing performance.

Gas sensing performance with concentration of ZnAc pre-
cursor. There is a critical concentration of the ZnAc seed for
fabricating the ZnO-NAs/ZnO sensors. The ZnO-NAs are grown
with different concentrations of the ZnAc seed in 0.05 M
Zn(NOj3), growth solution for 12 h. When the concentration
of the ZnAc precursor is lower than 0.01 M, the ZnO sensor
becomes a failed product owing to breakpoints in the nanorod
arrays. When the ZnAc concentration is in the range of 0.025-
0.1 M, there are significant gas responses, and the responses
increase as the NO, concentration increases (Fig. 8(b)). There is
an approximately linear relationship between the response and
the NO, concentration (1-50 ppm) for samples using a 0.05 M
and 0.1 M ZnAc precursor. However, the increase in the gas
response for the 0.025 M ZnAc precursor sample slows down
gradually when the NO, concentration increases, and the response
reaches saturation. When the NO, concentration is less than or
equal to 2.5 ppm, the gas response of the 0.025 M ZnAc samples is
not obvious. Even if the NO, concentration is larger than 2.5 ppm,
the response is also small. So the lowest detection limit is 2.5 ppm.
As the concentration of the ZnAc precursor increases, the gas
response increases at first and then decreases. The tangent slopes
T of the response curves under the same gas concentration are in
the order: To 025m < Toam < To.0sm- SO the ZnO sample grown from

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 Response of ZnO samples with (a) different growth time (1 h, 4 h, 12 h), growing from (b) different concentrations of ZnAc seeds (0.025 M, 0.05 M,
0.1 M), growing with (c) different concentrations of Zn(NOs), in growth solution (0.01 M, 0.05 M, 0.075 M, 0.1 M) and with (d) different distances between
fibers of ZnAc—PEO to different concentrations of NO, measured at 200 °C are listed.

the 0.05 M ZnAc precursor has the best gas sensing perfor-
mance. Therefore, a low concentration of the ZnAc seeds leads
to a small amount of the ZnO nanorods which tend to reach
saturation for the adsorption of NO, molecules. However, a too
high concentration of the ZnAc seeds results in an excess
amount of the ZnO nanorods (the adhesion phenomenon)
affecting the NO, gas transmission and adsorption, and thus
the response of the sensor becomes lower. The optimal concen-
tration of the ZnAc seeds leads to an appropriate amount of the
ZnO nanorods, which could absorb a large amount of NO,
molecules. The critical concentration for the ZnAc precursor is
0.05 M for the best sensing performance.

Gas sensing performance with Zn(NOj;), concentration.
There is an optimal concentration of Zn(NOj3), in the growth
solution for fabricating the ZnO-NAs/ZnO sensors. The ZnO-
NAs are grown with different concentrations of Zn(NO3), in the
growth solution with a 0.05 M ZnAc seed for 12 h. When the
concentration of Zn(NOj3), was from 0.01 M to 0.1 M, the gas
response increases at first and then decreases, as is shown in
Fig. 8(c). The sample using 0.05 M Zn(NO;), exhibits the best
response within the measured NO, concentrations. There is an
approximately linear increase relationship between the corre-
sponding responses and NO, concentrations (1-50 ppm) for
samples of 0.05 M, 0.075 M and 0.1 M Zn(NOs),. The curve
slopes T under the same gas concentration are in the order:
Toam < Toomm < Toorsm < Toosm- SO the gas sensor using
0.05 M Zn(NOj3), has the best NO, sensing performance. The
response of the 0.01 M Zn(NO;), sample also increases with
respect to the NO, concentration, and the increase slows down
gradually until the response values become saturated with a
larger gas concentration (25 ppm). When the NO, concentration

This journal is © The Royal Society of Chemistry 2015

is less than or equal to 10 ppm, the gas response is not visible for
the 0.01 M and 0.1 M Zn(NOs), samples. Even if the NO,
concentration is larger than 10 ppm, the response is also small.
So the lowest detection limit is 10 ppm. Therefore, a low
concentration of Zn(NOs), leads to less surface area of the ZnO
nanorods, which tend to reach saturation for the adsorption of
NO, molecules. A too high concentration of Zn(NO;), results in
fused together ZnO nanorods with a large diameter, which
affects the gas transmission and adsorption, and has a signifi-
cant influence on the gas response of the sensor. The optimal
concentration of Zn(NO;), leads to an appropriate amount of the
ZnO nanorods, which could absorb large amount of NO, mole-
cules. The optimal concentration for Zn(NOj), is 0.05 M for the
best sensing performance.

Gas sensing performance with distance between parallel
fibers. The ZnO-NAs are grown with a 0.05 M ZnAc seed in
0.05 M Zn(NOs), solution for 12 h. The signal resistance R, of
the Dsum, Diopms D2opms D3oums Daoum, and Dseum samples is
0.1 MQ, 1 MQ, 1 MQ, 78 MQ, 156 MQ and 156 MQ, respectively.
Fig. 8(d) shows the gas response of the ZnO sensors versus the
NO, concentration plots in the range of 1-50 ppm at 200 °C. It
is found that the gas responses increase with the increasing gas
concentration for all curves (Dsym—Dsoum). However, the
increasing tendencies are different for the varying distances
between the ZnAc-PEO fibers. For the D;3oum, Daoum, and Dsoum
sensors, the increase slows down gradually until the response
values become saturated with a larger gas concentration (50 ppm).
While for the Ds;m, Dioym, and Doo,um sensors, the increase shows
an approximately linear increase relationship as the gas concen-
tration increases. That is because there are such large amounts of
the ZnO-NAs that the sensing reaction does not easily reach
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saturation. The lowest detection limit is 2.5 ppm NO, for the
Dsoum and Dsgyy, samples. There are fewer ZnO-NAs, and the
gas responses are lower. There is a significant response to NO,
even at a low concentration (1 ppm) for the Dsm, Dioym and
D;oum samples. The ZnO-NAs of the D5y, and Dyoum samples
are much too dense, which impacts on the diffusion of the NO,
molecules and the gas sensing reaction on the surface of the
nanorods, and reduces the gas sensing properties. Therefore,
the response of the Ds,,, and Dyo.m Samples is very low. It can
be concluded that neither too large nor too small distances
between the ZnAc-PEO fibers are beneficial for the gas
response. The D,,, sample has the highest response and the
largest tangent slope of response curve under each test concen-
tration because of the optimal intensity of the nanorods.
Additionally, the intersection between the parallel arrays can
contribute to the response.** The above analyses indicate that
20 um is the optimal distance for the best sensing performance.

Conclusions

ZnO-NAs, prepared by the MES-CHSM, are used for an NO, gas
sensor and exhibit good sensing performance, and exert excellent
Ohmic contact rather than diode-like behaviour. The gas sensing
results show fast responses and recovery after NO, gas exposure
and air purging, respectively, and they are stable and reproducible
for repeat tests. Several critical influencing factors for the gas
response are investigated: (1) the seed concentration of ZnAc, where
there is an optimal value for the best response; (2) the morphology
(diameter, interval and orientation) of the ZnO nanorods, which are
determined by different process parameters such as the growth
time, ZnAc precursor concentration and Zn(NOj3), concentration in
the growth solution; (3) the distribution of the ZnO-NAs depending
on the distances between the parallel ZnAc-PEO fibers, which can
be individually controlled by MES; (4) the optimal working tem-
perature between 200 and 225 °C, at which the ZnO sensor shows
the best response to NO,; and (5) the saturation behavior for low
NO, concentrations (1-50 ppm), which is delayed to enlarge the
measuring range of the gas sensor. The gas response is surface-
reaction-rate-determining according to the gas sensing mechanism.
The MES-CHSM is a digital, low-cost, low-temperature, and mask-
free manufacturing technique to fabricate highly sensitive,
temperature-dependent gas sensors.
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