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Abstract: In this work, a lettuce-like ZnO gas sensor with high sensitivity for H,S detection
was successfully fabricated by a one-step hydrothermal method. Characterization analysis of the
phases, crystallinities, morphology, and chemical compositions indicated that lettuce-like ZnO has a
lettuce-like microsphere structure composed of wurtzite hexagonal ZnO sheets. A gas sensitivity test
of the lettuce-like ZnO showed that the sensor had a high H,S response (113.04 for 100 ppm H,S)
and HjS selectivity. The lettuce-like ZnO sensor has fast response characteristics while maintaining
high sensitivity, and has a response time as low as 15 seconds and a recovery time of 90 seconds,
and the detection limit reaches 1 ppm. The sensitive mechanism of lettuce-like ZnO sensor to H,S is
also discussed.
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1. Introduction

Metal oxide semiconductor materials play an important role in the field of gas sensors. However,
metal oxide gas sensing materials have the disadvantages of a high operating temperature and high
response time, which restricts the application of metal oxide materials in gas sensing. Therefore, the
preparation of gas-sensitive materials with both high sensitivity and fast response characteristics is
significant for the development and application of sensors. ZnO, as a wide band-gap semiconductor
material (Eg = 3.37 eV), has particularly important research significance [1-5].

H,S, which causes great damage to human health, has long been recognized as an acute neurotoxin.
For example: (1) Inhalation of a small amount of H,S gas can be fatal in a short amount of time;
(2) even low concentrations of H,S can affect the human visual system, respiratory system, and central
nervous system [6-8]; (3) based on previous reports, the short-term (10 minutes) and long-term (eight
hours) exposure limits for humans in a HyS atmosphere are 15 ppm and 10 ppm [9], respectively; and
(4) at the same time, under aerobic and hot and humid conditions, H,S sulfur-containing gas will
have a strong corrosive effect on various metal pipelines, and may also cause catalyst deactivation,
which may cause energy or efficiency loss [10]. In addition, H,S is an atmospheric pollutant and an
important source of acid rain [11]. The development of high-performance H,S gas sensors has become
an urgent need. Currently, H,S gas can be monitored using chemiresistive sensors made of ZnO [12],
a-Fep O3 [13], TiO, [14], WO3 [15], CuO/SnO; [16], and 3-AgVO;3 [17]. Huber and colleagues prepared
ZnO nanowires by CVD (Chemical Vapor Deposition) for H,S detection. The detection limit was as
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low as 50 ppb [18]. Lin and colleagues prepared a sensor coated with ZnO nanonails. The sensor had a
fast response (39 s) and recovery (61 s) to HyS gas [19].

In this work, we fabricated a lettuce-like ZnO sensor with enhanced H,S gas sensitivity. We first
prepared lettuce-like ZnO nanoparticles by a one-step hydrothermal method, and we performed XRD
and SEM characterization of the materials, and determined the phase, crystallographic information, and
morphology of lettuce-like ZnO. The lettuce-like ZnO showed a high H;S response at a low operating
temperature. The sensitive materials possessed excellent H,S selectivity and fast response/recovery.
Lettuce-like ZnO materials have a unique morphology of lettuce microspheres, leading to an excellent
H,S adsorption efficiency, which gives the sensor a fast response time. Compared with other works,
the lettuce-like ZnO sensor has the advantages of both fast response and high sensitivity. In addition,
the sensitive mechanism of lettuce-like ZnO has been discussed.

2. Experiment

All the chemicals used in this study were of analytical grade purchased from Beijing Chemical
Works without further purification. The preparation of the lettuce-like ZnO materials is described
as follows: Firstly, 0.13 g of glycine, 0.146 g of Zn(CH3COO),-2H,0, and 0.13 g of NaySO4-10H,0,
were added to a mixed solvent of 5 mL of ethanol and 4 mL of deionized water. The mixture was
stirred for 5 minutes until all was dissolved. Then, 0.13 g of NaOH was slowly added to the solution
with magnetic stirring for 30 minutes, until the solution formed a white gel. The precursor was then
transferred to a 20 mL Teflon-lined stainless steel autoclave and heated at 180 °C for 12 hours. After the
autoclave was cooled down to room temperature, the precipitates were collected and washed several
times with deionized water and ethanol by centrifugation. The dried precipitates were calcined at
400 °C for 2 hours. The products were cured by heating at 200 °C for 1 hour when coated on a ceramic
tube for a gas sensitivity test.

The phases, crystallinities, and chemical compositions of the lettuce-like ZnO were examined
by means of X-ray diffraction (XRD, Rigaku D/Max 2550, Rigaku, Ltd, Tokyo, Japan) with a Cu K«
radiation line of 0.1506 nm at 40 kV, 200 mA, and by means of a transmission electron microscope (TEM,
JEOL JEM-3010, JEOL, Ltd, Tokyo, Japan). Morphology studies were conducted by means of the field
emission electron microscopy (FESEM, JEOL, JSM-7500 F, JEOL, Ltd, Tokyo, Japan). The gas-sensitive
performance was tested by our laboratory-made gas-sensitive test system, which includes gas-sensitive
components, gas cylinders, a Fluke 8846A digital multimeter, a GPD3303S DC power supply, and
a computer workstation. The gas response has been defined as S = Ra/Rg. While in an oxidizing
atmosphere, the gas response has been defined as S = Rg/Ra. In the formula, Ra and Rg are the electrical
resistance of the component in the air and the target gas. The response and recovery time were defined
as the time taken to reach 90% of the final stable resistance change value. All gas sensitivity tests were
performed at 60% relative humidity.

3. Results and Discussion

The powder XRD pattern of lettuce-like ZnO is shown in Figure 1. The intensity has been shown
in a log scale. All diffraction peaks matched the standard peak values of ZnO (JCPDS No.36—-1451),
which indicates that the ZnO obtained after hydrothermal synthesis and calcination was a wurtzite
hexagonal structure ZnO with lattice constants a = b = 3.243 A and ¢ = 5.195 A. The thickness of the
grains (D) on a certain crystal plane was calculated by the Debye—Scherrer equation [20]: D = 0.89A/
(BcosB), where A is the X-ray wavelength (Cu Ko, 0.1506 nm), {3 is full width at half maxima (FWHM),
and 0 is the corresponding Bragg diffraction angle. The best response intensity of the XRD pattern of
31.7°,34.4°, and 36.2° belonged to (100), (002), and (101) planes, and the sizes were calculated to be
46.4 nm, 49.9 nm, and 41.0 nm, respectively.
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Figure 1. XRD pattern of the as-prepared lettuce-like ZnO.

Figure 2 is the SEM images of the micro-morphology and structure of lettuce-like ZnO. As shown
in Figure 2a, after the hydrothermal reaction, the precursor before calcination had no characteristic
morphology. Obviously, the precursor did not undergo crystallization during this period. SEM
images of lettuce-like ZnO synthesized by hydrothermal and 400 °C calcination are exhibited in
Figure 2b—d. The microscopic morphology of ZnO shows a uniform lettuce spherical shape without
other morphologies appearing (Figure 2b). The diameter of the lettuce sphere is about 3-4 pm. Every
sphere is a ZnO cluster composed of many ZnO sheets, and there are crosses but little overlap between
the ZnO sheets (Figure 2c). As shown in Figure 3d, the thickness of the ZnO sheet is about 40—50 nm;
this matches the thickness calculated by the previous Debye-Scherrer equation (46.4 nm, 49.9 nm,
41.0 nm). In our other work, some optimizations to control crystallinity have been founded, which
are not reported here. The size of ZnO grains will increase with the increasing of the calcination
temperature [21], and the morphology will tend to be non-angular spheres due to the overlapping
growth of adjacent grains.

The gas sensor’s performance was tested for different operating temperatures. Figure 3a shows
the gas response of the lettuce-like ZnO to 100 ppm H,S gas at various operating temperatures from
20 °C to 250 °C. When the temperature is lower than 50 °C, the resistance of lettuce-like ZnO in
the air exceeds the range of the tester. Generally, the resistance of semiconductor materials exceeds
1000 Mohm at room temperature, and the resistance of materials can be reduced by increasing the
operating temperature. Compared with commercially available ZnO, with the increasing operating
temperature, lettuce-like ZnO has a better H,S sensitivity response at an operating temperature of
150 °C, with a response of 113.04. The operating temperature of lettuce-like ZnO, which reached its
maximum sensitivity response, is lower than that of some other researches (250-300 °C) [20,22-26].
This characteristic was attributed to the special morphology of lettuce-like ZnO. Sheet-layered ZnO
has a larger specific surface area, so it can better contact the target gas and has more adsorbed oxygen.
This process has been proven to reduce the operating temperature of the materials [27]. The selectivity
of a lettuce-like ZnO sensor has also been tested. The selectivity of the sensor to 100 ppm of various

gases is shown in Figure 3b.
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Figure 2. Representative SEM images of (a) the ZnO precursor before calcination; (b—d) the as-prepared
lettuce-like ZnO.

The dynamic response cycle of the lettuce-like ZnO sensor using Hj,S as the target gas has also
been measured and the results are shown in Figure 3c. After the H,S intake and transpiration for
a cycle of five times, the lettuce-like ZnO sensor can still recover the initial resistance, indicating
that the sensor has excellent repeatability. The sensor response recovery is equally quick. A single
cycle is shown in Figure 3d. Generally, the response time and recovery time of the sensor are the
time required for the resistance signal to change to 90% after the intake or transpiration of the gas,
respectively [28]. The response time and recovery time of the lettuce-like ZnO sensor to 100 ppm H,S
gas are 15 seconds and 90 seconds, respectively, suggesting that the sensor shows unique response
recovery characteristics.

The detection limit of the material has been tested. Figure 3e reveals the dynamic response curve
of the lettuce-like ZnO sensor at a concentration range of 1 ppm to 100 ppm H,S gas at 150 °C. It can
be seen that, as the target gas concentration increases, the gas-sensitive response of the sensor increases
rapidly. The minimum concentration of H,S gas that the sensor can detect is around 1 ppm, and the
gas response is 1.42 at this time. The sensitivity response to the gas at different concentrations is shown
in Figure 3f, and the response of the sensor has a good linearity with the concentration change from
1 ppm to 100 ppm. The long-term stability of the lettuce-like ZnO sensor is shown in Figure 4.
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Figure 3. (a) Gas sensing response of lettuce-like ZnO sensors and commercial ZnO at different
operating temperatures to 100 ppm HjS, (b) the selectivity of lettuce-like ZnO sensors to 100 ppm
different gases, (c) the repeatability of lettuce-like ZnO sensors at 150 °C to 100 ppm H;S, (d) the
response and recovery of lettuce-like ZnO sensors to 100 ppm H;S, (e) the dynamic response of
lettuce-like ZnO sensors to 1-100 ppm HjS at 150 °C, (f) the response of lettuce-like ZnO sensors to
1-100 ppm Hj,S at 150 °C.
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Figure 4. The long-term stability of the lettuce-like ZnO sensor to 100 ppm H,S.

The mechanism of the lettuce-like ZnO sensors that exhibit enhanced H;S gas-sensing performance
is generally explained as follows: ZnO is a wide band gap n-type semiconductor, suitable for the
interpretation of the classic electron depletion model [29,30]. When lettuce-like ZnO is exposed to the
air, a chemical adsorption reaction occurs on the surface of the material. Oxygen molecules in the
air form adsorption groups such as O~, O,~, and O*~ by capturing electrons, which are the carriers
of semiconductor material. ZnO being deprived of electrons leads to a larger depletion layer and
relatively higher resistance. When the lettuce-like ZnO is exposed to target gas, the adsorption group
turns to capture the electrons of H,S while returning the electrons to the semiconductor material, and
the carrier concentration of the material increases, leading to a reduction in the depletion layer and the
resistance of the material. Atlower temperatures (below 150 °C) [31], the ionic group adsorbed on the
surface of the material is mostly O,~. However, O~ and O?~ are usually chemically adsorbed on the
surface by the material at high temperatures (above 150 °C) [32,33].

Oy+e -0y @D
0% +e- —20~ )
O +e - 0> (3)

The operating temperature of lettuce-like ZnO sensors is about 150 °C, which is a lower temperature
compared to the usual 250-300 °C [34]. O,~ is involved in the H,S gas-sensitive response. The process
is shown in Figure 5. The reaction is:

2H;S+30; (ads) 20, +2H,O +3e” 4)

Generally, conventional bulk material ZnO can only have a small part of its surface to undergo
gas-sensitive reactions. However, the lettuce-like ZnO has a large specific surface area due to its
special lettuce-like morphology. Pores exist in the microspheres formed by sheets, and the surfaces of
these pores provide more reaction sites for H,S, which greatly improves the efficiency of gas-sensitive
reactions. This is also the reason why the operating temperature of lettuce-like ZnO material as a gas
sensor (150 °C) is lower than that of some other works (250—-300 °C). When the working temperature
is lower than 150 °C, the oxygen adsorption group participating in the gas-sensitive reaction is O,™.
Compared with O~ and 0?7, the reaction of HyS and O, is more conducive to occur and proceed [32].
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Figure 5. The schematic diagram of the gas-sensing reaction process.

The surface reaction kinetics of different gas molecules are completely different, resulting in
different responses to different gases. This is one of the reasons for the unique selectivity of lettuce-like
ZnO for H;,S gas. Another possible reason is that the metal oxide on the surface of the material will
react with H,S gas to form a small amount of sulfide ZnS [35].

Zn0O + H,S — ZnS + H,O (5)

The conductivity of metal sulfides is generally better than that of corresponding metal oxides [36],
and its appearance makes the resistance change of lettuce-like ZnO in H,S more evident.

4. Conclusions

In this work, we synthesized a kind of ZnO with lettuce-like microsphere morphology by the
hydrothermal method. The gas-sensitive performance of the lettuce-like ZnO sensor was tested through
a gas-sensitive test system assembled in the laboratory. The device has a high response to H,S gas and
excellent selectivity, and has a lower operating temperature (150 °C) and a detection limit as low as
1 ppm due to the special micro-morphology of the material. The lettuce-like ZnO sensor response and
recovery time is 15 seconds and 90 seconds, respectively. The sensitivity mechanism of lettuce-like
ZnO suggested that by designing and synthesizing a hierarchical structure, a porous morphology,
and controlling the crystallinity, the gas-sensitivity performance of semiconductor materials can be
effectively improved. This has contributed to the development of high sensitivity and high selectivity
sensor materials.
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