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Abstract

:

In this paper, we report on the development of a highly sensitive and humidity-tolerant metal-oxide-based volatile organic compound (VOC) sensor, capable of rapidly detecting low concentrations of VOCs. For this, we successfully fabricated two different thicknesses of nickel oxide (NiO) sensors using a spin-coating technique and tested them with seven different common VOCs at 40% r.h. The measured film thickness of the spin-coated NiO was ~5 μm (S-5) and ~10 μm (S-10). The fastest response and recovery times for all VOCs were less than 80 s and 120 s, respectively. The highest response (Rg/Ra = 1.5 for 5 ppm ethanol) was observed at 350 °C for both sensors. Sensors were also tested in two different humidity conditions (40% and 90% r.h.). The humidity did not significantly influence the observed sensitivity of the films. Furthermore, S-10 NiO showed only a 3% drift in the baseline resistance between the two humidity conditions, making our sensor humidity-tolerant compared to traditional n-type sensors. Thus, we propose thick-film NiO (10 μm) sensing material as an interesting alternative VOC sensor that is fast and humidity-tolerant.
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1. Introduction


The abundance of volatile organic compounds (VOCs) present in the air is an ever-increasing worldwide problem [1]. Everyday human activity results in the emission of toxic chemicals, including VOCs, driven by the increase in global industrial processes. According to the World Health Organization (WHO), there are more than 4.2 million deaths every year as a result of air pollution, with an increasing percentage of these deaths linked to VOCs [2]. Several major environmental safety agencies, such as the National Institute of Occupational Safety and Health (NIOSH), Environmental Protection Agency (EPA), and European Agency for Safety and Health at Work (EU-OSHA), have established guidelines to limit both the indoor and outdoor exposure of humans to VOCs. These can affect individuals even at low ppm (parts per million) concentrations [3]. VOCs are very complex to detect, particularly when separating VOCs of similar chemical structures. This is particularly problematic when similar VOCs have very different exposure limits, sometimes by a factor of 1000. Thus, the detection of VOCs, at low concentrations, remains both important and challenging.



Chemo-resistive-type gas sensors, based on metal-oxide semiconductors (MOX), are one of the most used sensing modalities for monitoring harmful VOCs. These types of sensors have several advantages, including fast response times, high sensitivity to target gases, simple design, small dimensions, portability, cost-effective fabrication, ease of use, and real-time detection [4]. One variable that can be adjusted in the sensor design is the thickness of the sensing material. Researchers have loosely defined sensors as being (a) thin-film or (b) thick-film [5,6]. The thickness of a typical ‘thin film’ sensor is a few hundred nanometers, while a ‘thick film’ is a few microns to 100 microns [7]. For thin films, the chemisorption interaction mostly takes place at the geometric surface and, to a limited extent, along grain boundaries. Meanwhile, for a thick-film sensor, the active surfaces are much larger, due to the porous nature of the film, and the gas interaction occurs throughout the bulk material [8]. Furthermore, thick-film gas sensors have other added advantages, including low-cost material deposition, simple construction, and good sensing properties, making them more favourable to some VOC applications [9].



Improving the sensor’s performance and enhancing sensitivity has always been a challenge for MOX sensors. Even after years of significant research on MOX materials, researchers are still investigating different methods to enhance their sensitivity towards VOCs. Comparing the literature, most research has been conducted on n-type semiconductor materials, such as SnO2, ZnO, and WO3 [10,11,12,13,14]. This is due to p-type materials generally having lower sensitivity (associated with the nature of the charge carriers) [15,16,17]. However, it has been proposed that the effect of humidity is lower on p-type MOX materials compared to n-type [18]. Nickel oxide is a p-type material that is chemically stable with a bandgap between 3.4 to 4.0 eV depending on the deposition methods and the crystallinity, making it an interesting sensing material for chemo-resistive sensors [19]. An example of a p-type study with NiO and VOCs was carried out by Vincent et al. However, there was a substantial drift in the baseline resistance of their sensors [20]. Dirksen et al. tested a NiO thin film on formaldehyde, operating at an elevated temperature of 600 °C [21]. H. Liu et al. deposited NiO using a wet chemistry method and tested it on different VOCs at a range of concentrations from 100 to 500 ppm. Unfortunately, the sensitivities for ethanol and toluene were relatively low [22].



To the best of our knowledge, NiO thick films have not previously been fabricated using a spin-coating technique. Therefore, in this work, we deposited NiO using a novel photolithography-assisted spin coating method. Though NiO is a widely studied material for gas sensing, there are significant gaps in the reported results for this material. Specifically, NiO thick films have not previously been evaluated on parameters such as humidity tolerance or the effect of different thicknesses on sensitivity or tested on a wide variety of VOCs (at high and low concentration levels). Thus, in this work, we successfully fabricated two different thicknesses (5 µm and 10 µm) of NiO thick films, produced by spin coating. In addition, we focused extensively on low-level gas detection for a variety of common VOCs. Finally, we studied the fabricated devices under two different humidity levels to evaluate the performance and baseline drift of NiO sensors.




2. Materials and Methods


The substrates used in this work were based on a ceramic tile. Gold electrodes were deposited using a screen-printing method on an alumina tile of 2 × 2 mm size with a platinum heater below. Figure 1 shows a drawing of the cross section of the device used in this work. Two different thicknesses of NiO layers were deposited as the sensor material by photolithography-assisted spin coating (S-5 and S-10).



2.1. Sensor Fabrication


Spin-coated NiO was deposited using a photolithography-assisted technique to create two thicknesses of device (S-5 and S-10). NiO (99.99% trace metal basis) material was purchased from Sigma Aldrich Ltd. and used without further treatment. Spin coating was used over more traditional screen printing as the accuracy of the process is higher. The spin-coating ink was prepared by mixing the NiO with Dirasol-916 (negative photoresist, purchased from Sigma Aldrich, Dorset, UK). A 1:5 weight ratio of NiO and photoresist was used to which 10 mL of de-ionized (DI) water was added to get a smooth and consistent ink. Then the substrates were washed with acetone, isopropyl alcohol (IPA), and DI water and were subjected to pre-baking for 2 min at 60 °C. The prepared ink was poured onto the alumina substrates and spun at 3000 RPM for 30 s to achieve a homogenous layer. Then the substrate was exposed to UV for 2 min. DI water was used as the developer. Then the substrates were post-baked at 60 °C for 2 min. The whole process was repeated multiple times to increase the thickness of the sensing material. After this, both types of sensors underwent firing at 800 °C for an hour at a ramping rate of 5 °C per min [23].




2.2. Material Characterisation


The XRD analysis of all the devices was carried out using a Bruker D8 DISCOVER thin-film PXRD, which is equipped with an un-monochromatic Cu source and a Ni filter. The data were taken at diffraction angles between 5° and 95°. The phase identification was made using the Panalytical HighScore Plus V4.8 software and the latest ICDD database. The surface morphology of the fabricated sensors was carried by scanning electron microscopy (SEM) from 5 kV to 10 kV.




2.3. Gas Testing


As we wished to develop sensors for environmental monitoring, the sensors were evaluated at concentrations that were far below the recommended maximum exposure limits (typically a few hundred parts per million (ppm) for each of the environmental VOCs). Sensors were tested on acetone (C3H6O), ethanol (C2H5OH), toluene (C7H8), hexane (C6H14), methanol (CH3OH), 2-propanol (C3H8O), and isobutylene (C4H8) vapours, between 5 and 25 ppm. Figure 2 shows the gas-testing process, where VOC headspaces are developed in such a way as to get the desired concentrations. The gas experiments were performed using a gas rig with 2 mass flow controllers (MFCs) capable of supplying both lines at a defined flow rate, simultaneously. Both gas lines were connected to zero air cylinders, each with a total flow rate of up to 500 mL/min [5]. A pre-calibrated bottle, filled with pure chemicals, was placed in the line of one of the MFCs. Each of the VOC concentrations was achieved by changing the flow rate of the target gas line (zero air) into the bottle and the dilution flow rate, with the total flow rate, kept constant. To eliminate any background VOCs entering the bottle, the gas lines were passed through molecular sieves (120 mL, type 5A) before the gas rig.



Humid air was provided by using a water bubbler, where the humidity level was controlled by changing the water level within it and was set to either 40% or 90% (error up to ±5%) relative humidity (r.h.). The final r.h. values were cross-verified using a commercial humidity sensor (Bosch BME680). As one of the gas lines ran through the pre-calibrated VOC bottle, it was then added to the dilution line, before going on to the water bubbler and sensor chamber. The sensors were connected to an AS-330 Sensor Management System (Atmospheric Sensors Ltd., Great Notley, UK). This unit allows accurate control of the sensor temperature and records both heater and sensor resistance. The achieved final VOC gas concentrations were calibrated using a commercial photo-ionization detector (PID) from ION Science (Tiger) after the addition of humidity.





3. Results


The detection mechanism of MOX-based gas sensors is chemo-resistive, where a change in the electrical resistance of the sensing material is correlated to the change in gas concentration. Various factors influence the sensing performance including morphology, grain size, active absorption sites, gas diffusion, surface defects, and environmental humidity [24,25]. Initially, all sensors were tested at different heater temperatures, ranging from 50 °C to 400 °C, on isobutylene (dry gas) at concentrations between 2 and 10 ppm. For these experiments, there was no addition of humidity, and the measured humidity level was below 10% r.h. Figure 3a shows the temperature versus relative response of S-10 and S-5 NiO. The sensors only started to respond from 250 °C onwards. As can be seen, the magnitude of the response increased as the operating temperature was raised, achieving a maximum at 350 °C. The relative responses (Rg/Ra-1, with Rg being the resistance in gas and Ra being the resistance in zero air), at this temperature towards 10 ppm isobutylene, were 1.2 and 1.0 for S-10 and S-5 thick films, respectively. Figure 3b shows the temperature versus response time towards 10 ppm isobutylene, across the measured temperature range. Here, the response time is reduced with increasing operating temperature. The response times of S-5 and S-10 sensors (at 350 °C) were 110 s and 200 s and less than 80 s and 120 s, respectively. To the best of our knowledge, there are no NiO thick-film sensors reported with a faster response time towards VOCs than the S-10 sensor. Since the relative response and response time were better for both types of sensors at 350 °C, the same operating temperature was used for all further sensor testing and comparisons.



The XRD patterns shown in Figure 4 are from an S-10 and S-5 sensor. Both sensors show the formation of NiO with a rhombohedral structure. The XRD stick pattern of a standard NiO material was added at the bottom for reference. When compared with the standard pattern, the as-deposited NiO peaks shifted to a lower 2-theta angle indicating stress in their crystal structure. The deposited NiO films can be correlated to the ICDD file number 04-011-2340 with a space group: R-3m and cell parameters of a (Å): 2.9549, b (Å): 2.9549, and c (Å): 7.2320, as previously observed [26]. There were other peaks observed from alumina substrate (*), gold electrodes (#), and platinum heaters (^) as indicated.



SEM cross-section images in Figure 5b,d suggest that the film thicknesses are around 5 µm and 10 µm for S-5 and S-10 NiO sensors, respectively. The SEM images in Figure 5a,c show that the S-10 NiO film has macro-pores, whilst the S-5 NiO film is more compacted. Here, the grains agglomerated into small nanoclusters interconnected through their grain boundaries. In the S-10 sensor, a more open microstructure was observed, which results in a higher surface-to-volume ratio, leading to a higher number of active sites for the solid–gas interaction. Furthermore, the presence of macro-pores in the S-10 sensor allows the target gases to further penetrate through the thickness of the film to interact with the inner grains of the sensing element.



Both types of sensors were tested on acetone, ethanol, 2-propanol, hexane, isobutylene, methanol, and toluene between 5 ppm and 25 ppm in 5 ppm steps at 40% r.h. condition (using the water bubbler). NiO showed a larger response to ethanol, acetone, methanol, and 2-propanol vapours. Thus, the response was higher for hydroxyl (-OH) and carbonyl functional groups over other groups for the given concentrations. The gas-sensing mechanism could be explained through band bending. When the target gas is introduced, the VOC gas molecules interact with the pre-adsorbed oxygen ions present on the surface and release free electrons. The released electrons neutralize the excess holes present in the p-type material (NiO in this case) due to charge carrier recombination, which leads to band bending [27]. Figure 6a illustrates the stable response of the S-5 sensor towards all the 7 VOCs at concentrations between 5 ppm and 25 ppm at 350 °C and 40% r.h. NiO, being a p-type semiconductor material, showed an increase in resistance when subjected to all the VOCs (which in our case are all reducing gases). Similar behaviour was also found for the S-10 sensor, but data are not shown here. Figure 6b–e shows a comparison of concentrations versus relative response of both sensors to four target VOCs. The dotted line represents a linear fit, with standard deviation added for repeated testing.



The relative response (Rg/Ra) of S-10 and S-5 sensors, towards their respective target VOCs for 5 ppm, is given in Table 1. The response behaviours represented here were found to be repeatable indicating the sensors are stable. The stability and reproducibility of these NiO thick films could be attributed to annealing at high temperatures (800 °C) in the post-processing treatment [28]. Although S-5 and S-10 sensors are fundamentally the same, S-5 showed an overall lower response compared to the other film towards all the VOCs. This could be due to the bigger particle size present in the S-5 sensor, leading to smaller grain boundaries for gas molecule interaction.



Humidity affects the sensor performance by changing the baseline resistance, which further affects its sensitivity and response time. The water molecules present in the environment tend to occupy more active sites and reduce the rate of target gas reaction on the surface, making it difficult to detect the target gas, especially at lower concentrations [29]. Therefore, to evaluate the stability of our sensors, we undertook further experiments at different humidity levels. Using a water bubbler, we generated two humidity levels, 40% r.h. and 90% r.h. The sensors were tested on isobutylene between 2 ppm and 10 ppm to measure the effect of humidity on the baseline and the sensor response. Figure 7a,b show the baseline resistance at 40% r.h. and 90% r.h. and the sensor response to isobutylene gas. When comparing the baseline in air between the two devices, there was a 300% difference in baseline resistance for the S-5 sensor between the two humidity conditions, while this change was only 3% in the S-10 sensor. This change of baseline occurs due to additional water molecules interacting with the adsorbed oxygen ions on the active sites of the sensing surface, through hydrogen ions (H+) and hydroxyl ions (OH−) [30,31]. This is particularly critical when detecting VOCs (reducing gas), as the water molecules interact with the MOX material and release the captured electrons [32]. As a result, the baseline resistance decreases with increasing humidity; therefore, we see the baseline resistance of both sensors at 90% r.h. to be lower than that at 40% r.h. However, this phenomenon is significantly absent in the S-10 sensor. Figure 7c,d show the relative response between two humidity conditions of S-10 and S-5 sensors. There was a minimal effect of humidity on the magnitude of response. Furthermore, the baseline was stable for the S-10 sensor, shown by its minimal change in sensitivity and response time towards isobutylene between the humidity conditions. This indicates that S-10 sensors are more humidity-tolerant compared to both S-5 and n-type sensors.



Finally, we compared the results of our study with many other thick-film sensors (both n- and p-type), and this is shown in Table 2. This shows that our films have a lower operating temperature and better sensitivity than several previously reported works.




4. Conclusions


Here, we have developed a fast and stable chemo-resistive NiO-based sensor for a wide range of VOCs. We successfully fabricated thick-film NiO (S-5 and S-10) sensors by a photolithography-assisted spin-coated technique. SEM analysis suggests that the thickness of the S-5 and S-10 sensors was 5 µm and 10 µm, respectively, with the S-10 sensor being more porous. XRD reports indicate a rhombohedral structure with the peaks getting shifted left, suggesting stress in the crystal structure. Both sensors were tested across a temperature range on isobutylene, and it was found that the maximum gas response was at 350 °C. A comparison was made between the sensitivities (Rg/Ra) of the two types of NiO sensors to each of the VOCs. It was found that the S-10 sensor response was relatively high for hydroxyl and carbonyl functional groups, at the tested concentrations, over the other vapours. S-10 and S-5 NiO sensors were subjected to 40% r.h. and 90% r.h., and it was found that the S-10 NiO sensors were humidity-tolerant with just a 3% baseline drift, making it a potential sensor for VOC monitoring. Therefore, we present a humidity-tolerant NiO thick-film-based VOC sensor.
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Figure 1. Sensor schematic of a spin-coated NiO device and the sensor package. 
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Figure 2. Gas-rig setup. 
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Figure 3. (a) Temperature vs. relative response of S-10 and S-5 NiO at 10% r.h. (b) Temperature vs. response time of S-10 and S-5 NiO at 10% r.h. 
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Figure 4. XRD pattern of the deposited S-10 NiO, S-5 NiO, and stick pattern of standard NiO. 
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Figure 5. (a) Surface topography of S-10 NiO. (b) Cross section of S-10 NiO device. (c) Surface topography of S-5 NiO. (d) Cross section of S-5 NiO device. 
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Figure 6. (a) Sensor response profile of S-5 NiO towards all the VOCs at 350 °C at 40% r.h. Concentration versus sensitivity of S-5 and S-10 sensors at 40% r.h. of: (b) acetone; (c) ethanol; (d) methanol; (e) 2-propanol. 






Figure 6. (a) Sensor response profile of S-5 NiO towards all the VOCs at 350 °C at 40% r.h. Concentration versus sensitivity of S-5 and S-10 sensors at 40% r.h. of: (b) acetone; (c) ethanol; (d) methanol; (e) 2-propanol.



[image: Chemosensors 09 00247 g006a][image: Chemosensors 09 00247 g006b]







[image: Chemosensors 09 00247 g007 550] 





Figure 7. Baseline resistance and sensor response at 40% r.h. and at 90% r.h. conditions of (a) S-10 sensor and (b) S-5 sensor. Relative response (Rg/Ra) at 40% r.h. and at 90% r.h. conditions of (c) S-10 sensor and (d) S-5 sensor. 
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Table 1. Gas relative responses for NiO towards each VOC at 5 ppm and 350 °C at 40% r.h.
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	VOC Gas
	S-10 NiO

(Rg/Ra)
	S-5 NiO

(Rg/Ra)





	Acetone
	1.22
	1.09



	Ethanol
	1.27
	1.13



	2-Propanol
	1.21
	1.12



	Toluene
	1.15
	1.11



	Hexane
	1.10
	1.10



	Methanol
	1.22
	1.12



	Isobutylene
	1.03
	1.02
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Table 2. Comparison table of MOX devices for VOCs versus this work.
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	VOC Gas
	Target VOCs
	ppm Range
	Method
	Thickness
	Operating Temperature
	Response
	Reference





	ZnO
	Acetone isopropanol

Ethanol
	<1000 ppm
	RF sputtering
	-
	400 °C
	-
	[10]



	WO3 thick film
	Aromatic hydrocarbons
	0.1–500 ppm
	Sputtering
	35 µm
	400 °C
	-
	[11]



	Doped ZnO thick film
	Benzene,

Toluene,

Xylene
	100 ppm
	HILH
	
	420 °C
	2.9
	[12]



	SnO2 thick film
	Formaldehyde
	>10 ppm
	Sputtering
	10 µm
	266 °C
	-
	[13]



	ZnO thick film
	Acetone,

Alcohol,

Xylene,

Toluene,

Benzene
	100 ppm
	Vapour-phase oxidation
	-
	420 °C
	0.02–0.04
	[14]



	Doped NiO
	Formaldehyde,

Methanol,

Formalin
	25–100 ppm
	Wet chemical method
	500 nm
	600 °C
	-
	[21]



	NiO thick films
	Acetone,

Ethanol,

Toluene,

Hexane,

Methanol,

Isobutylene,

2-propanol
	<25 ppm
	Spin coating
	5 µm and 10µm
	350 °C
	1.1–1.5
	This work
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