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Abstract

Zinc oxide (ZnO) as a highly sensitive metal oxide semiconductor is exerting a growing significant influence on the detec-
tion of hazardous gases such as carbon monoxide gas (CO). However, elevated operating temperature and humidity have
been exhibited the bottleneck of CO detection at ambient conditions. Therefore, in the present work, one-dimensional ZnO
nanoneedles (ZON) were synthesized by a simple hydrothermal method, and their resistance-type gas sensor was made and
applied for the CO sensing features investigation at environmental conditions. The ZON characterization has exhibited a
hexagonal wurtzite phase of the pure crystallized ZnO with porous architecture. The CO sensing properties of the ZON
sensor (ZS) were studied in various gas concentrations and relative humidity (RH), to examine these main factors at room
temperature. Our handmade sensor was exhibited an appropriate response, long-term stability for more than 4 months, and
it had good selectivity to CO concentration than that other gases. Moreover, the ZS showed a linear relationship between
the response and not only the gas concentrations at various RHs but also the RH toward different gas concentrations, which
is very important for the calibration and practical use. Finally, the CO sensing mechanism of the ZS at ambient conditions
was discussed as well.

1 Introduction

At present, hazardous atmospheric pollutions and their nox-
ious effects on human life have become a critical problem for
quality civilization. To detect and control of atmospheric gas
pollutants, primarily attributed to automobile exhaust and
factory emission, gas sensors have been widely developed.
Resistance-type gas sensors based on metal oxide semicon-
ductors, due to sensitivity to most gases, excellent selectiv-
ity, good portability, low cost, and simple fabrication tech-
niques have attracted great attention between several types
of the gas sensors for the quantitative monitoring and detec-
tion of different toxic gases [1-6]. Among various metal
oxide semiconductors (SMOs), typical n-type Zinc oxide
(ZnO) with merit features such as wide direct band gap of
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3.37 eV, good morphology properties, high electron mobil-
ity, low production cost, excellent chemical properties and
appropriate response toward gaseous species such as carbon
monoxide gas (CO), is widely used in the resistance-type CO
gas sensors [1-4, 7-14]. CO is a colorless, odorless and very
toxic pollutant gas, which through respiration being quickly
absorbed into the whole body’s lungs and bloodstream
where it can be easily reacted with hemoglobin (approxi-
mately 200 times more than of oxygen) to lose the ability
to carry oxygen to organs and tissues. The result is some
acute toxic symptoms such as respiratory infection, asthma,
nausea, dizziness, and loss of muscular control or even death
of tissues [4, 5, 15-17]. Therefore, CO is notorious as an
invisible silent killer, so that exposure to 5000 ppm of CO
for 10 min is lethal to human [5, 17]. Accordingly, accurate
detection and monitoring of CO gas with a simple method
at ambient conditions is necessary. In spite the fact that the
pure ZnO or its composites with other SMOs or metal ions,
have been used extensively as active sensing material in the
CO resistance-type gas sensors [1-6, 8, 9, 15-21], the main
drawbacks associated with the most of them is their unsatis-
fied and high typical working temperature (> 100 °C) with
the great energy consumption and also low life-time [5-8,
16, 18-22].
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It is well known that the realization of new defined one-
dimensional morphological structure of ZnO with a high
density of surface reaction sites and porosity, is the popular
strategy to not only overcome the restrictions of the CO gas
sensor operating temperature, but also serve as gas sensor
with rapid CO gas response and long-term stability at ambi-
ent conditions [2, 4, 6, 16, 18, 23]. However, humidity poses
another great challenge in the resistance-type CO gas sensor
based on ZnO nanostructure at ambient conditions, because
a sensor working with fast response and recovery finds irrep-
arable disorder in situations where the humidity value may
change dynamically at room operating temperature [1-4, 15,
24]. Hence, the humidity effect on CO gas sensing of ZnO
sensor needs to be more discovered. There is, to the best of
our knowledge, very few reports for CO gas sensors based
on one-dimensional ZnO nanostructures such as nanonee-
dle at various humidity conditions and room temperature.
Accordingly, we have synthesized ZnO nanoneedles via a
facile, simple and low-temperature hydrothermal method,
and investigated their CO gas sensing features under differ-
ent gas concentrations and various relative humidity condi-
tions at room temperature.

2 Experimental
2.1 Materials

Zinc nitrate hexahydrate (Zn(NO;),-6H,0-99% purity),
Sodium hydroxide (NaOH-98% purity), Cetyltrimethylam-
monium bromide (CTAB, C,4H,,BrN-99% purity), Ethanol
(99.8% purity) and Polyvinyl alcohol ((C,H,O),) were pur-
chased from Merck Co. (Darmstadt, Germany).

2.2 Methods
2.2.1 Synthesis of ZnO nanoneedles

A low-temperature hydrothermal method was used for the
synthesis of the ZnO nanoneedles as shown in Fig. la.
In this typical procedure, 0.3 gr of CTAB with 5.7 gr of
NaOH were added into 80 ml of distilled water under stir-
ring [solution (A)]. The solution (B) was created through the
adding of Zn(NO;),-6H,0 (2.34 gr) into 20 ml of distilled
water under continuous stirring. Then, the solution (B) was
dropwise added to the solution (A) under stirring at room
temperature. The product mixture was transferred into a
Teflon autoclave (150 ml), sealed and heated at 90 °C for
17 h in an oven. Consequently, the autoclave was chilled to
room temperature, and the white precipitate was filtered and
washed with distilled water/absolute ethanol solution. The
product was dried in an oven at 100 °C for 12 h to collect
ZnO nanoneedles.
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Fig.1 a The experimental setup diagram of the synthesized ZnO
nanoneedles via hydrothermal method and its coating on the sub-
strate. b The schematic block diagram of our handmade gas sensing
setup

2.2.2 Sensor preparation

1 gr of polyvinyl alcohol was added into 99 mL of deion-
ized water and heated at 90 °C to obtain a transparent poly-
vinyl alcohol solution of 1 wt%. 1 gr of ZnO powder was
added to 17 ml of deionized water, stirred and ultrasoni-
cated to achieve a milky solution. The prepared solution was
added into the 3 ml of 1 wt% polyvinyl alcohol solution and
then was stirred to obtain a solution containing ZnO nano-
structures [solution (c)]. An epoxy glass substrate with a
2x2 cm? area of the finger type Cu-interdigitated electrodes
was used for sensor preparation. The width of overlap elec-
trodes and the gap between two successive electrodes was
0.4 mm. Before use, the epoxy glass substrate was cleaned
by ultrasonic treatment in acetone and hot soap-water solu-
tion, then rinsed thoroughly with deionized water and dried
under relative vacuum. The solution (c) was deposited on the
substrate using the spin coating instrument (Nano Ebtekar
Paidar Co., Iran) under a speed of 500 rpm. The deposited
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layer was dried in an oven at 100 °C, to remove polyvinyl
alcohol in the coated layer and this prepared sensor was used
as the CO gas sensor. Figure 1b shows the schematic dia-
gram of our handmade gas sensor setup that used for the test
of the sensor.

2.2.3 Characterization

A Philips-PW 1730 X-ray diffractometer (Philips, Eind-
hoven, The Netherlands) with copper radiation (Cu-Ka,
A=1.54 10\) and a working voltage of 30 kV, was used for
X-ray diffractometry (XRD) analysis. The step-scanning
measurements of the instrument were 10-80° 20, with a step
of 0.04 20 and a counting time of 4 s per step. The surface
morphology of the deposited sample was studied by a field
effect scanning electron microscopy (FESEM-TESCAN-
MRIA3, The Czech Republic) at 30 kV, equipped with an
energy dispersive X-ray spectroscopy (EDX) detector. The
specific surface area of the prepared sample was analyzed
and measured with a BELSORP-MR6, Microtrac BEL Japan
Inc. spectroscopy, using Brunauer—-Emmett-Teller (BET)
theory.

3 Results and discussion
3.1 ZnO characterization

The XRD pattern of the ZnO sample is plotted in Fig. 2a.
According to this figure, there are a series of diffraction
peaks at 20=31.72°,34.35°, 36.19°, 47.46°, 56.56°, 62.78°,
67.9° corresponding to Miller indices of (100), (002), (101),
(102), (110), (103), (112) of ZnO crystal structure (JCPDS
Card No. 01-076-0704) [5, 8, 9, 18]. These diffraction
peaks present hexagonal wurtzite phase of the pure crys-
tallized ZnO without other impurities [9, 18]. The crystal-
line grain size (D) of the sample was determined using the
Debye—Scherrer’s relation [5]:

K2

D= ——
BraCos0 M

where, D is the crystalline grain size, K is the shape factor,
A=1.54 A is the X-ray wavelength, 0, is the diffraction
angle, and B, is the full width at half maximum intensity (in
radians). The crystalline particle size of ZnO nanoneedles
is found to be 40 nm.

Figure 2b and c display the FESEM images of the ZnO
sensor surface with different magnification. According to
the FESEM images, the synthesized ZnO has uniform thin
needle morphology. Moreover, the synthesized ZnO nanon-
eedles (ZONs) possess sharp tips and wider bases with high
porosity and dispersed distribution (see Fig. 2b, ¢). The aver-
age lengths and diameters of the nanoneedles are ~3-5 pm

and ~ 100-200 nm, respectively. Figure 2d shows the EDX
spectra of the sample. The calculated atomic percentage is
tabulated in the table of the figure. As can be seen in Fig. 2d,
the present peaks relative to Zinc and oxygen ions which
indicate the purity of the synthesized ZONs.

Figure 2e displays a BET analysis of the ZON sample
through nitrogen adsorption—desorption measurements,
which is important to get extra information about the inner
architectures of the sensor surface. The isotherm curve of
ZONs in Fig. 2e with a hysteresis loop at the P/P_ range of
0.3-0.9, illustrates the existence of mesopores in range of
5-50 nm [23, 25]. The adsorbed nitrogen value increased
very precipitously at P/P,> 0.8, which suggests the existence
of macropores (>50 nm in diameter) in the ZON [26-28].
Figure 2f displays the curve of V, versus the pore size dis-
tribution for the sample. The specific surface area of ZON
is 31.7 m?-g~! and the average pore size is about 4-8 nm,
which is calculated by using the BJH method.

3.2 CO sensing behavior of the sensor

The ZON sensor film (ZS) response is defined as the resist-
ance change ratio of the device under pure air and test gas
atmosphere, which is given by the equation [4, 5]:
Response (%) = [%] x 100 )
where R, and R,,, are the resistance of sensor in pure air
and gas atmosphere, respectively. Two important sens-
ing parameters of the response time and recovery time are
defined as the time required to reach 90% of the final resist-
ance change, when the gas is turned on and off, respectively
[4, 5].

It is well known that the response of SMO sensors such
as ZS at environmental conditions is highly influenced by
relative humidity (RH) [1, 2, 24]. Therefore, to begin with,
CO is used as the probe gas to perform gas-sensing tests at
varying RH to examine RH. Figure 3a shows the dynamic
resistance changes of the ZS under different CO concentra-
tions at various RH and it has a baseline resistance of about
40.95, 39.8, 38.9 and 38.1 MQ at different RHs of 30%,
50%, 70%, and 90%, respectively. This reduction of sensor
baseline resistance with increasing humidity is due to that
dual surface hydroxyls per water molecule can be formed on
the ZS surface by the chemisorption of water molecules and
the carrier hopping mechanism is possible to charge trans-
port in this added layer [29]. Moreover, through the increas-
ing RH level, the active sites on the ZS surface are occupied
by more water molecules, and extra water molecules can
form an additional layer on the initial chemisorption water
layer following the physisorption process [1, 29]. Hence,
the free movement of the protons along the physisorption
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Fig.2 a XRD pattern, b, ¢ FESEM images with different magnification and d EDX pattern of the prepared sample. e N, absorption—desorption
isotherms of the ZONs and the inset image f is the pore-size distribution calculated by BJH method from the desorption curves

water layer causes the ZS baseline resistance decreases with
increasing RH.

According to Fig. 3a results, under gas injection condi-
tion, the resistance of the ZS decreased, and it reached a
steady state within a few seconds. In spite of the fact that the
resistance change value of the ZS increased with the increas-
ing gas concentration in each RH, it slightly decreased with
an RH reduction in each gas concentration. The reason for
the resistance change with decreasing RH is mainly due to
the change of the number of sensor surface active sites for
adsorption and desorption of gas molecules. The highest
(lowest) resistance change of 32.9 MQ (10.4 MQ) belonged
to 3000 (375) ppm gas at 90% (30%) RH. After that the
sensor reached the steady state point at certain CO gas
concentration and RH, the pure air was introduced into the
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test chamber, and the sensor resistance value was found to
increase rapidly, so that it reached the initial baseline resist-
ance value after a few time.

The response and recovery behaviors are two significant
features for evaluating the performance of the gas sensors.
According to the results of Fig. 3a, the dependence of the
ZS response to humidity toward different CO concentrations
was shown in Fig. 3b—e and the response, response time
and recovery time noted in Table 1. According to Fig. 3b—e
results, the response of the ZS is increased in each RH with
increasing gas concentration, while the CO gas response
of the device is decreased in each gas concentration with
decreasing RH. The rise of the sensor response with the
increasing gas concentration in each RH is for the reason that
the penetration and interaction of sufficient gas molecules
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Time(sec) Table 1 The response, response time and recovery time of ZS toward
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Fig.3 a The dynamic changes of the resistance versus time in the
ZS, under different RH and various CO gas concentrations. b—e The
response versus time curves of the ZS toward different gas concentra-
tions at room temperature and various RH. f The dynamic change of
the resistance versus time toward 3000 ppm CO in 30% RH. The lines
are a guide for eyes

with the surface components of the sensor are enhanced.
Moreover, it seems that the ZS response depends on RH lev-
els because the response increased with the increasing RH in
each CO gas concentration. The reason for this phenomenon
is probably that, the further hydroxyl active sites on the sen-
sor surface at high RH, could be causing more significant
reactions between the gas molecules and the sensor surface
occur, so that the highest (lowest) ZS response of 80.8%
(29.7%) belonged to 3000 (375) ppm gas at 90% (30%) RH.
According to the results of Fig. 3a—e and Table 1, the sen-
sor response versus the gas concentration at each RH was
plotted in Fig. 4a. A linear relationship between the response

on active surface sites of the sensor at high RH.

The response/recovery time calculated from Fig. 3a—e
and noted in Table 1. Accordingly, the lowest response
time (recovery time) of 140.4 s (29.7 s) at 375 ppm CO gas
concentration and under 30% RH, was obtained. Figure 4b
shows the plots of the ZS response versus RH at various gas
concentrations which they have the positive linear slope with
high accuracy. Herein, a significant increase in the response
is observed with increasing RH and also CO concentration.
The enhancement of the response in high CO concentration
is probably due to that an additional interaction between the
gas molecules and the active sites of the sensor surface occur
so that the lowest (highest) ZS response created in 375 ppm
(3000 ppm) gas concentration. Moreover the increase of the
ZS response with increasing RH in certain gas concentra-
tion is due to the extra hydroxyl active sites creation on the
sensor surface and the increase of the conductivity. The ZS
response toward 375 ppm gas was 45.9% in 90% RH, and it
changed to 29.7% in 30% RH, which has a change of about
35%. This change of the response toward 750, 1500 and
3000 ppm gas concentration was 37%, 38% and 31% from 90
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Fig.4 a The ZS response versus different CO concentrations ranging
from 375 to 3000 ppm at various RHs and room temperature. b The
device response versus RH ranging from 30% to 90% toward various
gas concentrations at room temperature. The fitting lines obtained by
the linear regression and plotted in curves

RH to 30% RH. Therefore, the RH is the main factor on the
ZS for CO detection, so that with decreasing RH from 90 to
30%, the sensor response changed about 31-38%. In spite of
the fact that the sensor response has been changed in differ-
ent RH, the ZS had a measurable CO response even in 30%
RH and various gas concentrations. As a result, the linear
relationship between the response and the CO concentration
and also RH are decisive factors for the practical use of the
ZS under various RH at room temperature.

Long-term stability of a gas sensor is an important param-
eter from the viewpoint of practical applications. Figure 5a
illustrates the long-term stability of the ZS during 16 weeks
toward 375 ppm CO gas at room temperature. It can be seen
from Fig. 5a that the ZS displays measurable stability after
16 weeks with a small response degradation of 9%. The sta-
bility and repeatability have been examined by applying ZS
to sequential gas sensing tests throughout 1 week at room
temperature. As shown in Fig. 5a, the sensor reached the
same steady state after 8 weeks, and it kept it between 9
and 16 weeks. After 16 weeks and to examine the sensor
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RHs

reversibility, the sensor was heated by oven drying at 100 °C
for the half day. After heat treatment of the sensor, its test
toward 375 ppm CO gas was resumed under in initial test
condition and up to 32 weeks, which the results are plotted
in Fig. 5a. A 14% response reduction was observed between
17 and 25 weeks. Moreover, the sensor reached the same
steady state between 26 and 32 weeks, but it takes place
lower response than that the same period of the initial test.
From a practical point of view, the selectivity of a sensor is
a significant parameter, because a sensor displays some degree
of response to all tested gases which results in limited applica-
tions. Moreover, CO gas is an atmospheric gas pollutant which
is generally created through incomplete combustion of wood,
crude oil and natural gas derivatives with other pollutants such
as CO,, therefore the CO detection ability between other air
components is an important factor for a CO sensor. To examine
of the ZS selectivity, it was exposed to 375 ppm of the vari-
ous gases such as CO,, N,, O,, H, and H,O at room operating
temperature, which the response results have been shown in
Fig. 5b. It can be seen that the sensing behavior of the ZS for
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various gases is different so that the sensor did not show a
meaningful response to N,, O,, H, and H,O, while its response
to CO and CO, was strong. Moreover, the largest CO response
of the ZS demonstrates that it has a good ability for CO detec-
tion between different tested gases. The CO sensing results of
the ZS have been compared with the previous works in Refs.
[5-9, 18, 19, 24, 30], and the detailed comparison is shown
in Table 2. Accordingly, other reported CO sensors in Refs.
[5-9, 18, 19] have the sensitivity to low gas concentration, but
they have high operating temperature and response time with
a low response. Moreover, the comparison of the present work
results with Refs. [24, 30], shows our handmade sensor has not
only good response and suitable response time than that previ-
ous reports but also long-term stability (see Fig. 5Sa) and CO
gas selectivity (Fig. 5b) at room temperature and various RHs.

3.3 Gas sensing mechanism of ZS

The adsorption and desorption of CO molecules on the surface
components of the ZS such as lattice ions, oxygen species or
water molecules; with the charge redistribution between them
are fundamental to the sensor performance.

Oxygen as an oxidizing gas tends to interaction and
absorption on the ZS surface at low operating temperatures
(<100 °C) [1, 29]. These adsorbed oxygen molecules captured
electrons from the conduction band of the ZnO to produce
negatively charged oxygen ions, as shown in Egs. 3-5 [1, 6,
31] and Fig. 6a:

0,(gas) « O, (adsorbed) 3)
O,(adsorbed) + e~ — O 4)
O,(adsorbed) + 2e~ — 20~ 5)

The trapped electrons through above mechanism cause an
increase in not only the width of charge depletion region (the

(@)
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Fig.6 The schematic diagram for a the adsorbed oxygen and water
molecules on the sensor surface at ambient conditions, and b CO
sensing mechanism of the ZS at room temperature

space charge region) but also the potential barrier height
between the grains of the sensor surface, occurs.

In this condition, with increasing RH, the water mol-
ecules interact with “two metal oxides” or “a metal oxide
and a surface oxygen ion” which the result is “two Zn—-OH
dipoles” or “Zn—OH and O"—H*", respectively, as shown in
Fig. 6a. These results lead to not only the formation of the
hydroxyl ions on the sensor surface but also the return of the

Table 2 Comparison of the CO-sensing characteristics of some sensors based on ZnO which reported in previous literatures with the prepared

ZS in the present work

Used material Response (%) Response time

Recovery time

Gas concentra-  Operating temperature (°C) Ref.

tion (ppm)
Al-ZnO 80 >3 min >3 min 50 300 [5]
ZnO 81.2 180's 210's 30 300 [6]
In-ZnO 5 20s 45s 50 300 [7]
ZnO 22 >10 min >5 min 200 300 [8]
ZnO 14 - - 9000 400 [9]
Zn0O nanoroad 30 - - 10 350 [18]
Pd-ZnO 6.592 >100s >500s 1000 300 [19]
ZnO 14 >5 min >4 min 250 Room temperature [24]
Au-SnO2-Zn0O 1.62 >400 s >50s 50 Room temperature [31]
ZnO nanoneedles 33.6 186.3 37.8 375 Room temperature This work
Zn0O nanoneedles 63.9 113.3 47.8 3000 Room temperature His work
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surface trapped electrons into the conduction band of ZS.
Accordingly, the conductivity of the ZS surface should be
increased with the increase of the water molecules, which is
corresponded with the results of Fig. 3a.

After gas injection, the CO molecules as reducing agents
act with ZS surface components and the result is an increase
of the electrons concentration on the sensor surface. In low
RH (~30%) and room temperature, CO reacts with not only
chemisorbed oxygen ions (O,"), but also the surface hydrox-
yls to form carbon dioxide; as given in Egs. 6, 7 [1, 2, 16,
23, 30]:

CO(gas) + H™ (adsorbed) « HCO; (surface)

< H*(adsorbed) + CO, + 2e~ (surface) ©)

2CO(gas) + O (adsorbed) < CO, + e~ (surface) (7

These interactions led to that the surface trapped elec-
trons will be released back to the conduction band of ZS
(see Fig. 6b). Moreover, the released electrons cause not
only the depletion region at the nanoneedles interface will
shrink, but also the barrier height will decrease. The result is
the decrease of the sensor resistance at CO atmosphere (see
Fig. 3a). On the other hand, an increase of RH during CO
injection could enhance the surface hydroxyls and hydrogen
ions, which leads to more surface reaction sites of the ZS
than the wet atmosphere. Under this condition, the ZS sur-
face has a tendency for the formation of formate (HCO,")
ions, which is an intermediate product in the interaction of
CO molecules with ZS surface [1, 29]. Subsequently, the
interaction between HCO,™ ions and the surface hydro-
gen ions causes the greater surface trapped electrons will
be released back to the conduction band of ZS. The result
is the more decrease (increase) of the ZS sensor resistance
(response) through increasing RH (see Figs. 5 and 6b).
Furthermore, the increase of the sensor response with the
increase of the gas concentrations (see Fig. 5) is for the rea-
son that the penetration and the interaction of sufficient gas
molecules and the surface components of the sensor increase
with the increasing gas concentrations.

4 Conclusion

In the present work, 1D-nanoneedles of ZnO were synthe-
sized by a simple hydrothermal method and used for CO
detection. XRD, FESEM, EDX and BET analysis confirmed
the formation of the crystal structure of 1D-nanoneedles
ZnO in hexagonal wurtzite phase with good porosity. The
CO gas sensing features of ZS were carefully investigated
toward various CO concentrations at ambient conditions.
Moreover, the sensor response and selectivity were examined

@ Springer

for different gases. The humidity effect as an important
parameter for CO gas sensing of ZS resistance-type at room
temperature and air pressure was evaluated. The CO sens-
ing results demonstrated that the optimal sensor response
at room temperature is depended to gas concentrations and
RHs of the test conditions so that the highest (lowest) ZS
response of 80.8% (29.7%) belonged to 3000 (375) ppm
gas at 90% (30%) RH. Moreover, the response, resistance
change, response time and recovery time decreased with
decreasing RH at different CO gas concentrations and room
temperature, so that the sensor response had a change of
31-38% when the RH changed from 90 to 30%. Finally, the
use of heat treatment after 4 months was a new and practical
method for the response recovery of the ZS which facilitates
its use for inaccessible areas.
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