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Abstract:  

ZnO-Al2O3 nanocomposite was synthesized and developed as a high performance 

sensitive and selective layer for surface acoustic wave (SAW) sensor, aiming for in-situ 

detection of H2S gas in ppb level operated at room temperature. ZnO-Al2O3 

nanocomposite, synthesized though a sol-gel method, was spin-coated onto a quartz 

based SAW resonator. This composite layer inherits the mesoporous structure of the 

Al2O3 layer and good affinity to H2S gas molecules of the ZnO layer, and thus can 

selectively adsorb and react with H2S gas molecules to form ZnS compounds on its 

surface. This reaction leads to significant decreases of both pore sizes and total pore 

volume of the layer, an increase of layer’s elastic modulus, thus causing a large positive 

shift of the frequency responses of the SAW sensor. The sensor operated at room 

temperature shows a frequency response of ~500 Hz to 10 ppb H2S, with an excellent 

selectivity and good recovery property.  
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1. Introduction 1 

H2S gas is neuro-toxin, and it can cause acute poisoning of a person in an hour when 2 

its concentration in the environment is higher than 100 ppm [1-4]. In addition, H2S gas 3 

with a concentration higher than 500 ppm can lead to the sudden collapse and death of 4 

a person. H2S with a relatively lower concentration than the above-mentioned ones can 5 

cause various chronic illnesses, such as obstructive pulmonary emphysema and chronic 6 

bronchitis, etc. [4-6]. Despite its hazard, H2S gas is vastly used in various industrial 7 

fields, because it is among one of the important industrial chemicals for oil, water 8 

treatment and chemical industries [7-9]. Therefore, it is critical to develop sensitive, 9 

selective and reliable H2S gas sensors for in-situ and precise monitoring of the 10 

concentration of H2S gas in the environment.     11 

 Recently, surface acoustic wave (SAW) technique has been used in the H2S gas 12 

sensing because of its advantages of low power consumption, low operation 13 

temperature, excellent stability, sensitivity and wireless control capabilities [10-13]. 14 

Semiconducting oxides such as SnO2, CuO and WO3 are usually employed as sensing 15 

layers of SAW based H2S sensors. For example, Luo et al. [11] fabricated a SAW H2S 16 

gas sensor based on a sol-gel SnO2 layer and achieved a detection limit of 1.5 ppm. 17 

Wang et al. [14] prepared a SnO2/CuO composite film for a SAW H2S sensor and 18 

achieved a high sensitivity of 16.9 kHz/ppm. Galipeau et al. [15] reported a SAW H2S 19 

sensor using WO3 as the sensitive layer, and it achieved a response of ~600 Hz to 0.25 20 

ppm H2S. These studies [10-17] have all concluded that the key sensing mechanism of 21 

the sensors are the changes of the weight (mass loading effect) and electrical 22 

conductivity (electrical loading effect) of the sensing layers when the sensor is exposed 23 

to H2S gas. However, as we know, there is another important sensing mechanism, i.e., 24 

the changes of elastic modulus (elastic loading effect), which has seldomly been 25 
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investigated or explored for H2S gas sensing using the SAW technique. Nevertheless, 26 

this elastic loading effect could play an important role in the sensing performance of a 27 

SAW gas sensor based on semiconducting oxide based sensing layers [18-22]. For 28 

example, Raj et al. [22] reported that a SAW gas sensor coated with SnO2 layer is a 29 

good NO2 sensor as its elastic modulus changes significantly which significantly 30 

contributes the responses of the sensor.  31 

In this research, we proposed a mesoporous ZnO-Al2O3 nanocomposite layer 32 

which can significantly enhance the elastic loading effect and thus increase the H2S gas 33 

sensing performance of SAW sensors. This nanocomposite layer inherits the 34 

mesoporous structure of pristine Al2O3 layers, and previous studies [23-25] have 35 

revealed that ZnO has a high affinity to the H2S molecules and can be used as a 36 

desulphurizer for the adsorption and removal of H2S at room temperature. Therefore, 37 

ZnO component in the nanocomposite layer can act as the active capturing and 38 

adsorption sites for the H2S gas. In addition, the adsorbed H2S molecules can 39 

spontaneously react with the ZnO nanoparticles to form ZnS [26-29], which has a lower 40 

density and higher mole weight than those of the ZnO. Therefore, the formation of ZnS 41 

will result in decreases of pore sizes and total pore volumes in the layer, which lead to 42 

an increase of layer elastic modulus, thus resulting in a significant increase of sensor’s 43 

response. Based on this enhanced elastic loading effect, the sensor with the mesoporous 44 

ZnO-Al2O3 composite layer has been successfully demonstrated to detect 10 ppb H2S 45 

with a response of ~500 Hz.    46 
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2. Experimental details 47 

Commercial ST-Cut quartz substrate was used for the fabrication of the SAW 48 

device. Aluminum interdigital transducers (IDTs, 30 pairs) and reflecting gratings (100 49 

pairs) with a thickness of 200 nm were deposited on the substrate using standard 50 

photolithography and lift-off processes to build the SAW resonator. The IDTs and 51 

reflecting gratings have a periodicity of 16 m, thus the designed operating frequency 52 

of the resonator is ~200 MHz. The center-to-center distance between the IDTs is 230 53 

wavelengths.  54 

The sensing layers were deposited onto the SAW resonator using a method 55 

combining sol-gel and spin-coating techniques. ZnO sol was prepared using a technique 56 

reported in our previous paper [30]. Typically, zinc acetate dehydrate 57 

(Zn(CH3COO)2·2H2O) was dissolved into a 2-methoxyethanol monoethanolamine 58 

(MEA) solution. The molar ratio of the MEA to zinc acetate was maintained at 1.0, and 59 

the concentration of the zinc acetate was 0.3 mol/L. The resultant solution was stirred 60 

at 60 oC for 1 hour to produce a clear and homogeneous solution, which was then aged 61 

for 1 day to obtain the ZnO sol. For preparation of Al2O3 sol, aluminum tri-sec-butoxide 62 

was firstly added into ethanol in a beaker under continually magnetic stirring at room 63 

temperature. The obtained mixture was stirred for two hours to obtain a homogeneous 64 

solution. Then appropriate amount of water was added into the solution to catalyze the 65 

hydrolysis of aluminium tri-sec-butoxide. As a result, a creamy white sol was obtained. 66 

Nitric acid was added inside the creamy white sol, and a clear colloid sol with a 67 

concentration of 0.3 mol/L was finally obtained. For the preparation of ZnO-Al2O3 68 

mixture sol, the two colloidal sols were mixed in a beaker with Zn/Al molar ratio of 69 

1:1, and the obtained precursor solution was stirred at 30 oC for two hours and aged for 70 

1 day to obtain ZnO-Al2O3 colloidal sols.   71 
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The obtained ZnO, Al2O3 and ZnO-Al2O3 sols were coated onto the SAW 72 

resonators using a multi-spin-coating process (3 cycles), with a speed of 5000 rpm for 73 

30 seconds for each cycle. The coated SAW resonators were immediately annealed in 74 

an oven at a temperature of 450 oC for one hour to obtain dense ZnO, Al2O3 and ZnO-75 

Al2O3 layers. The ZnO, Al2O3 and ZnO-Al2O3 powders were also obtained by scrapping 76 

the prepared layers and were used for characterization. 77 

The annealed resonators were connected to a cascaded amplifier with two BFT25A 78 

transistors and phase-shift circuits with two L-C networks to build the SAW sensor. 79 

Heaters made of Ni-Cr ribbon were mounted right below the resonators and were used 80 

to heat the resonators. The sensing performance of the SAW gas sensor was measured 81 

using a specially designed testing setup, as shown in Fig. 1. The sensor was put in a test 82 

chamber with a volume of 2 L. The temperature and relative humidity in the test 83 

chamber were maintained at 25 oC and 50% unless otherwise specified, controlled by 84 

an air conditioner and a humidity controller to minimized temperature and humidity 85 

variations. The testing gases (2 vol%, balanced with dry air) including H2S, NH3, CO, 86 

SO2, CH4, H2 were injected into the chamber using a precision syringe. For example, 87 

with 0.1 ml H2S gas injected, the concentration of the test gas in the chamber is 1 ppm. 88 

The response of the SAW sensor was defined as ∆f = fs-f0, where fs is the oscillating 89 

frequency of the sensor when exposed to the test gas, and f0 is the oscillating frequency 90 

of the sensor in the ambient environment, respectively. The oscillating frequency of the 91 

SAW sensor was recorded using a frequency counter (HP 5385A). After the responses 92 

were recorded, the test gas was pumped out and pure air was filled in the chamber to 93 

allow the full recovery of the sensor. The time taken for the sensor to achieve 90% of 94 

the total frequency shift was defined as the response time in the response process. 95 

 96 
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97 

Fig. 1(a) The schematic diagram of a SAW sensor and (b) experimental setup for gas 98 

sensing measurement.   99 

 100 

Electrical measurement of the sensing layers was conducted using a source meter 101 

(Keithley 2400). X-ray diffraction (XRD) were tested using Bruker AXS D8 102 

ADVANCE X-ray diffractometer with a Cu Kα (λ = 1.5418 Å) radiation source, 103 

operating at 40 kV and 40 mA. Diffraction patterns were collected at a scanning rate of 104 

2°/min and with a step size of 0.02°. Surface morphology and elemental compositions 105 

were obtained using a field-emission scanning electron microscope (SEM, FEI Inspect 106 

F) and an energy dispersive X-ray Spectroscopy (EDS). High angle annular dark field 107 

scanning transmission electron microscope (HAADF-STEM) and EDS mapping were 108 

used for microstructural analysis with a Double Cs-corrector FEI Titan Themis G2 60–109 

300 microscope. Chemical states of the layers were analyzed using an X-ray 110 

photoelectron spectroscopy (XPS, Quantum 2000 Scanning ESCA Microprobe 111 

instrument) with a monochromatic Al Kα source (1486.6 eV). The S 2p spectra were 112 

deconvoluted using a commercially available data fitting program (XPSPEAK41 113 

software). The surface area was evaluated based on the Brunauer–Emmett–Teller (BET) 114 

method using the instrument of ASAP-2020, with the adsorption branch in a relative 115 

pressure range from 0.01 to 1. The pore size distribution was derived from the 116 

adsorption branches of the isotherms using the Barrett–Joyner–Halenda (BJH) model. 117 
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3. Results and discussion 118 

3.1. Characterization of prepared layers 119 

The XRD patterns of prepared layers are shown in Fig. 2. For the pristine Al2O3 120 

layer, two peaks at 45.9º and 66.6º observed are corresponding to the (400) and (440) 121 

planes of γ-alumina, indicating the prepared layer is consisted of γ-alumina. The XRD 122 

pattern of the pristine ZnO layer exhibits several peaks located at 31.8º, 34.4º, 36.3º, 123 

47.5º, 56.6º, 62.8º and 68.0º, corresponding to ZnO (100), (002), (101), (102), (110), 124 

(103), and (200) crystal planes of Wurtzite ZnO. The Al2O3 and ZnO crystallite sizes 125 

in these pristine layers estimated using the Scherrer’s equation are ~4 nm and ~30 nm, 126 

respectively.  127 

The XRD pattern of the ZnO-Al2O3 layer shows both diffraction peaks of Al2O3 128 

and ZnO. Hence, it demonstrates that γ-alumina and Wurtzite ZnO are co-existed in the 129 

as-prepared layer. In addition, the ZnO diffraction peaks of the ZnO-Al2O3 composite 130 

layer become wider, indicating that the ZnO crystallite size is smaller than that in the 131 

pristine ZnO layer. The ZnO crystallite size in the ZnO-Al2O3 layer is estimated to be 132 

~23 nm based on the Scherrer’s equation.  133 
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134 

Fig. 2 XRD patterns of the Al2O3, ZnO, and ZnO-Al2O3 composite layers. 135 

 136 

SEM images of surface morphologies for the pristine Al2O3, ZnO and ZnO-Al2O3 137 

composite layers are presented in Fig. 3. The Al2O3 layer has a relatively rough surface, 138 
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which is composed of nanoparticles with an average diameter of ∼20 nm. Pores with 139 

an average diameter of tens of nanometers can be found on the layer surface. The ZnO 140 

layer has a relatively dense and smooth surface where no apparent pores can be 141 

observed. The particles size of ZnO is not uniformly distributed, and the average size 142 

of the ZnO particles is ∼30 nm. The composite ZnO-Al2O3 layer inherits the rough 143 

surface morphology of Al2O3 layer, and the average diameter of particles is ∼20 nm. 144 

Pores are observed to be well-distributed on the surface of the ZnO-Al2O3 composite 145 

layer. The cross-sectional images of these three layers are shown in the insets, which 146 

indicate the thicknesses of these layers are all ~70 nm. 147 

148 

Fig. 3 SEM images of (a) Al2O3, (b) ZnO and (c) ZnO-Al2O3 layers. The scale bars in 149 

images are 1 μm. Inset images are the cross-sectional views of the layers. 150 

 151 
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Figs. 4(a) to 4(c) show the EDS results of the Al2O3, ZnO and Al2O3-ZnO layers 152 

after they were tested with H2S gas. The signals of S element can be detected in the 153 

ZnO and Al2O3-ZnO spectra, while the spectrum of Al2O3 does not show any S signal. 154 

With this result, it can be speculated that ZnO may react with H2S gas molecules while 155 

Al2O3 might not. Figs. 4(d) and 4(e) show the EDS spectra of H2S tested ZnO and 156 

Al2O3-ZnO layers after they were heated further to 300 oC for 20 min in air. The signals 157 

of S element can no longer be observed in all these spectra, indicating that the layer 158 

may be recovered to its initial state after the heat-treatment process. 159 

160 

Fig. 4 EDS spectra of (a) Al2O3, (b) ZnO, (c) ZnO-Al2O3 layers after tested with H2S 161 

gas and EDS spectra of H2S-treated (d) ZnO, (e) ZnO-Al2O3 layers after heat-treatment. 162 

 163 

Figs. 5(a) and 5(b) show the HAADF-STEM images of ZnO-Al2O3 powders 164 

obtained from the composite layer before and after tested with H2S gas. The ZnO-Al2O3 165 

materials clearly exhibit mesoporous structures with an average pore diameter of 166 

several nanometers. In addition, elemental mapping images of the ZnO-Al2O3 material 167 

after tested with H2S gas (Figs. 5c to 5f) clearly present S element which is evenly 168 
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spread over the entire area of the material. These data confirm the sulfidization of ZnO-169 

Al2O3 material when it is exposed to H2S gas.  170 

 171 

Fig. 5 HAADF-STEM images of ZnO-Al2O3 powders obtained from the layer (a) before 172 

and (b) after tested with H2S gas. (c) Al, (d) Zn, (e) O, (f) S elemental mapping images 173 

of the ZnO-Al2O3 material after tested with H2S gas. 174 

 175 

To further investigate the valence state of different elements in the ZnO-Al2O3 176 

materials before and after tested with H2S gas, XPS survey spectra of the ZnO-Al2O3 177 

materials in the range of 0-1200 eV were obtained and the result is shown in Fig. 6(a), 178 

in which peaks of Zn, Al, O, S and C are identified. The C 1s peak is due to surface 179 

contamination of carbon compounds (CO and hydrocarbons, etc.). Fig. 6(b) shows the 180 

high-resolution XPS curves in the region of 1016-1028 eV. There is a single normal 181 

peak at binding energy (BE) of 1022.5 eV for the ZnO-Al2O3 material before tested 182 

with H2S, this can be assigned to the Zn 2p3/2 of ZnO [31,32]. After tested with H2S, 183 

the BE of Zn 2p3/2 shifts from 1022.5 to 1021.8 eV, indicating that the conversion of 184 

ZnO to ZnS during the after tested with H2S [32,33]. Fig. 6(c) shows there is a BE peak 185 

at 162 eV, which is the characteristic of the S 2p transition of sulfide [33-35]. Therefore, 186 
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it is concluded that the ZnO in the composite is chemically reacted with H2S and turns 187 

to ZnS. 188 

 189 

190 

Fig. 6 (a) XPS spectra of the whole spectra (a), Zn 2p3/2 (b) and S 2p (c) narrow spectra 191 

for ZnO-Al2O3 materials before and after tested with H2S gas. 192 

 193 

The specific surface areas and pore distribution of the Al2O3, ZnO and ZnO-Al2O3 194 

powders obtained from the deposited layers were immediately measured using the 195 

nitrogen adsorption method. The obtained results are shown in Fig. 7. The measured 196 

BET surface areas of Al2O3, ZnO and ZnO-Al2O3 materials are 267.8 m2/g, 8.9 m2/g 197 

and 125.1 m2/g, respectively, as listed in Table 1. These results are consistent with those 198 

obtained from the SEM and STEM analysis, indicating that the Al2O3 and Al2O3-ZnO 199 
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materials are porous. In addition, Fig. 7(b) shows that the pore size ranges of the Al2O3 200 

and Al2O3-ZnO materials are from 2 to 8 nm and 3 to 15 nm, respectively. The total 201 

pore volumes are 0.42 and 0.34 cm3/g for Al2O3 and ZnO-Al2O3 materials, and the 202 

calculated average pore diameters are 4.9 nm and 8.6 nm, respectively. These 203 

mesopores are believed to be beneficial for the gas sensing application because they 204 

can act as the efficient paths for gas molecules to diffuse into the layers and providing 205 

more effective surfaces for the adsorption of and reaction with the gas molecules.  206 

Fig. 7 also shows the N2 adsorption and desorption isotherms and pore distribution 207 

of ZnO-Al2O3 material right after exposure with H2S gas. Compared with that of the 208 

fresh ZnO-Al2O3, the BET surface areas of the H2S exposed material are decreased to 209 

107 m2/g, and the total pore volume and average pore diameter are also decreased to 210 

0.29 cm3/g and 8.1 nm, respectively, as listed in Table 1. These results indicate that the 211 

reaction between the ZnO-Al2O3 material and H2S gas molecules leads to a decrease of 212 

the pore size and total pore volume in the material. This could indicate clearly the H2S 213 

gas molecules have been adsorbed onto and reacted with their pore surfaces.  214 

215 

Fig. 7 (a) N2 adsorption and desorption isotherms and (b) pore distributions of the Al2O3, 216 

ZnO and ZnO-Al2O3 materials before and after tested with H2S gas.  217 

 218 
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Table 1 Surface areas, pore volumes and average diameters of the Al2O3, ZnO powders 219 

and ZnO-Al2O3 powders before and after tested with H2S gas. 220 

Material BET surface 

area (m2/g) 

Total pore 

volume (cm3/g) 

Average pore 

diameter (nm) 

Al2O3 267.8 0.42 4.9 

ZnO 8.9 0.13 50.6 

ZnO-Al2O3 125.1 0.34 8.6 

H2S-tested ZnO-Al2O3 107 0.29 8.1 

 221 

 222 

 223 

3.2. Gas Sensing performance and the sensing mechanism 224 

The SAW sensors coated with the pristine ZnO and Al2O3 layers were firstly tested 225 

at room temperature, and the results are shown in Fig. 8(a). The sensor with the Al2O3 226 

layer shows no apparent responses to the H2S gas, while the sensor with the ZnO layer 227 

shows a negative response of ~-350 Hz when it is exposed to the 1 ppm H2S for the 228 

first time. This result indicates that the Al2O3 has a relatively poor affinity for the H2S 229 

gas, while there are some changes on the ZnO layer since ZnO has a good affinity for 230 

H2S [23-26]. When the first response of the sensor with the ZnO layer became stable, 231 

the sensor was then exposed to the air to allow its full recovery. However, as shown in 232 

the 1st cycle in Fig. 8(a), the working frequency of the sensor has its new baseline which 233 

is decreased. Besides, with continuously exposed this ZnO layer SAW sensor to 1 ppm 234 

H2S gas for another 2 cycles (the 2nd and 3rd cycles in Fig. 8(a)), the response becomes 235 

weaker and the baseline keeps decreasing. This result indicates that the sensor cannot 236 

be recovered to its initial state at room temperature. In other words, there is an 237 

irreversible reaction occurring between the ZnO layer and H2S gas when the sensor is 238 

exposed to H2S gas at room temperature. 239 
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240 

Fig. 8 Five dynamic response and recovery cycles of the sensors with (a) pristine ZnO 241 

layer and Al2O3 layer and (b) ZnO-Al2O3 layer to 1 ppm H2S gas. The red arrows in 242 

figures indicate where the H2S gas was introduced in the test chamber while the green 243 

arrows indicate where the H2S gas was evacuated and fresh air was introduced to allow 244 

the recovery of the sensors. Full recovery of the sensors with ZnO and ZnO-Al2O3 245 

layers can not be achieved in prior three cycles, whereas the full recovery was achieved 246 

in the 4th cycle by heating the sensitive layers at 300 oC in the ambient environment for 247 

20 min and then cooled down to 25 oC. 248 

 249 

Previous studies have revealed that H2S can spontaneously react with ZnO based 250 

on the following formula: [23, 27-29]      251 

                     ZnO+H2S(ads) → ZnS+H2O        (1) 252 

This reaction has a negative enthalpy [23], indicating that the reaction between ZnO 253 

and H2S is an irreversible and exothermic process at room temperature. Therefore, this 254 

spontaneous reaction between ZnO and H2S could be the main reason for the poor 255 

recovery of frequency signal for the sensor operated at room temperature. To verify this, 256 

we have done EDS analysis of the ZnO layer after tested with H2S gas. Result illustrated 257 

in Fig. 4 clearly indicates that S element is presented on the ZnO layer after it is exposed 258 

to the H2S gas. This can confirm our assumption.  259 
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Although the reaction (1) is irreversible at room temperature, previous studies have 260 

revealed that it may become reversible when the sensing temperature is increased to 261 

300 oC or above [36]. We have further heat-treated the H2S-tested ZnO layer at 300 oC 262 

for 20 min and then allow it to cool down naturally to room temperature, and then 263 

recorded the sensor’s response to 1 ppm H2S gas. Results shown in the 4th and 5th cycles 264 

in Fig. 8(a) clearly reveal that the sensor with the heat-treated H2S-tested ZnO layer has 265 

a similar baseline and also similar response to 1 ppm H2S gas as those of the original 266 

sensor. Results indicate that the recovery of the layer can be achieved at a high 267 

temperature of 300 oC. This can be further confirmed by the EDS results (Fig. 4) of the 268 

heat-treated H2S-tested ZnO layer because there are no S signals detected. 269 

The H2S sensing performance of the sensor with the ZnO-Al2O3 composite layer 270 

was investigated. As shown in Fig. 8(b), compared with the results obtained from the 271 

sensor with ZnO layer, this sensor using the nanocomposite layer showed different 272 

sensing performance to H2S gases. The response of the sensor to 1 ppm H2S was 273 

positive and as high as ~15 kHz when the sensor was used for the first time. However, 274 

similar as the sensor with the ZnO layer, this sensor also had a poor recovery property 275 

and its baseline was increased gradually when the sensor was repeatedly exposed to 1 276 

ppm H2S at room temperature as shown in the 1st to 3rd cycles in Fig. 8(b). By checking 277 

the XPS and EDS results of the ZnO-Al2O3 layer after tested with H2S, it can also be 278 

confirmed that the reaction (1) has occurred on the ZnO-Al2O3 composite layer. A heat-279 

treatment at ambient environment has also led to the full recovery of the sensor, and the 280 

results are shown in the 4th and 5th cycles in Fig. 8(b). 281 

As discussed above, we can confirm that both the responses of the sensors with 282 

ZnO and ZnO-Al2O3 layers are caused due to the reaction (1). However, their sensing 283 

results for H2S gas are totally different. The sensor with ZnO layer shows negative 284 
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responses while the sensor with ZnO-Al2O3 layer exhibits much stronger positive 285 

responses. It is well known that three key property changes of the sensing layers can 286 

contribute to the total responses of SAW sensors, i.e. the changes of mass (mass loading 287 

effect), elastic modulus (elastic loading effect) and electrical conductivity (electrical 288 

loading effect) [18-20,34]. Table 2 summarizes the influences of these different effects 289 

on the working frequency (f) and response (frequency shift, ∆f) of a SAW gas sensor.   290 

 291 

 292 

 293 

Table 2 Effects of mass, electrical and elastic loading on working frequencies and 294 

responses. ‘↑’indicates increase, ‘↓’ indicates decrease. 295 

Loading  Working frequency (f) Response (frequency shift, 

∆f) 

Mass↑  ↓ Negative 

Mass↓ ↑ Positive 

Elastic↑ (modulus ↑) ↑ Positive 

Elastic↓ (modulus ↓) ↓ Negative 

Electrical↑ (Conductivity↑) ↓ Negative 

Electrical↓ (Conductivity↓) ↑ Positive 

 296 

To investigate the contribution of electrical loading effect to the responses of the 297 

sensors to H2S gas, the conductivity values of the ZnO and ZnO-Al2O3 layers on SAW 298 

resonators were recorded using a 4-probe testing method with a Keithley 2400 source 299 

meter at room temperature. As shown in Fig. 9, the conductivity values of both the ZnO 300 

and ZnO-Al2O3 layers are increased from 4.4510-5 S/cm and 7.1210-6 S/cm to 301 
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8.2210-4 S/cm and 9.8910-5 S/cm, respectively, when these two layer coated sensors 302 

were put inside the H2S gas with a concentration of 1 ppm for the first time. In addition, 303 

the conductivity values cannot be fully recovered to their initial values after the sensing 304 

test, indicating the poor recovery property of both the ZnO and ZnO-Al2O3 coated SAW 305 

devices toward H2S gas at room temperature. 306 

The relationship between the response (∆f) and the electric loading is given below 307 

[37], 308 

2

0 2

0

1

2
1 s

s

K
f f

v c



 
 
 

 = −   
  +   
  

                     (2) 309 

where f0 (= ~200 MHz) is the resonant working frequency of the ST-cut quartz SAW 310 

resonator, V0 (= 3158 m/s) is the unperturbed SAW velocity on the SAW resonator, K2 311 

(= 0.0011) is the electromechanical coupling coefficient for ST-cut quartz substrate, Cs 312 

(= ~0.5 pF/cm) is the capacitance of the SAW resonator per unit length, and σs is the 313 

sheet conductivity of the sensing film. However, based on the measured σs values, the 314 

calculated values of ∆f contributed from the electrical loading, are all far less than the 315 

measured responses of the sensors. Therefore, it can be concluded these measured 316 

responses of the sensors are must be from effects of mass and elastic loadings. 317 
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318 

Fig. 9. Dynamic conductivity changes of the ZnO layer and ZnO-Al2O3 layer during 319 

their exposure to 1 ppm H2S gas for the first time. The arrows in figures indicate where 320 

the H2S gas was introduced in the test chamber and where the H2S gas was evacuated 321 

and fresh air was introduced to allow the recovery of the sensors. Full recovery of the 322 

conductivity of ZnO and ZnO-Al2O3 layers can not be achieved. 323 

 324 

 325 

When exposed to H2S gas, an increase of mass of these layers can be expected 326 

because of the higher molar mass of the newly formed ZnS on the surface of ZnO 327 

nanoparticles, as illustrated in Fig. 10. Besides, the elastic moduli of these layers may 328 

be also increased, since the newly formed ZnS also has a lower density compared with 329 

that of original ZnO. Therefore, with this heavier and lower-density ZnS layer covered 330 

on the surfaces of ZnO nanoparticles, the volumes of the original ZnO nano-particles 331 

will be increased and the pore sizes in the layer will be decreased as illustrated in Fig. 332 
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10. The decreased pore size would lead to a decrease of the total pore volume of the 333 

layer, as confirmed by the N2 sorption result as shown in Fig. 7 and also listed in Table 334 

1. The significant decreases of the pore diameters and the total pore volumes in the 335 

layer would result in increases of the elastic moduli of the layers [18-20]. Clearly the 336 

increase of the mass and the elastic moduli of the layers caused by the formation of ZnS 337 

layer would lead to a negative and a positive response of the SAW sensor, respectively, 338 

as listed in Table 2.  339 

Based on the discussions above, both the mass and elastic loading effects may 340 

contribute to the responses of the sensor. However, the negative response of the sensor 341 

coated with ZnO layer is mainly caused by the mass loading effect, whereas the positive 342 

responses of the sensor with the ZnO-Al2O3 layer is mainly contributed by the elastic 343 

loading effect. The differences between the sensing performances and mechanisms of 344 

these two sensors are mainly caused by the different microstructures of the sensing layer 345 

materials. Results from SEM, STEM and N2 sorption analysis have revealed that the 346 

ZnO-Al2O3 layer has a mesoporous structure and a rough surface, whereas the ZnO 347 

layer is relatively dense and smooth. When the ZnO layer is exposed to the H2S gas 348 

molecules, these molecules will react mainly with the ZnO particles on the layer 349 

surfaces as shown in Fig. 10 (upper panel). In this case, the mass of the ZnO layer will 350 

be increased but the elastic modulus of the ZnO layer will not be apparently changed, 351 

thus leading to the negative responses of the sensor.  352 

Whereas when the porous ZnO-Al2O3 layer is exposed to H2S gas, a large amount 353 

of H2S molecules can enter deeply inside the layer through the porous structures and 354 

then are adsorbed on and react with ZnO nano-particles inside the porous structures of 355 

layer, thus leading to the significant expansion of these ZnO nano-particles, as shown 356 

in Fig. 10 (lower panel). This expansion leads to significant decreases of both the pore 357 
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sizes and the total pore volumes of the layer, as confirmed by the N2 sorption results 358 

shown in Fig. 7 and listed in Table 1. Consequently, the contribution of elastic loading 359 

effect toward the sensing responses has been dramatically enhanced whereas there is a 360 

relatively less effect from the mass loading effect. These phenomena will result in a 361 

positive response of the sensor, and this effect is much more significant only when the 362 

sensing layer is highly porous and reactive as the ZnO-Al2O3 layer in this study.  363 

364 

Fig. 10 Proposed H2S sensing mechanism of the sensors with the coated ZnO layer and 365 

ZnO-Al2O3 layer, respectively. 366 

 367 

For the following measurements, we will use the sensor with ZnO-Al2O3 layer to 368 

study its sensing performance. During the measurements, the sensitive layer was heated 369 

to 300 oC in the ambient environment for 20 min and then cooled down naturally to 25 370 

oC after each response process to H2S gas in order to make sure the full recovery of the 371 

sensor. Fig. 11 presents the dynamic sensing performance of this sensor toward H2S gas 372 

with concentrations changing from 10 ppb to 20 ppm. As is shown, the sensor has a 373 
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response of 0.5 kHz to 10 ppb H2S gas, and the response can reach up to 38 kHz when 374 

the concentration is 20 ppm. The response of the sensor increases significantly with the 375 

gas concentration at a low H2S concentration range (< 1ppm), however, it becomes 376 

gradually saturated when the H2S concentration is higher than 4 ppm. This saturation 377 

may be due to the limited ZnO surfaces in the nanocomposite layer, which leads to 378 

saturated amount of ZnS formed. The response time also increases with the gas 379 

concentration, and it reaches at ~830 s when the H2S has a concentration of 20 ppm 380 

(Fig. 11(b)). 381 

382 

Fig. 11 (a) Dynamic responses of the sensor with the ZnO-Al2O3 layer to 0.01-20 ppm 383 

H2S gas. The sensitive layer was heated at 300 oC in the ambient environment for 20 384 

min and then cooled down to 25 oC after each testing process to allow the full recovery 385 

of the sensor; (b) The response and response times as functions of H2S gas concentration.  386 

 387 

The selectivity of the sensor was further investigated, and the results are shown in 388 

Fig. 12(a). Clearly the sensor has no apparent responses to 10 ppm of CH4, H2, CO, and 389 

ethanol gases, while it shows slight positive responses to NH3 and SO2 gases. These 390 

slightly positive responses may be caused by the adsorbed H2O molecules on the layer, 391 

which worked as the active sites for capturing SO2 and NH3 since these gases have a 392 

high solubility in H2O. Our previous report [38] has revealed that these captured SO2 393 
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and NH3 can catalyze the condensation reaction between the hydrophilic groups on the 394 

sensitive film. The condensation would lead to an increase of the elastic modulus, which 395 

causes positive responses. However, the responses to SO2 and NH3 are much weaker 396 

than that to H2S, as shown in Fig. 12(a). This result indicates that the sensor has a good 397 

selectivity to H2S gas. This is due to the distinct reaction (1) between ZnO and H2S gas.  398 

Good stability is another critical parameter for a practical sensor. Therefore, the 399 

stability of the sensing performance was further investigated by conducting the sensing 400 

test every 10 days within a 90 day period. As shown in Fig. 12(b), the sensor shows the 401 

similar responses to 0.2 ppm, 1 ppm and 4 ppm H2S, respectively, in the 10 different 402 

tests within 90 days, indicating its good stability. 403 

 404 

405 

Fig. 12 (a) The response of the sensor with ZnO-Al2O3 layer to 10 ppm CH4, H2, CO, 406 

ethanol, NH3, SO2 and 1 ppm H2S gases; (b) The responses of the sensor with ZnO-407 

Al2O3 layer to 0.2, 1 and 4 ppm H2S gas within 90 days. 408 

 409 

Humidity resistance is also a critical parameter for a good gas sensor. The influence 410 

of the humid condition on the H2S response of the sensor was measured under RH of 411 

10%, 50% and 90%. Fig. 13 shows that the baseline of the sensor has negative shifts of 412 

-3.3 kHz and -9.8 kHz, when the RH increases from 10% to 50% and 90%, respectively. 413 
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These shifts of baseline indicate that more H2O molecules were adsorbed on the layer 414 

at higher RH values, which leads to an increased weight of the layer. Thus, this sensor 415 

may also be used as a sensitive humidity sensor. Fig. 13 also presents that the sensor’s 416 

response to 1 ppm H2S has a slight decrease from 17.2 kHz to 13.2 kHz with the 417 

increase of the relative humidity from 10% to 90%. This result may be caused by the 418 

increased amount of H2O molecules occupying the ZnO surface in the porous film at 419 

higher RH, which thus leads to decreased active ZnO sites for the adsorption of H2S. 420 

With this result, it can be confirmed that this sensor can be used for H2S detection at 421 

different environments with RH value ranging from 10% to 90%. 422 

 423 

Fig. 13 Dynamic responses of the sensor with the ZnO-Al2O3 layer to 1 ppm H2S gas 424 

under environments with different RH. The sensor was heated at 300 oC in the ambient 425 

environment for 20 min and then cooled down to 25 oC after each testing process to 426 

allow the full recovery of the sensor. The shifts of baseline can be observed when RH 427 

changes. 428 
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Conclusions 429 

  In this paper, the H2S gas sensing performance of quartz SAW sensors with pristine 430 

ZnO, Al2O3 and ZnO-Al2O3 composite layers were investigated and compared. It is 431 

found that the sensor coated with ZnO-Al2O3 composite layer has the highest sensitivity 432 

of 15 kHz/ppm, and the responses of the sensors are mainly caused by the formation of 433 

ZnS through the reactions between the adsorbed H2S and ZnO. In addition, the different 434 

morphologies and microstructures of ZnO and ZnO-Al2O3 layers results in different 435 

responses of the sensors. The porous structure of ZnO-Al2O3 layer is beneficial for the 436 

adsorption of H2S and elastic loading effect of the SAW sensor, which leads to a more 437 

significant response, with excellent stability, selectivity and humidity resistance to H2S 438 

gas.  439 

 440 
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