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Abstract

Metal–organic frameworks (MOFs) are new crystalline hybrid materials that have aroused 
great interest because of their growing applications in drug delivery, gas storage, and 
catalysis. The key limitation of pure MOFs for use in gas sensors is their low conductivity. 
Therefore, composites are often used. ZIF-8 improves the gas-sensitive characteristics of 
composites due to its hydrophobic properties, thermal stability, and high specific surface 
area. The purpose of this study was to design a hierarchical structure of ZnO nanowires 
coated with a porous ZIF-8 shell and to study its characteristics in detecting volatile organic 
compounds. ZnO/ZIF-8 composites were synthesized by the solvothermal method and 
annealed at 320 °C. Scanning electron microscopy revealed a net-like structure on the surface 
of ZnO nanowires. The gas analytical response was studied at 250 °C under the influence of 
acetone and ethanol vapors. The response and recovery times for the ZnO/ZIF-8 structure 
were found to be much longer in the presence of these gases compared to pure zinc oxide 
nanowires. The additional UV irradiation of ZnO/ZIF-8 provided an increased response and 
significantly reduced response and recovery times. UV irradiation accelerates the diffusion 
of gas molecules to the surface of ZnO through the ZIF-8 porous structure. This process 
leads to faster gas adsorption and desorption. Additional factors are photoinduced charge 
transfer and water desorption at the ZnO/ZIF-8 interface, contributing to the observed 
changes in the response.

Keywords: gas sensors; zinc oxide; metal–organic frameworks; hierarchical structure

1. Introduction
Currently, many different types of gas sensors are available, which can be classified into 

several categories depending on the detection mechanism (mass-sensitive [1], spectral [2], 
electrochemical [3], chemiresistive [4], and others). Semiconductor gas sensors, which are 
studied in this paper, attract attention because of their simple operation, the possibility of 
miniaturization, and their low cost [5]. Semiconductor gas sensors based on metal oxides 
are widely used for the detection of toxic and explosive gases, air quality control, medical 
diagnostics (analysis of exhaled air), and in smart home systems [6]. The key requirements 
for modern sensors are low operating temperature, high sensitivity, and selectivity. However, 
common sensors based on pure zinc oxide (ZnO) or tin dioxide (SnO2 ) often require heating 
to 300–400 °C, suffer from signal drift, and show cross-sensitivity to water [7]. Therefore, 
the development of new materials and structures to overcome these limitations is relevant.
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There are several strategies for improving gas-sensitive characteristics. The first is 
morphological control via the creation of 0D (quantum dots), 1D (nanowires, nanofibers, 
nanotubes), 2D (nanofilms), 3D (nanoflowers, porous and hollow spheres) structures, 
as well as hierarchical and porous materials [8]. The second strategy is the formation of 
heterojunctions when a depleted layer forms at the interface of different semiconductors [9]. 
The modulation of its width under the influence of gas leads to a sharp change in resistance. 
The third approach is the functionalization of the surface with noble metal catalysts activat-
ing reactions with the target gas [10,11], or with metal–organic frameworks that act as a 
molecular sieve to increase selectivity [12–15].

Zinc oxide, an n-type semiconductor with a direct band gap (Eg  = 3.4 eV), has high 
electron mobility, thermal stability, and good electrical properties for use in gas-sensitive 
systems. In addition, this material is attractive because it can be easily produced by chemical 
synthesis methods in the form of nanowires, nanofibers, nanoflowers, and others [16]. These 
morphologies can be organized into three different types of crystal structure: NaCl-type 
structure (obtained at high pressures), sphalerite structure, and wurtzite structure (a 
hexagonal tightly packed structure with the P63mc spatial group, easily obtained under 
environmental conditions) [17]. All crystal structures have structural defects of different 
nature. These defects can affect the properties of grain boundaries, mechanical properties, 
and electrical conductivity.

Despite the many positive characteristics of ZnO, there are certain disadvantages, 
including low selectivity, high operating temperatures for activating adsorbed oxygen 
species, and increased reactivity to the target gas [7]. High temperatures can reduce the 
stability and exploitation period of the sensor, as well as cause uncontrolled grain growth 
and limit the detection of explosive gases. The serious disadvantage is the adsorption of 
water molecules present in the atmosphere, which can interact with ZnO through chemical 
and physical adsorption processes.

An alternative class of materials is metal–organic frameworks (MOFs), which are 
porous coordination polymers. Their potential for gas sensors is due to the ability to 
enhance the adsorption of gases through metal ions and functional groups, as well as the 
presence of open metal ions serving as active sites for electron transfer. MOFs also have 
large surface area and adjustable porosity. A key limitation of pure MOFs for gas sensors is 
low conductivity due to the insulating properties of organic ligands [18]. This complicates 
direct conversion of a chemical signal into an electrical one. Therefore, MOFs are used as 
parts of composite materials [19].

Among various MOFs, zeolitic imidazolate frameworks (ZIFs) synthesized from zinc 
and imidazolate ligands are of particular interest. ZIF-8 is the most thoroughly studied 
material that can improve the performance of metal oxide gas sensors due to its moisture 
resistance, thermal stability, and large specific surface area [20]. ZIF-8 can be easily synthe-
sized under mild conditions as uniform and defect-free structures. The most commonly 
used synthesis methods are solvothermal and mechanochemical approaches [21].

The aim of this work is to synthesize the hybrid hierarchical structures of ZnO 
nanowires coated with a ZIF-8 shell and study the influence of MOF coating on the gas-
sensing performance of these structures.

2. Materials and Methods
2.1. Synthesis of ZnO Nanowires

All reagents were purchased from LenReactiv (St. Petersburg, Russia).
Before growing the nanowires, it was necessary to form a seed layer, a dense layer of 

small ZnO crystallites that serve as pre-existing nucleation sites for the subsequent growth 
of the nanowires. Zinc acetate dihydrate (Zn(CH3 COO)3 ·2H2 O, 56 mg) was dissolved 
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in 50 mL of distilled water in an ultrasonic bath for 5 min. The resulting solution was 
deposited onto substrates with interdigitated electrodes in three layers via spin coating. 
The substrates were then annealed in a muffle furnace at 500 °C for 30 min [22].

For the synthesis of the nanowires, a hydrothermal method was used [23,24]. Zinc 
nitrate hexahydrate (Zn(NO3 )2 ⋅6H2 O, 148 mg) and hexamethylenetetramine (C6 H12 N4 , 
70 mg) were dissolved in 40 mL of water. The substrates were placed at the bottom of an 
autoclave and poured with the prepared solution. The synthesis was carried out at 85 °C for 
one hour. Thereafter, the substrates were rinsed with water, dried at 40 °C, and annealed at 
500 °C for 30 min.

2.2. Synthesis of ZnO/ZIF-8 Structure
For the growth of the ZIF-8 structure on zinc oxide nanowires, 2-methylimidazole was 

used as the precursor. An amount of 200 mg of 2-methylimidazole was mixed with 24 mL 
of dimethylformamide (DMFA) and 6 mL of deionized water. The resulting solution was 
transferred into an autoclave, at the bottom of which ZnO nanowire-coated substrates had 
been placed. The autoclave was maintained at 70 °C for 20 h in a thermostatic oven, then 
allowed to cool to room temperature. Upon completion of the synthesis, the substrates were 
rinsed with ethanol and subsequently annealed at 320 °C in a furnace for 1 h.

In this synthesis, the surface of the zinc oxide nanowires serves as the source of Zn2+ 
ions, which are essential for the formation of the ZIF-8 shell.

2.3. Characterization
Scanning electron microscopy (SEM) was used to study the morphology and mi-

crostructure of the samples (Tescan VEGA3LMH, Tescan, Czech Republic). The gas-sensing 
performance of the synthesized structures was evaluated using a laboratory setup (Figure 1). 
All measurements were carried out under an applied voltage of 5 V. The electrical current 
was recorded with a Keithley 6485 picoammeter (Keithley, Cleveland, OH, USA). The gas 
flow was controlled by a computer-operated electromechanical valve, which alternated 
between two operating modes. In the first mode, the sensing chamber was continuously 
purged with dry air, whereas in the second mode, a mixture of dry air and the target 
gas was introduced. The gas flow rates were regulated and monitored using EL-FLOW 
electronic mass flow meters (Bronkhorst Nederland B.V., Ruurlo, The Netherlands). The 
concentration of the target gas vapor was calculated based on its saturation vapor pressure 
at room temperature:

𝐶 =
𝑃𝑔𝑎𝑠𝐹𝑔𝑎𝑠

𝑃𝑎𝑡𝑚(𝐹𝑔𝑎𝑠 + 𝐹𝑎𝑖𝑟)
, (1)

where Pgas  is the saturated vapor pressure of the target liquid, Fgas  is the airflow rate passing 
through the bubbler, Patm  is the atmospheric pressure, and Fair  is the flow rate of the dilution 
air. The gas-sensing response was evaluated by exposing the samples to acetone, ethanol, 
and isopropanol vapors.

𝑆 =
𝑅𝑎𝑖𝑟
𝑅𝑔𝑎𝑠

, (2)

where Rair  is the resistance of the sensor in the air atmosphere, and Rgas  is the resistance of 
the sensor in the atmosphere of the target gas.

Response and recovery times refer to the time it takes for the sensor’s resistance to 
change by 90% after target gas and air have been supplied, respectively.

In Figure 1, dark-red arrowheads on the gas lines indicate the direction of gas flow. 
Dashed purple arrows indicate the electrical connections between the sensor in the test 
chamber and the measuring devices, through which the bias voltage U = 5 V was applied 
to the sensor and the current I was measured. The red double-headed arrow indicates data 
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exchange between the measuring devices and the computer, which was used for instrument 
control and data acquisition. Mass flow controllers MFC1 and MFC2 set the airflow rate 
through the bubbler (Fgas ) and the dilution airflow rate (Fair ) in Equation (1), respectively.

Figure 1. The scheme of the measuring laboratory setup for gas-sensing measurements [25].

3. Results
The samples containing the synthesized zinc oxide nanowires were examined using 

scanning electron microscopy (SEM). The topographic contrast mode was chosen for the 
morphological analysis. As shown in Figure 2a, the synthesized nanowires have an average 
diameter of approximately 130 nm. It can also be observed that the structure consists of an 
array of nanowires formed through growth from numerous seed nanoparticles.

Figure 2. SEM images of zinc oxide nanowires (a) and ZnO/ZIF-8 structures (b).

The SEM image of ZnO/ZIF-8 structure is shown in Figure 2b. A porous shell can be 
clearly observed on the surface of the zinc oxide nanowires.

The gas-sensing studies were carried out at a heating temperature of 250 °C and at 
various concentrations of the supplied gases. The gas sensitivity data are presented and 
summarized in Table 1.

It can be seen that the response and recovery times became significantly longer after 
depositing a ZIF-8 shell on the surface of ZnO nanowires. Therefore, the ZnO/ZIF-8 
structure was investigated under UV irradiation at a temperature of 250 °C. The results are 
presented in Table 2.

Comparing the gas-sensing results from Tables 1 and 2, it can be observed that the 
response increased, while the response and recovery times became significantly shorter. 
This may be associated with the fact that UV irradiation generates additional electron–hole 
pairs in ZnO. The holes migrate to the surface and react with chemisorbed oxygen species. 
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This releases electrons, leading to a significant increase in conductivity. In the presence of a 
reducing gas, the reaction with photogenerated holes occurs more readily, which enhances 
the resistance modulation. The influence of UV exposure on the resistance of ZnO/ZIF-8 is 
shown in Figure 3. 

Table 1. Gas-sensing performance results.

Sample Gas Concentration, ppm Response Response/Recovery 
Time, s

ZnO

Ethanol
500 1.24 178/413

1000 1.57 33/256
1500 2.04 21/216

Acetone
1000 1.29 270/310
2000 1.35 226/316
3000 1.48 217/540

ZnO/ZIF-8

Ethanol
500 2.08 300/492

1000 2.13 351/558
1500 2.17 383/676

Acetone
1000 1.26 218/220
2000 1.7 689/547
3000 1.8 848/792

Table 2. Gas-sensing performance of ZnO/ZIF-8 under UV irradiation at 250 °C.

Structure Gas Concentration, ppm Response Response/Recovery 
Time, s

ZnO/ZIF-8

Ethanol
500 2 129/200

1000 2.6 90/298
1500 2.95 126/300

Acetone
1000 1.7 129/245
2000 2.11 131/262
3000 2.46 109/253

The decrease in response and recovery times may be related to the fact that UV irradia-
tion accelerates the diffusion of gas molecules through the pores of ZIF-8 toward the ZnO 
surface. In addition, photoinduced charge transfer and water desorption processes may 
occur at the ZnO/ZIF-8 interface; therefore, the surface becomes more active.

Figure 3. The dependence of ZnO/ZIF-8 resistance on exposure to UV radiation.
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4. Conclusions
Modification of ZnO nanowires with the metal–organic framework ZIF-8 using DMFA 

resulted in the formation of core–shell structures. It was demonstrated that the gas-sensing 
performance of the ZnO/ZIF-8 composite strongly depends on the synthesis conditions. 
The best results were achieved using the solvothermal method, where DMFA was used as 
the solvent. Additional UV irradiation of the ZnO/ZIF-8 structure reduced the response and 
recovery times and enhanced the sensor response, which is attributed to the photogeneration 
of electron–hole pairs and the accelerated diffusion of gases through the ZIF-8 pores.
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