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The sliver (Ag) modified zinc oxide (ZnO) nanorods were successfully obtained with a simplified and en-
vironmentally friendly solvothermal method. Materials characterization indicated that the metallic Ag was lo-
cated on the outside of ZnO nanorods after annealing. In comparison with ZnO nanorods, Ag modified ZnO
(Ag-ZnO) nanorods exhibited a considerably enhanced response to C,H,. The response of the 3 at% Ag-ZnO
based sensor operating at 175 °C is 539 (R./Rg), which is the highest value among all the sensors in detecting

100 ppm C,H,. The Ag-ZnO based sensors exhibited fast response speed, lower operation temperature and

higher selectivity.

1. Introduction

C,oH, is a tintless, odorless, and extremely combustible gas, and
plays a very important role in various industry applications [1-4] such
as polyacetylene preparation, metal welding and conductive plastics
preparation. Meanwhile, the fault of oil-immersed transformer can be
evaluated by detecting C,H, concentration [5-8]. Besides, CoH, is also
an extremely unstable gas and at risk of exploding in practical appli-
cation. In order to sensitively and selectively detect CoH,, researchers
have proposed many approaches such as infrared spectroscopy [9], gas
chromatography [10], and solid electrochemical gas sensors [11]. Gas
chromatography and infrared spectroscopy are generally limited to la-
boratory testing due to the large volume and high price, and ultra-high
operation temperatures of all-solid mixed-potential-type gas sensor
limit its application in many fields.

Semiconductor oxides based sensors have attracted wide attention
and been developed rapidly due to high sensitivity, good repeatability,
and easy fabrication. Especially, ZnO [12,13], SnO, [14-17], and TiO,
[18,19] have been used in detecting various gases. Among these
semiconductor oxides, ZnO is extensively studied in gas detecting due
to easy fabrication, high mobility, and controllable morphology
[20-22]. The performance of semiconductor oxides based sensors de-
pends on the intrinsic, morphology, and modification of sensitive ma-
terials.

However, for pure semiconductor oxides materials, there are many
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shortcomings such as low sensitivity, high operation temperatures, high
detection limit, and poor selectivity, which are difficult to meet the
growing requirements in complex systems and harsh environments.
Researchers have reported many ways to improve gas sensor perfor-
mances. It has been proved that precious metal modification is an easy
and efficacious solution.

In this paper, ZnO nanorods were synthesized and made into sen-
sors. The properties of sensors were systematically investigated and
optimized by a certain amounts of Ag modification. Among all the
prepared samples, the 3 at% Ag-ZnO shows the highest sensitivity in
detecting C,H,, meanwhile, it also has good selectivity and fast re-
sponse speed. This work would play a significant role in monitoring
C,H, in many practical applications.

2. Experimental
2.1. Materials synthesis

The ZnO and Ag-ZnO nanorods were synthesized by using sol-
vothermal method. A total of 298 mM of zinc nitrate
hexahydrate > [Zn(NOs),-6H>0] and various mole ratio (0%, 1%, 2%,
and 3%) of sliver nitrate [AgNOs] were added to 66 ml of absolute
ethanol. Then, we added 3.576 g of NaOH and 10 ml of ethylenedia-
mine and stirred the mixed solution. The mixed solution was then ul-
trasonicized and poured into a 100 ml solvothermal reactor and placed
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at 90 °C for 20 h to obtain the precursor. The precursor was then wa-
shed centrifugal for 4-6 times and dried at 60 °C and then annealed at
400 °C for 2 h. The final products were named as ZnO, 1 at% Ag-ZnO,
2 at% Ag-ZnO, and 3 at% Ag-ZnO, respectively.

2.2. Material characterization

X-ray diffraction (XRD, Rigaku D/max-2550, Cu Ko radiation,
A = 0.15418 nm) was used to examine the crystal structures of the
samples. The morphology and nanostructure were analyzed by field-
emission scanning electron microscopy (FESEM; JEOL JSM-7500F) and
transmission electron microscopy (TEM; JEOL JSM-2100F). Energy
dispersive X-ray spectrometry (EDS) patterns were observed through an
attachment to TEM. The chemical state and composition of the elements
was measured by X-ray photoemission spectroscopy (XPS) using an
ESCALABMKII X-ray photoelectron spectrometer (Mg-Ka radiation,
hv = 1253.6 eV).

2.3. Fabrication and measurement of the sensors

The as-prepared materials were mixed with deionized water, bru-
shed on the commercial substrate. The substrate coated with the sen-
sing material was then dried for 30 min and annealed at 400 °C for 2 h.
Finally, we inserted a resistance wire into substrate to provided op-
eration temperatures of sensors. In the process of testing the sensors
properties, the sensors were placed in tested gas or air, and compared
the resistance changes that was exported and recorded though the ap-
paratus. Define sensor sensitivity to gas as response with value of R,/R,
where R, and R, represented the resistance of sensors in air and test gas,
respectively. The speed of gas detection by sensors was measured by
response and recovery speed which referred to the time when the re-
sistance of sensors reached 90% of the gross resistance variation in the
process of absorbing and desorbing gas, respectively.

3. Results and discussions
3.1. Material characterization analysis

Fig. 1 gives the XRD patterns of synthesized materials. The results
show the crystal structure of ZnO in pure materials and composite
materials is hexagonal wurtzite (JCPDS File No.89-0511) [23-25]. For
Ag-ZnO nanorods materials, there are three additional small peaks at
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Fig. 1. XRD patterns of prepared samples.
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38.2°, 44.2° and 64.6°, which were assigned to Ag (JCPDS File
No.87-0720) [26-28]. The higher amount of AgNO3 in the reactant is,
the higher intensity of these three peaks is, which was in accordance
with our experimental expectation. The eleven peaks belonging to ZnO
in composite materials had no evident shift compared with pure ZnO,
and thus metallic Ag was located on the outside of ZnO nanorods, un-
less the substitution of substituting Zn sites [29,30].

Fig. 2 shows the morphology features of prepared samples observed
by SEM. Fig. 2a shows that some ZnO was composed of 20-50 nm
diameter nanorods with lengths of several hundreds of nanometers, and
other ZnO was rod-like particles. As shown in Fig. 2b-d, agglomerated
nanoblocks were observed and suspected to be Ag particles. The FESEM
images indicated that with the modification of Ag, the change in the
ZnO microstructure was insignificant. More detailed information was
further obtained by TEM shown in Fig. 3(a-d). Fig. 3b shows the (100)
plane of ZnO with the interplanar spacing of 0.281 corresponding to the
hexagonal wurtzite structure which was also observed in Fig. 3d cor-
responding to 3 at% Ag-ZnO samples, and another (111) plane of Ag
with the interplanar spacing of 0.236 nm was observed in Fig. 3d. The
distribution of O, Zn and Ag in 3 at% Ag-ZnO samples was analyzed by
EDS. It could be found that O and Zn elements belonging to ZnO was
well-distributed, and the nanoblocks mentioned above were the dis-
tribution of Ag.

Fig. 4 plots the Zn 2p, Ag 3d, and O 1s patterns from XPS mea-
surement. In Fig. 4a, the binding energy of Zn 2p3,» and Zn 2p;,» was
1021.6 and 1044.6eV, respectively, which was identical to the value of
ZnO and proved that Zn existed in the form of Zn%* [31-33]. The
modification of Ag had no effect on the XPS position of Zn 2p level. This
result confirmed that metallic Ag was located on the outside of ZnO
nanorods. Fig. 4b shows the Ag 3d patterns in 3 at% Ag-ZnO, the
binding energy of 367.8 and 373.7eV related to Ag 3ds,» and Ag 3d3,»,
respectively, and the value was consistent with Ag0 [34,35]. As shown
in Fig. 4c and d, three peaks of O 1s located at 530, 531.2 and 532.1eV
corresponding to crystal lattice oxygen (Zn-0), oxygen vacancy and
chemisorbed oxygen species (H,O, O5), respectively [34,35]. Compared
with ZnO, the content of oxygen vacancy and chemisorbed oxygen
species increased from 25.7% to 28.8%-34.0% and 34.5% in 3 at%
Ag-7nO, respectively, this plays a great role in improving the sensing
properties [36].

3.2. Gas sensing performance

Fig. 5a plots the response curve of as-prepared samples for detecting
100 ppm C,H, in the temperature range from 125 to 300 °C. Fig. 5a
shows that as the temperatures increases, the response of all sensors to
C,oH, increases first and then decreases, so an optimum temperature
was observed with a maximum response value. The highest response to
100 ppm C,H, of the ZnO based sensor is 16, operating at 275 °C. With
the modification of Ag, the response of the sensor was obviously im-
proved. The greater the amount of silver, the more it increases. The
champion device is the 3 at% Ag-ZnO based sensor in terms of re-
sponse, which exhibits the highest response of 539 at 175 °C. Compared
with ZnO based sensor, the operating temperature of champion device
is reduced from 275 °C to 175 °C, and the response is increased by 33
times, which is an inspiring result.

Dynamic response curve of the ZnO based sensor to 100 ppm C,H,
operating at 275 °C is shown in Fig. 5b. The response and recovery
speed were 15s and 87s, respectively, which is grudgingly acceptable.
When measuring the dynamic response curve of 3 at% Ag-ZnO based
sensor, which showed a very fast response speed of several seconds, but
the recovery speed was closed to 1.5 h. Several seconds of response
speed was ideal and lower than that of ZnO based sensor, but 1.5 h of
recovery speed was too long and unacceptable for practical applica-
tions. Two solutions were proposed to shorten the long recovery speed:
a. An appropriate high temperature was selected as the optimal op-
eration temperature; b. The sensor worked at low temperature and
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Fig. 3. TEM and HRTEM images of ZnO nanorods (a-b) and 3 at% Ag-ZnO nanorods (c-d); EDS results of 3 at% Ag-ZnO nanorods (e-h).

recovered at high temperature.

For the first solution, 250 °C was selected as operation temperature,
and the corresponding response in detecting 100pmm C,H, was 255
shown in Fig. 5a. The dynamic response curve was shown in Fig. 6a.
The curve was smooth, and the result shows the response speed and
recovery speed was approximately 6s and 200s, respectively. The re-
sponse speed had no obvious change compared with that at 175 °C, but
the recovery speed of the device decreased considerably. Fig. 6b shows
the repeatability test of the sensor and the results shows that the device
was basically stable and exhibited good repeatability. Fig. 6¢ shows the
dynamic response curve for C,H, with various concentrations from 1 to
1000 ppm, and the corresponding response ranged from 1.5 to 731.8.
An overshoot effect was observed, that is, the sensor shows the supreme
response when just placed in test gas, and then gradually reduced and
stabilized at a value. The possible reason was that Co,H, reacted with

oxygen in the air at a high temperature and C,H, gas was partially
burned.

In the second solution, the sensor operated at 175 °C and recovered
at 300 °C. Fig. 7a shows the testing process. The sensor's resistance was
stable in air at 175 °C. When C,H, was introduced, the resistance gra-
dually decreased and then stabilized, and the response speed was 6 s.
After a period of time, the sensor was placed in the air again and the
temperature was raised to 300 °C to accelerate the desorption of C,H,.
When the resistance was stabilized again, the temperature was de-
creased to 175 °C. It could be found that the resistance increased firstly,
then decreased, and finally stabilized. For semiconductor, the electron
concentration reduced with the decrease of temperature, which was a
very rapid process, so the resistance rose sharply first. Meanwhile, this
process was the process of O, re-adsorption in the air. When the tem-
perature decreased, the amount of oxygen adsorbed also decreased, and
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Fig. 4. XPS spectra of as-prepared samples: Zn 2p (a), Ag 3d (b), and O 1s (c—d).

the bound electrons were retransmitted to the semiconductor, so the
resistance reduced and finally stabilized. Using this solution, the re-
covery speed of the sensor could be reduced to approximately 0.5 h.
Fig. 7b shows the repeatability test, and the results shows that the de-
vice was basically stable and exhibited good repeatability.

Fig. 8a shows a broken-line diagram of the 3 at% Ag-ZnO based
sensor's response to various concentrations of C,H, at different tem-
perature corresponding to the two solutions mentioned above. For the
same C,H, concentration, the response of 3 at% Ag-ZnO based sensor

at 250 °C was significantly lower than that at175 °C and tended to be
saturated earlier, and the response curve slope at 250 °C was much
lower than that at 175 °C.

Fig. 8b shows the response to ten kinds of testing gases with con-
centration of 100 ppm. The test gases included C,H,, CoH,4, H,, CO,
C,Hs50H, CH3COCH3, CH30H, HCHO, CgHg, and C;Hg. The results show
that the response of the 3 at% Ag-ZnO based sensor to C,H, is much
higher than that of other nine kinds of gases. The selectively of the 3 at
% Ag-ZnO based sensor at operation temperature of 175 °C is the
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Fig. 5. Response to 100 ppm C,H; at different operation temperatures of prepared materials (a); dynamic response curve for 100 ppm CH, of ZnO based sensor at

275 °C (b).
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Fig. 9. Variation in the response of 3 at% Ag-ZnO based sensor to 100 ppm
C,H, at 175 °C over time.

highest. The result could be interpreted by the catalytic effect of Ag and
the selective adsorption of C,H,. When Ag—ZnO nanorods were exposed
to air, the surface of ZnO would absorb more oxygen molecules and
more electrons in the conduction band would be trapped due to the
spillover effect of Ag. At 175 °C, the catalytic effect of Ag played a
significant role in catalyzing the decomposition of acetylene which
might be an exothermic and spontaneous process [37]. For the gases
with higher bond energy than C,H, such as C;HsOH, CH3;COCH3, etc.,
the temperature was not enough to provide the activation energy and
the catalytic effect of Ag was not significant. For H,, NO,, and other
gases with lower bond energy, the low response may be attributed to
the weak strength of the interaction between the sensing materials and
gases [37,38]. When sensor was operating at 250 °C, the adsorption
strength of Ag-ZnO nanorods materials to C,H, decreased, that made
the response decrease. However, for Co;HsOH, CH3COCHj3, and other
gases, there was enough energy to catalyze decomposition, so as to
improve the response. Therefore, the selectivity at 175 °C was better
than that at 250 °C.

The long-term stability result was obtained by continuous test of the
response to CoH, for 21 days. The response of 3 at% Ag-ZnO based
sensor over time shown in Fig. 9. At the beginning, the response value
decayed with time, and finally stabilized at 450, and a response at-
tenuation of less than 25% was acceptable.

In practical applications, response, response and recovery speed,
detection limit, and selectivity should be considered comprehensively.
Compared with semiconductor oxides based gas sensors in previous
papers, the C,H, sensing performance of Ag-ZnO nanorods has ad-
vantages in sensitivity, operation temperatures, and response speed
(Table 1).

Ceramics International 46 (2020) 15764-15771

3.3. Sensing mechanism

The semiconductor oxide based sensor could be divided into two
kinds including surface conductivity type and bulk conductivity type
from the conductive mechanism, and the gas sensing mechanism in this
paper can be explained by surface conductivity type which means that
the interaction between test gases and sensors only occurs on the sur-
face of the sensing materials. The O, in the air would be absorbed on the
surface of ZnO materials upon ZnO exposing to air, and electrons in
ZnO conduction bands would be captured to form O3, O~ and O~ [39].
The result is a depletion layer and increase in the resistance [40].

The formation of reactive chemisorption oxygen is controlled by
temperature [41]. O is generally chemisorbed at below 100 °C, O~ is
generally chemisorbed at different temperature from 100 to 300 °C, and
0?%~ is generally chemisorbed at over 300 °C. In our study, all sensors
worked at temperatures below 300 °C, so O~ species were mainly in-
volved in sensing behavior. When C,H, was detected, the reaction
would occur on the surface of sensors as Eq. (1):

C,H, + 507 — 2CO, + H, O+ 5e~ (1)

The trapped electrons would release back to ZnO materials, redu-
cing the resistance.

Compared with ZnO based sensor, all of Ag-ZnO nanorods based
sensors presented higher sensitivity to C;H, which is ascribed to the
electronic sensitization and chemical effect of Ag. Fig. 10 shows the
scheme of sensing mechanism. Ag has high catalytic activity for the
formation of active oxygen molecules (O~) [42] adsorbed on the surface
of ZnO, the O~ species play a critical role in the gas sensing of sensors
by regulating the reaction with tested gases [43]. Pure ZnO and 3 at%
Ag—ZnO powder were investigated by XPS to confirm the ratio of the
chemisorbed oxygen in the samples. The Ols spectra shows that the
chemisorbed oxygen species content (34.5%) of 3 at% Ag—ZnO is higher
than that of pure ZnO (28.8%), which is mainly due to the spillover
effect of Ag [44]. Ag increases the number and reaction activity of
chemically adsorbed oxygen, thus increasing the response of the sensor
[45]. Moreover, the Schottky junction can be formed at the interface
between ZnO and Ag due to the difference in Fermi level. When
Ag-ZnO material is exposed to the atmosphere, compared with pure
ZnO, due to the existence of Schottky junction and the increase of O,
the electrons in the ZnO conduction band are further reduced, thus
increasing the width of depletion layer and increasing the resistance.
When the Ag-ZnO material is exposed to CoH,, the Schottky junction
produces more overflow electrons and donates it to the ZnO matrix,
resulting in efficient modulation of the depletion layer [45]. In addi-
tion, due to the increase of O, the reaction indicated in Eq. (1) is en-
hanced, resulting in more trapped electrons would release back to ZnO
materials and a greater reduction in resistance. Thus, the response was
remarkably improved.

4. Conclusions

In summary, ZnO and Ag modified ZnO nanorods with different
amounts (1 at%, 2 at%, and 3 at%) were prepared by using

Table 1

Performances of Semiconductor oxides based sensors in detecting CoHo,.
Sensing materials Operating temperature (°C) Acetylene concentration (ppm) Response (Ra/Rg) Response/Recovery speed Refs.
Ni-ZnO 350 200 34.7 15s5/19s [5]
Ni/ZnO 250 2000 17 5s/10s [6]
Ag/Zn0O/rGO 90 50 13% 235s/16s [7]
Sm,03/Sn0, 260 100 50.5 8s/9s [8]
Ag/Zn0O 200 100 14 57s/36s [371
ZnO 275 100 16 155/87s This work
Ag-ZnO 175 100 539 6s/1.5h This work
Ag-ZnO 250 100 255 65/200s This work

15769



L. Zhou, et al.

SRE—— .

e

1

e-
*

J]

RIS

Ceramics International 46 (2020) 15764-15771

(b) pure ZnO

0: O 2Hy+ O
ZnO o COHHO+e

Ag = o zno v
E |
Y

Fig. 10. Energy band diagram of Ag-ZnO nanorods (a); the scheme of sensing mechanism (b).

solvothermal process. Sensing properties including response, repeat-
ability, selectivity and response speed to CoH, of Ag-ZnO based sensors
were superior to ZnO and other semiconductor oxides based gas sensors
in literatures, and two solutions were proposed to accelerate the re-
covery process. The underlying sensing mechanism and reason of im-
proving gas sensing performance by Ag modification was proposed.
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