Int. J. Electrochem. Sci., 17 (2022) Article Number: 2212106, doi: 10.20964/2022.12.97

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Short Communication
Electrical Resistance Sensor Based on ZnO Nanoarray for VOC

Gas Detection

Hua Tian'", Zhigang Wu?

! Chemical Engineering Institute, Northwest Minzu University, Gansu, Lanzhou, 730030, China
2 CSCEC AECOM Consultants CO., Ltd. Gansu, Lanzhou, 730030, China
“E-mail: sarahmimill15@sina.com

Received: 28 October 2022 / Accepted: 24 November 2022 / Published: 27 December 2022

Volatile Organic Compounds (VOCs) are widely present in our daily environment. Due to its larger
tunable space and better structural properties, ZnO has been widely used in the field of optical and
electrical sensing in recent years, especially in the field of gas-sensitive sensing, which has excellent
research prospects. In this work, ZnO arrays were prepared and their gas-sensitive sensing performance
for formaldehyde gas was systematically investigated. It is found that the ZnO array gas sensing element
has better sensing performance compared with the reference sample, and the increase of hole size
contributes to the improvement of sensitivity. The lower detection limit of the optimal gas sensing
element for formaldehyde gas can reach 10 ppb, which is much lower than the national requirement (60
ppb). The detection performance of the ZnO array for VOC acetone was also measured.
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1. INTRODUCTION

With the development of science and technology and industrial technology, gasoline, rubber,
pesticides, plastic products and other products bring great convenience to mankind, but at the same time
in its production process will produce some gases that are harmful to human health and the environment
[1-4]. Volatile organic compounds (VOCs) are one of the most important of these hazardous gases. With
the passage of time and human neglect, the environmental pollution problems caused by them have
become increasingly serious. Secondary pollutants produced by photochemical reactions of VOCs in the
atmosphere when exposed to ultraviolet light can lead to higher concentrations of PM10 and O3, forming
hazy weather [5,6]. At the same time, VOCs emissions from some household and construction materials
can simultaneously form pollution indoors and affect people's health. In order to improve the quality of
ambient air, it is imperative to detect VOCs in the environment [7,8].
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In general, VOCs are volatile organic compounds with a boiling point between 50°C and 260°C
and a saturated vapor pressure of more than 133.322 kPa at room temperature. Its main components are
hydrocarbons, oxygen hydrocarbons, halogenated hydrocarbons, nitrogen hydrocarbons and sulfur
hydrocarbons, low boiling point polycyclic aromatic hydrocarbons [9-12]. It is a class of organic
pollutants that are commonly found in the air and have a complex composition. The chemical properties
carried by them show a certain degree of toxicity, irritation, and may have a carcinogenic effect, resulting
in a variety of discomfort symptoms after inhalation [13]. At present, more than 300 kinds of volatile
organic compounds can be identified, according to the different chemical structures [14], VOCs can be
divided into five categories: non-methane hydrocarbons (alkanes, alkenes, alkynes, aromatic
hydrocarbons), halogenated hydrocarbons, oxygen-containing organic compounds (alcohols, aldehydes,
ketones, phenols, ethers, acids, esters, etc.), nitrogen-containing organic compounds (amines, cyanides,
etc.) and sulfur-containing organic compounds [15-19].

There are many technical methods for the detection and analysis of VOCs, mainly gas
chromatography (GC), gas chromatography-mass spectrometry (GC-MS), high performance liquid
chromatography (HPLC), fluorescence photometry, pulse discharge detector method and other methods.
Among them, GC and GC-MS are the two more commonly used methods [20-26]. In addition, the
colorimetric tube detection method can provide a rough but rapid detection of VOCs. The
electrochemical gas sensor detection method uses the electrolytic current generated by the reaction of a
gas with an electrolyte solution as the sensor output, which yields the gas concentration [27-30]. Seknar
et al.[31] used the pulse discharge technique (PDT) signal modulation method in order to improve the
sensitivity of electrochemical gas sensors to methane. Menar [32] developed a new formaldehyde gas
sensor using a carbon electrode as a substrate with a polyacrylate hydrazine attached for accumulating
formaldehyde and converting it to hydrazone.

ZnO is a group 11-VI compound semiconductor material. Due to the wide band gap, at room
temperature, pure ZnO in ideal chemical ratios is an insulator and not a semiconductor. However, the
actual ZnO single crystals are N-type semiconductors [33], which are caused by intrinsic ZnO point
defects (zinc gap-filling atoms or oxygen vacancies). Due to these intrinsic defects, the ZnO chemical
ratios are non-idealized, resulting in carrier concentrations that can vary over a wide range (up to 10
orders of magnitude) [34]. ZnO is a gas-sensitive material, and the doping elements in it have a great
influence on the gas-sensitive performance. After some elements doping can have good sensitivity to
organic vapor, combustible gas, harmful gas and can be used to make a variety of gas-sensitive sensor
devices [35,36]. In this work, we used Zn(NOgz). and (CH2)sN4 as the mixed reaction solution to
synthesize ZnO nanoarrays using a simple water bath method. The gas-sensitive properties of ZnO
nanoarrays were systematically investigated for the room VOC gases formaldehyde and acetone.

2. EXPERIMENTAL

2.1. Chemicals

Zn(NO3)2:6H20, Zn(CH3CO0)2-2H20, (CH2)sN4 was purchased from Xilong Chemical Co.
NaOH, CsHs07Naz-2H.0O, H2C>04, CH3CH2OH and CH3COCH: were purchased from Beijing
Chemical Plant. Si(100) was acquired from Shenzhen Southern Glass Group.
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2.2. Preparation of precursor solution

A certain amount of zinc nitrate hexahydrate (Zn(NO3).-6H20) was weighed and put into 100ml
beaker A, and deionized water was added to fully dissolve it. Weigh a certain amount of
hexamethylenetetramine ((CH2)sNa4) into 100 mL beaker B and add deionized water to dissolve it fully.
The zinc nitrate solution from beaker A is diverted into the hexamethylenetetramine solution in beaker
B with a glass rod to mix well.

2.3. ZnO array preparation

A silicon wafer with a flat and smooth surface is selected as the substrate, and metallic zinc is
thermally vaporized on the wafer and passed through high temperature oxygen to react to form a thin
film of zinc oxide (the thickness of the film is 45 nm). After the substrate is cooled, a layer of photoresist
with a thickness of 45 nm is sprayed on the film. Then local electron beam exposure is performed on the
photoresist to obtain an array of holes with an average pore size of 300 nm. Prepare a certain
concentration of zinc nitrate and hexamethylenetetramine solution, mix and stir for 30 min. The treated
wafers were put into the above solution and reacted at 95°C for 3 h. After removal, the wafers were
rinsed several times with deionized water and dried to obtain ZnO nanostructured materials on the
wafers. Hydrothermally synthesized normal ZnO nanomaterials were also used as a comparison (denoted
as ZnO NPs). The ZnO arrays denoted as ZnO-A1l before annealing. The ZnO arrays denoted as ZnO-
A2 after annealing.

2.4. Sensor preparation

The specific process of gas-sensitive element preparation is divided into the following steps: (1)
The prepared ZnO array is carefully scraped off with a small knife. (2) The scraped ZnO arrays were
collected and dispersed into a certain amount of anhydrous ethanol with a sample to binder weight ratio
of about 5:1, ground and blended into a homogeneous paste. (3) Using a very fine brush, the paste-like
sample is evenly coated onto the ceramic tube electrode with two pairs of gold electrodes, where the
coating standard requires the sample thickness to be about 0.25 mm, and the sample should cover all the
electrodes evenly and continuously. (4) After waiting for the complete evaporation of the binder, the
resulting ceramic tube electrodes covered with ZnO arrays were thermally annealed (400°C) for 2 h. (5)
A spring-like heating wire of Ni-Cr alloy is carefully inserted into the prepared ceramic tube coated with
ZnO array. (6) Solder the prepared ceramic tube electrode pins to the sample base along with the heating
wire pins. (7) The soldered sample base is inserted into the test board and placed on the aging table. The
board is then aged at an aging voltage of 5 V for 6 days.

2.5. Gas sensitive testing of sensors

The gas-sensitive characteristics of gas-sensitive components are measured with the Model WS-
30A Gas-Sensitive Component Test System (Zhengzhou Weisheng Co., Ltd., China). The test voltage
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remains constant at 5V during the entire test of the gas sensitivity. The target test gases used during the
measurement are prepared from 1000 ppm standard gases using the static gas distribution method. First,
the target test gas and gases such as nitrogen and oxygen are injected into the evacuated gas chamber
(chamber size 18L). Then, the gas in the chamber is mixed with clean ambient air, and the oxygen content
and humidity of the mixed gas components are required to be 21% and 10%, respectively. The gas
sensing element to be tested is then placed in the mixed target test gas of various volume fractions. After
the response value of the gas sensing element has stabilized, the gas sensing element is removed from
the test gas and placed back in the ambient air until the element returns to its initial state.

The sensitivity of a gas-sensitive element is determined by the ratio of the resistance of the gas-
sensitive element in air and in the target test gas. Since ZnO is an n-type semiconductor oxide, the
sensitivity of the gas sensing element is defined as Response= Ra/Rg. Where Ra and Rg represent the
resistance of the gas-sensitive element in air and in the target test gas, respectively. Response time is
defined as the time it takes for the resistance value to change from Ra to 90% of the difference between
Rg and Ra when the gas sensing element is placed in the gas being measured. Conversely, the recovery
time is defined as the time it takes for the gas sensing element to recover from Rg to 90% of Ra to Rg
when it is removed from the gas being measured and placed back in ambient air.

3. RESULTS AND DISCUSSION

The crystal structure and orientation of the samples were analyzed by XRD. Figure 1A shows
the XRD patterns of the ZnO nanopowders prepared using hydrothermal synthesis. Upon comparison
with the JCPDS standard card (JCPDS36-1451) for ZnO, it can be seen that Figure 1A is in perfect
agreement with the standard spectrum of ZnO. Figure 1B shows the XRD pattern of the product obtained
after hydrothermal growth at 90 degrees for 3 h on a ZnO coated wafer substrate under a certain growth
environment [37-39]. From Fig. 1B, three strong peaks appear at 20 = 31.55°, 34.34°, and 36.18°,
corresponding to the crystallographic indices (100), (002), and (101), respectively, which are fully
consistent with the JCPDS card standard (JCPDS36-1451). However, the polar plane of the hexagonal
crystal system does not appear as the strongest diffraction peak, which indicates that there is no tendency
for the fabricated product to grow selectively [40,41]. At the same time, the diffraction peaks of Si
inevitably appear when Si sheets are used as the substrate. Figure 1C shows the XRD patterns of the
ZnO nanoarrays prepared under hydrothermal growth conditions and heat treated at 800 °C. As seen
from the figure, a clear strong peak appears at 20= 34.34°, i.e., a relatively high diffraction peak in the
(002) plane [42]. This indicates that the ZnO nanoarrays grown on Si sheets with ZnO crystalline species
attached have been heat-treated at high temperature and have the characteristics of selective orientation
along the (002) crystal plane [43,44]. The diffraction peak of SiO appears at 20=58.98°, indicating that
the Si substrate also undergoes oxidation reaction to generate new phases after heat treatment.
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Figure 1. XRD patterns of (A) ZnO NPs (B) ZnO-Al and (C) ZnO-A2.

Figure 2 shows the nitrogen sorption-desorption isotherm of the sample, where the inset is the
corresponding pore size distribution curve. The adsorption-desorption isotherms obtained from the
sample tests can be judged according to the IUPAC classification. Both the ZnO and ZnO arrays prepared
by direct hydrothermal method exhibited Type-I1V isotherms before heat treatment, and the isotherms
showed capillary condensation at relative pressures (P/Po) between 0.4 and 0.8. This confirms the
presence of mesopores in the sample structure [45]. The specific surface area and major pore size
distributions of ZnO, ZnO arrays before and after heat treatment were 24.2 m?/g (9.3 nm), 46.7 m?/g (7.4
nm) and 55.7 m?/g (9.3 nm), respectively. It is well known that during annealing of metal-semiconductor
oxides primary particles aggregate to form secondary particles, which in turn lead to the formation of a
large number of mesoporous structures [46]. In summary, it is clear that the gas sensing film prepared
in this work is a macroporous structured ZnO array with a sub-porous structure.
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Figure 2. Adsorption—desorption isotherm and BJH pore-size distribution plots (A) ZnO NPs (B) ZnO-
Al and (C) ZnO-A2.
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Figure 3 compares the sensitivity of the ZnO gas sensing element for 100 ppm formaldehyde gas
with the operating temperature curve. As shown in the figure, all gas sensing elements exhibit typical N-
type semiconductor oxide gas sensor characteristics [47,48]. The gas-sensitive element becomes less
resistive after exposure to the reducing gas formaldehyde. The relationship between sensitivity and
temperature for all gas-sensitive elements showed the same trend [49]. When the temperature is
relatively low, the response value of the gas-sensitive element gradually increases as the temperature
continues to increase until it reaches its maximum response value [50]. Subsequently, as the temperature
continues to increase, the response value of the gas-sensitive element decreases [51]. It can also be
observed from the figure that the sensitivity of both ZnO-Al and ZnO-A2 is significantly enhanced
compared to that of ZnO NPs. The sensitivity of ZnO NPs, ZnO-Al and ZnO-A2 were 18, 274 and 629
at the optimum operating temperature of 215°C, respectively.
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Figure 3. Responses of ZnO NPs, ZnO-A1l and ZnO-A2 towards 100 ppm formaldehyde.
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Figure 4. Transient response of ZnO NPs, ZnO-A1l and ZnO-A2 to 3-300 ppm formaldehyde at 215°C.
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Figure 4 records the response and recovery dynamics of ZnO NPs, ZnO-Al and ZnO-A2 gas
sensing elements at 215°C for 30, 50 and 100 ppm formaldehyde gas, respectively. As shown in the
figure, the response values of all gas-sensitive elements increase sharply with the introduction of
formaldehyde gas [52]. When the formaldehyde gas is evacuated and the gas sensing element is placed
in ambient air again, the gas sensing element returns to its initial state. This indicates that the gas-
sensitive element has a fast and repeatable response to formaldehyde gas. The response/recovery times
of the ZnO NPs, ZnO-Al and ZnO-A2 gas sensing elements for 100 ppm formaldehyde gas were
calculated to be 14s/140s, 14s/76s and 12s/58s, respectively. In oxidizing gases, the electron affinity of
the adsorbed gas is greater than the work function of the semiconductor. Electrons will be transferred
from semiconductor to gas, and the gas will be absorbed by a negative charge in the form of a negative
charge. In this case, the semiconductor loses the electronic surface band and bends upward, increasing
the surface resistance. In a reducing gas, the electron affinity of the adsorbed gas is less than the work
function of the semiconductor. Electrons will be transferred from the gas to the semiconductor, and the
gas will lose the electrons and attach to the semiconductor surface as a positive charge. In this case, the
number of electrons in the semiconductor conductor band increases and the semiconductor resistance
decreases .In this work, we specially prepared a kind of array sensing material. Due to the uniform and
excellent adsorption performance of ZnO array, this sensor can be very sensitive to VOC detection.

The dependence between the sensitivity values of ZnO NPs, ZnO-Al and ZnO-A2 gas sensing
elements and the concentration of formaldehyde gas is shown in Figure 5A. We are able to see from the
graph that the response value of the gas sensing element has a good linear relationship with the
formaldehyde gas concentration in the range of 3-300 ppm. The slopes of the fitted straight lines for
ZnO NPs, ZnO-Al and ZnO-A2 were calculated to be 0.30,1.21 and 7.2, respectively. This indicates a
positive correlation between the large pore size and the sensitivity value of formaldehyde gas. The
sensitivity values of the ZnO-Al and ZnO-A2 gas sensing elements are positively and linearly related
to the formaldehyde gas concentration. It should be noted that the sensitivity curve of the ZnO NPs gas
sensing element versus the concentration of formaldehyde gas is not given in the figure because the
signal-to-noise ratio of the ZnO NPs gas sensing element is relatively high and cannot distinguish
formaldehyde gas at ultra-low concentrations in a gradient [53]. As shown in Figure 5B, the sensitivity
of the ZnO-A2 gas-sensitive element is the highest. The sensitivity range is 2-32 when detecting
formaldehyde gas in the concentration range of 0.01-3 ppm. In addition, the response signals of the ZnO-
Al and ZnO-A2 gas sensing elements can be visualized even at a detection concentration of 10 ppb.
When Ra/Rg>1.2 is defined as the theoretical lower detection limit of the gas sensing element, it is
calculated that the lowest detection limits of ZnO-Al and ZnO-A2 gas sensing elements can reach 8.5
and 2.51 ppb, respectively. Table 1 shows the comparison of the proposed gas sensor with previous
reports.
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Figure 5. (A) Response curves of ZnO NPs, ZnO-Al and ZnO-A2 towards to 3-300 ppm formaldehyde
gas at 215°C.

Table 1. Sensing performances of ZnO gas sensors reported in literatures to VOCs.

Material Gas LOD (ppm) | Reference
Pd@Co0304-Zn0O nanofibers Formaldehyde | 1 [54]
AU/F-ZnO Ethanol 5 [55]
Zn0O/ZnFe>04 hollow nanocages | Acetone 1 [56]
Hierarchical ZnO spheres Acetone 0.25 [57]
Zn0-A2 Formaldehyde | 0.00251 This work

Figure 6 shows the gas sensitive sensitivity response values of ZnO NPs, ZNO-A1 and ZNO-A2
gas sensitive elements to 50 ppm acetone gas at different operating temperatures. As can be seen from
the figure, all the gas sensitive elements exhibit typical N-type semiconductor gas sensitive elements
characteristics, and no gas sensitive elements exhibit P-type semiconductor gas sensitive elements
characteristics. By observing the curves in Figure 6, it can be seen that all the relation curves showed an
increasing trend of sensitivity with the increase of temperature until reaching the maximum value.
Subsequently, the sensitivity decreases with increasing temperature. When the operating temperature is
relatively low, the number of active sites on the surface of the gas sensitive element is limited, so that
the reaction between the target gas acetone gas and the active sites on the surface of the gas sensitive
element is not complete [58]. With the increase of working temperature, the number of active sites on
the surface of the gas sensor increases, and the degree of reaction between acetone gas and active sites
continues to strengthen. However, if the working temperature continues to increase, the desorption
degree of the gas on the surface of the gas sensitive element may be greater than the adsorption degree,
which will lead to the reduction of the gas sensitive sensitivity of the gas sensitive element.
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Figure 6. Responses of ZnO NPs, ZnO-Al and ZnO-A2 towards 50 ppm acetone.

The dynamic curves in Fligure 7 record in detail the response and recovery dynamic curves of
ZnO NPs, ZNO-A1l and ZNO-A2 gas sensitive elements within a complete cycle when the operating
temperature is 370°C and the detection target gas acetone concentration is 50 ppm. As can be seen from
the dynamic recording curve in the figure, when the gas sensitive element placed in the ambient air
contacts the target gas acetone, the response values of all gas sensitive elements increase sharply until
reaching a stable value. Subsequently, when acetone gas was removed and the gas sensitive elements
were replaced in ambient air, the response values of all gas sensitive elements decreased and quickly
returned to their initial state. By comparing the dynamic response curve in Figure 7 with the curve in
Figure 6, it can be found that the sensitivity of each gas sensitive element has the same trend.
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Figure 7. One circle dynamic response of ZnO NPs, ZnO-Al and ZnO-A2 sensors to 50 ppm of acetone
under 370°C.
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4. CONCLUSION

The main factor affecting the gas-sensitive performance of gas sensors is the sensitive material
used to prepare the gas-sensitive element, and the morphology and dimensional structure of the sensitive
material largely determine the physical properties of the material. Structurally, the unique array structure
of ZnO provides a large pore capacity and a large specific surface area, which provides an ideal platform
for studying the surface state and surface reactions of materials. In terms of performance, the ZnO array
helps to enhance the gas-sensitive performance of the gas-sensitive element. The results demonstrate
that the ZnO array does not change the optimal operating temperature of the gas-sensitive element, but
has significant benefits in enhancing the sensitivity of the gas-sensitive element. The large hole size
leads to an increase in gas sensitivity of the gas sensing element. The optimal gas-sensitive element in
the work, ZnO-A2, shows an approximately 35-fold increase in sensitivity compared to the reference
sample, while exhibiting better gas sensitivity selectivity and stability.
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