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Abstract

:

We have developed surface acoustic wave (SAW) sensors with high sensitivity and a reversible response at room temperature (RT). The sensitive area of the sensor was prepared from vertically aligned graphene sheets, like carbon nanowalls (CNWs), which were deposited onto the quartz SAW sensor substrate. The CNWs were obtained by RF plasma-enhanced chemical vapor deposition (PECVD) at 600 °C, and their sensitivity was subsequently enhanced through hydrogen plasma treatment. The SAW sensors were tested at H2 and CH4 at RT, and they exhibited a reversible response for both gases at concentrations between 0.02% and 0.1%, with a detection limit of a few ppm. The additional hydrogen plasma treatment preserved the lamellar structure, with slight modifications to the morphology of CNW edges, as observed by scanning electron microscopy (SEM). X-ray photoelectron spectroscopy (XPS) investigations revealed the presence of new functional groups, a significant number of defects and electron transitions after the treatment. Changes in the chemical state on the CNW surface are most probably responsible for the improved gas adsorption after plasma treatment. These results identify CNWs as a promising material for designing new SAW sensors, with the possibility of using plasma treatments to enhance the detection limit below the ppm level.
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1. Introduction


The detection of dangerous substances is often necessary in many fields of activity, so the development of new sensors with good sensitivity and selectivity is an intensely debated topic. Both in research and in the industrial environment, there is a large category of sensors that are frequently used to detect dangerous gases: resistive sensors, metal-oxide semiconductor gas sensors, optical sensors, potentiometric sensors, capacitive sensors, etc. [1,2]. This category also includes surface acoustic wave (SAW) sensors [3,4]. SAW sensors respond to the physical characteristics of the gas species because they interact with the mechanical properties of the surface acoustic waves generated by the electric current applied to the piezoelectric substrate. Also, the characteristics of the surface acoustic waves are also influenced by the changes that take place on the sensitive layer of the SAW sensor. Thus, the electrical output signal is altered, identifying the presence of the analyte in the analyzed environment [5]. They stand out for their good sensitivity, reliability, short response and recovery times and the possibility of wireless operation and integration into a security system [6,7]. Also, considering that the sensitive element of this type of sensor can be realized from a wide range of materials (semiconductor metal oxides, metals, polymers, composite materials, carbon nanotubes, carbon nanowalls, etc. [8]), it has the advantage of being adapted for a wide range of applications such as mechanical sensing, biological sensing, chemical sensing, gas sensing and microfluidics. Regarding gas detection, it can be used both for organic gases (methane (CH4), ethanol, dichloroethane) and for inorganic gases (nitrogen, ozone), including volatile organic compounds (toluene, ethanol, etc.), hydrogen (H2), nitrogen, hydrogen sulfide and chemical warfare agents [5,9,10].



The detection of H2 at the lowest concentrations becomes more and more necessary due to the perspective of using it as a fuel, instead of fossil fuels [11]. H2 has proven to be an environmentally friendly gas, but it comes with some challenges because it is a combustible gas at accumulations between 4% and 75%, with a diffusion coefficient in air of 0.60 cm2/s and an ignition energy of 0.002 mJ [12]. It is a colorless, odorless and tasteless gas, which implies the impossibility of being detected by human or animal sense organs. It is a gas with a very small molecule, which can very easily penetrate different materials, and therefore, it requires rigorous control of concentration in areas with a possible risk of accumulation. Thus, the need for artificial sensors to detect H2 accumulation in air is increasing [12,13].



On the other hand, CH4 is one of the most harmful gases, having a very high capacity to retain heat at the surface of the Earth [14]. The most dangerous areas for methane accumulation are coal mines. More recently, they have become a real danger to the environment as well due to the anaerobic processes in the landfill areas. An accumulation of 4–15% methane in air can cause explosions [15].



Consequently, these two gases require the safe and permanent control of their accumulation in different environments in society, through high-performance sensors. This requirement also comes with the need for detection at room temperature (RT) for safety because high temperatures contribute to accelerating the risk of explosion in a closed space with accumulations of the discussed gases.



The most important property of a sensitive material is to have the ability to suffer a measurable change following the interaction with the species to be detected. The most common interaction at the level of the sensitive layer is the adsorption of the analyte [5]. Carbon-based nanostructured materials represent one of the most studied categories of materials for sensor applications. Carbon nanotubes, carbon nanoparticles and graphene-based nanostructures are materials that have been used as a sensitive element for sensors for different types of gases [16,17]. However, in order to obtain the best possible detection limits, they were frequently used with other materials such as different polymers and different oxides, or they were used at a certain temperature to ensure sensitivity [18,19]. These things require a greater consumption of resources and energy.



It is known that both the morphology of the sensitive material and its structural characteristics influence the performance of a sensor [2,20]. Besides the use of single graphene in electronic devices, we can find many tests conducted on other multilayered graphene-based materials, especially vertically aligned ones [21,22].



We consider that vertically oriented graphene (VOG) layers [23] could achieve great performance in the field of SAW equipment. These nanomaterials (VOG) can be found in the literature under several names: carbon nanowalls (CNWs) [24], carbon nanoflakes [25], nanosheets [26], few layers of graphene, vertically aligned few-layer graphene [27], 2D nano-graphite sheets, nano-graphite crystallites [28], etc. These VOG or CNW-type nanostructures have numerous characteristics derived from their basic structure, multilayer graphene, as well as from their specific morphology, architecture and geometry (quasi-two-dimensional) with sharp edges and a large specific area, over 1000 m2/g [29]. These nanostructures generally show a semi-metallic behavior at RT, while they have a semiconductor character at low temperatures [30]. A large part of CNW characteristics (transport, morphology, structures, surface chemistry, etc.) can be controlled directly from the synthesis process, but they can also be modified later through post-synthesis treatments [31]. Plasma functionalization [31] and decoration [32,33] are the most effective post-synthesis methods in the control and modification of their characteristics.



In the case of detection applications, CNW-like materials can be considered among the most promising nano/micro-porous structures, especially due to the large specific surface area, their sharp edges and their electronic mobility. These layers present sensitivity like that of single graphene, especially in the area of sharp edges, where there are only a few graphene layers (2–5 graphene layers), compared to the base. According to the detection mechanism, we can list several types of sensors based on vertically oriented graphene: chemo-resistive sensors [34], electrochemical sensors [35,36], SERS sensors (based on Raman amplification by the surface plasmons on the CNW surface) [32], MR sensors (magneto-resistive-based on the magneto-transport phenomenon present in CNWs) [37] and SAW sensors (based on surface acoustic wave modulation), but for the latter there are no reports on CNW-type materials. In our previous reports [32,34], we presented the detection limits and analytes detectable using the SERS method and also the representative examples of gas/vapor detection (H2, NH3, NO2, acetone vapors, methanol, diethyl ether, iso-pentanol) by CNWs and CNW hybrid chemo-resistive sensors and their performance.



In the present study, a SAW sensor with a CNW sensitive layer was fabricated via plasma-enhanced chemical vapor deposition (PECVD) by using a low-pressure RF plasma jet. Further, this sensor was treated in H2 plasma. The advantages of this method are the possibility of controlling the synthesis parameters, the use of a low growth temperature (because of the energy provided by plasma, the need for a high temperature is reduced), a fast reaction rate and high efficiency [38,39].



To the best of our knowledge, (from the literature dedicated to vertically oriented graphene), there has been no report/study about SAW sensors based on CNWs. On the other hand, the plasma treatment approach is another topic of interest and novelty in this paper. By using H2 plasma treatment, we managed to improve the sensitivity of the initial sensor. After the initial gas tests/measurements of the sensor based on CNW layers on SAW electrodes, the CNW layers were treated in H2 plasma, and we observed that the sensitivity was improved.



By using SAW sensors with CNWs as an active material, we can succeed in the detection of H2 and CH4 in the range of 4 ppm and 14 ppm, respectively. Compared to other results of SAW sensors obtained in our laboratory and tested in the detection of H2 at RT, these are tens of times better. The best LOD in [40] was 251 ppm, and in [2], the best LOD was 1210 ppm.



To highlight the importance of using vertical graphene in the fabrication of SAW-type sensors, we compare the present results with other H2 and CH4 sensors based on graphene from the literature. We identified some reviews that present the state of the art with a table and comparison of representative results for H2 [12] and CH4 [41] sensors based on graphene layers and many combinations between graphene and metallic nanoparticles or polymers. By adding nanoparticles (decoration) and mixing graphene with polymers, the detection limit can be enhanced. Some examples [12] of chemoreceptive H2 sensors show the possibility of detecting H2 in the small quantity of 100 ppm and concentrations as low as 0.025–1% in synthetic air at RT by using sensors based on graphene composites with polymers (PEDOT:PSS, PANI, PMMA) or detecting H2 at even lower concentrations by using sensors based on graphene composites with metals (20 ppm of H2 using Pd/graphene (RT), 1% H2 using Pt/graphene (RT) and 0.5% H2 using Pt/reduced graphene oxide (RGO) as sensitive materials working at 50 °C). Chemo-resistive H2 sensors based on modified graphene with metal (Pd/graphene composite) could have detection limits below 0.1 ppm [42]. When the same sensitive material, Pd/graphene, was used for the fabrication of resistive and SAW sensors, tests showed a better detection performance for the resistive sensor, which detected a minimum H2 concentration of 0.2 ppm; in contrast, the lowest concentration detected by the SAW sensor was 0.25% (2500 ppm) [42].



In addition, SAW sensors based on graphene and their composites are also sensitive to other species such as humidity [43,44], NO [45] and TNT [46].



As we described above, the use of graphene-based composites leads to an increase in the performance of SAW sensors. It is difficult to identify studies regarding the fabrication of SAW sensors used in H2 and CH4 detection by using only simple, unmodified graphene multilayers (no metal or polymer composites) as sensitive materials. However, we can list a few reports on H2 detection and one study on CH4 detection (Table 1).




2. Materials and Methods


2.1. Synthesis of CNWs and Their Plasma Treatment


The vertically aligned graphene or CNW layer was synthesized using a low-pressure RF plasma jet in a mixture of gases of Ar/H2/C2H2 at a ratio of 1000/25/2 SCCM (standard cubic centimeters per minute) in a working pressure of about 110 Pa [50]. The radio frequency power was set at 300 W for 30 min deposition time. The deposition was performed on SAW sensor quartz substrates (SAW@CNW), and the temperature was maintained at 600 °C during deposition. After the SAW@CNW sensor was tested (the description of the testing process is below), its sensitive CNW layer was subjected to H2 plasma treatment in order to improve the performance of the sensor (SAW@CNW_Treat). This treatment was performed in Ar/H2 plasma at a gas ratio of 100/50 sccm, at a pressure of 5 Pa, at 100 W, for 600 °C for 30 min of treatment. The sensitive layer of the sensor was morphologically and compositionally characterized by SEM and XPS before and after H2 plasma treatment. For SEM, we used an Apreo S Thermo Fisher Scanning Electron Microscope (Thermo Scientific, Waltham, MA, USA), with a maximum resolution of 0.7 nm. The SEM images were recorded at a working voltage of 15 kV. X-ray photoelectron spectroscopy (XPS) was performed using a K-Alpha Thermo Scientific (ESCALAB™ XI+, East Grinstead, UK) spectrometer equipped with a monochromatic Al Kα X-ray source (1486.6 eV). The acquisition steps were 1 eV for the general spectra and 0.1 eV for high-resolution spectra.




2.2. Sensor Structure and Testing


The delay-line SAW sensor consisted of a quartz piezoelectric substrate, two pairs of gold interdigital transducers (IDTs) and a sensitive layer (Figure 1). The ST-X-cut quartz substrate had a parallelogram geometry, which contributed to the reduction in unwanted SAW reflections and a relatively low temperature coefficient [51]. The SAW sensor was 38 mm long, 10 mm wide and 0.5 mm thick. The IDTs were made of 50 electrode pairs, placed in a double-comb configuration with a periodicity of 11µm (Figure 1). They had a thickness of 150 nm, and they were deposited by photolithography, on a chrome layer that ensures the adhesion of the gold on the quartz substrate. The deposition of the sensitive layer was limited using a mask that protected the IDTs.



As the substrate is piezoelectric, when an incoming electrical radiofrequency signal is applied to the IDTs, it is converted into mechanical waves. They cross the surface of the SAW sensor to the other pair of IDTs, with a certain oscillation frequency. This oscillation frequency is perturbed when the properties of the sensitive layer are modified due to the presence of the gas molecules. These changes result from mass accumulation of gas molecules in the sensitive layer, or due to electrostatic interactions with the sensitive layer [5,51].



The sensors were tested at concentrations between 0.02% and 0.1% H2 and CH4. These concentrations were obtained by homogenizing the target gas mixtures of H2 and CH4 with synthetic air, using three mass flow meters connected to a mass flow controller. The gas flow rate was maintained constant at 0.5 L/min. The temperature and the gas flow rate were maintained constant during all measurements, in order not to induce the cooling of the substrate, which would be a second factor for changing the frequency shift, apart from the ad/absorption of gas molecules in the sensitive layer.



The test results were processed using Times View 3 software, connected to a DHPVA-200 FEMTO amplifier (Messtechnik GmbH, Berlin, Germany) and a CNT-91 Pendulum Frequency Counter (Figure 2). More details about the sensor test system and experimental setup are presented in Figure 2 and in [40].





3. Results and Discussion


The morphology of the CNW film deposited on the SAW electrode is shown in Figure 3a. It is a typical top-view morphology of CNWs (lamellar network) and is similar to the morphology of CNWs usually obtained before for a temperature of 700 °C at the same Ar/H2/C2H2 ratio [16]. The H2 plasma treatment modifies the morphology, as we can see in Figure 3b, while surface chemistry is also changed, as we will see below. In Figure 3b, we can notice a thickening of the individual edges of the CNWs [52] and on the other hand, we can see that the inter-spaces between the walls seem to be emptier compared to those of the initial sample. We can say that the H2 plasma treatment led to the etching of edge tips, but also to the corrosion of the carbonic materials between the walls of the CNW layers, as can be seen in Figure 3b. After the sensor tests, the device was fragmented for cross-section SEM investigation. From the cross-section image, the thickness of treated CNW layers was determined to be about 500 nm.



The XPS survey spectra provide valuable insights into SAW@CNW sample composition and plasma treatment effects on surface properties, which are necessary for advanced materials development. Figure 4 shows the XPS survey spectra of both samples—the as-deposited SAW@CNW and the SAW@CNW_Treat samples. An analysis of the spectra reveals that both samples are mainly composed of carbon, oxygen, and nitrogen. The chemical composition of these samples is presented in Table 2, which provides detailed information on the peak positions of these elements and their relative atomic concentrations. Upon plasma treatment, we observed a noticeable increase in oxidation and the introduction of more oxygen- and nitrogen-containing chemical groups. This change in composition (introductions of more oxygen and nitrogen atoms) is most likely due to the low vacuum during treatment and subsequent exposure to the atmosphere.



A detailed analysis was conducted using high-resolution XPS to investigate the connection of various elements to the material’s surface. The study was focused on the carbon region C1s, but the N1s and O1s regions were also recorded. Figure 5 presents the high-resolution spectra in these regions and (with a dotted line) the positions (binding energy) of the most probable chemical bonds, as assigned previously [41] or identified by other authors for this type of nanomaterial [53]. The overlay of these spectra revealed significant modifications in chemical states after treatment. Although the difference may not be obvious in the overlap graphs of the C1s region of carbon in Figure 5a, the changes become more apparent after deconvolution of the graphs (Figure 6) and calculation of the relative percentages of each component. On the other hand, it is quite evident (Figure 5b,c) that in the N1 and O1s regions, an important contribution is found as adsorbed nitrogen (at about 395.6 eV) and oxygen (at 530.1 eV), possibly as molecules trapped between the walls after treatment. The other bonds made by nitrogen after the plasma treatment at 600 °C are of the N pyrrolic and pyridinic type (with binding energy at ~397.5 and 398.9 eV), with a small amount as graphitic N (~401.3 eV). Similarly, the rest of the oxygen bonds are of the O= double bond (as in O2 and CO2 at about 531.1 eV), O- single bond (532.3 eV) and COOH (at 533.4 eV) types.



The C1s region is worth further discussion, as the other chemical groups are linked to the carbonic base structure. The C1s region of the sample was analyzed in detail, and it was found to contain six distinct sub-peaks, namely C1, C2, C3, C4, C5 and C6, with their respective energy levels centered at about 284.6 eV, 285.6 eV, 286.5 eV, 288.4 eV, 290.0 eV, and 291.8 eV, after calibration of the initial C1s peak at 284.6 eV. These sub-peaks were assigned to specific chemical components, with C1 representing the C=C in sp2; C2 assigned to single bonded C- as C–C in sp3 or in defects and C–H; C3 representing C–OH, O–C–O and C–N; C4 attributed to double-bonded C= as C=O; C5 representing O=C–OH; and C6 assigned to delocalized orbitals also known as π–π∗ transitions. The relative concentration of each component in the C1s spectra was further analyzed, and the results are presented in Figure 6.



It was observed that there was a decrease in the relative concentration of C=C in sp2 groups and an increase in the relative concentration of C-C in sp3 and defects, as well as COOH groups and the π transition. The increase in the number of electrons in the π orbitals reflects some change in the conduction band of materials. Surface chemistry modifications have a pronounced effect on the absorption of diverse molecules that are detected by the materials. This was confirmed by sensor tests on two types of gases, H2 and CH4, after plasma treatment.



The tests were carried out at concentrations of gases between 0.02% and 0.1% and at RT. The calculated relative error was less than 4% for more than 20 consecutive measurements for the same concentrations. The oscillation frequency of the sensors was about 62 MHz. The noise level of the SAW sensor (in both cases, untreated and treated CNWs) was 25 Hz.



The sensors tested in the detection of H2 had responses for each concentration tested, and the graph of frequency shifts (Figure 7) shows that there was an improvement in sensor response after the plasma treatment. The same trend was observed both for sensitivity and limit of detection (LOD). Sensitivity represents the frequency shift in Hz per unit analyte concentration in ppm [2,51]. LOD is defined as 3 times the noise level divided by the sensitivity [2,51]. Table 3 confirms this, showing an increase in the sensitivity and a decrease in the limit of detection (LOD) of the sensor after the plasma treatment, by approximately 68% and 41%, respectively, compared to the results before this treatment. The average sensitivity before the plasma treatment was 5.62 Hz/ppm, and the average sensitivity increased to 9.4 Hz/ppm after the plasma treatment. Regarding LOD, it decreased from 13.35 ppm before treatment to 7.79 ppm after plasma treatment. Also, the response time decreased after the plasma treatment, from 80 s to 75 s. We suppose that the improvement in SAW performance after plasma treatment is closely related first of all to the presence of more electrons in the π orbitals (1.2%) and to the increase in the percentage of defects and CH bonds (0.5%), C-O/C-N bonds (0.1%), C=O bonds (0.2%) and COOH bonds (0.2%), as shown in Figure 6c.



Results were also obtained for CH4, for all concentrations tested at RT. Compared to the frequency shifts obtained for H2, those for CH4 were doubled (Figure 8).



Also, the results for sensitivity and LOD were twice better for CH4 than for H2.



The average sensitivity to CH4 obtained before the plasma treatment was 11.31 Hz/ppm; after the treatment, there was an increase of 54%, with the average sensitivity obtained being 17.46 Hz/ppm (Table 4). Regarding the LOD, the average obtained was 6.64 ppm before the plasma treatment, decreasing to 4.3 after it.



The better response of the sensor for CH4 than for H2 (in both cases, untreated and treated CNWs) is explained by the good adsorption and CH4 molecules possibly trapped between the layers of CNW.



The CH4 adsorption is improved on the CNW surface due to the “Effects of Graphene Stacking” [54] that appear in the multilayer graphene structure of CNW layers due to π electrons, but also due to the presence of defects, activation [55] and dopants [56]. On the other hand, Van der Waals forces must be considered in CH4 molecule adsorption, as they are considered in the calculation of adsorption energies of methane molecules on graphene with defects and dopants [56]. On the other hand, another explanation could be that under the same conditions of temperature and pressure (RT and atmospheric pressure), but also on the same sensitive element, CNWs, CH4 has a higher molecular mass (larger and heavier molecule) than H2 and “sits” with a larger mass on the sensitive element, and also the direct interaction with the surface acoustic waves is more pronounced in its case.



From the dynamic response of SAW@CNW_Treat in the H2 test (Figure 9), it can be seen that the sensor is a reversible one, which returns to the initial oscillation frequency after the release of the gas of interest. This is another important feature for sensor performance and most of the time is an advantage of SAW sensors. Due to the fact that there is no irreversible chemical reaction with the gas molecules on the sensitive layer, desorption occurs after the release of the gas, which allows the sensor to be used for other determinations.



The results show a significant improvement in the absorption of these gases by the plasma-treated CNWs, highlighting the potential of surface chemistry modifications in enhancing the performance of SAW sensors.




4. Conclusions


We successfully grew a sensitive layer based on vertically aligned graphene on a SAW substrate using a low-pressure RF plasma jet at 600 °C. Later, the sensitive layer was subjected to H2 plasma treatment to observe its influence on the SAW sensor response. Both the SAW@CNW and SAW@CNW_Treat sensors responded to H2 and CH4 at concentrations between 0.02% and 0.1%. It was observed that there was an improvement in detection after plasma treatment for both gases, the best sensitivity being obtained by the SAW@CNW_Treat sensor tested for CH4, with an average of 17.45 Hz/ppm and an LOD of 4.3 ppm, at RT.



Hydrogen plasma treatment led to the etching of CNW edges and cleaned the space between the walls, but the lamellar structure was preserved, as we saw in the SEM investigation. Instead, we highlight the changes in the chemistry of the CNW surfaces. The appearance of new chemical groups and the increase in defects and electron transitions contribute to the large absorption of gases on treated CNWs, which enhances the sensitivity.



These results are promising for the development of new SAW sensors based on vertically aligned graphene layers that work at RT, with performances below the ppm level. On the other hand, the testing of new plasma treatments should be considered for improving the performance of other SAW sensors.
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Figure 1. Scheme of the SAW sensor with CNW sensitive layer. 
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Figure 2. Experimental setup for SAW sensor measurements. 
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Figure 3. SEM images of (a) SAW@CNW sensor and (b) SAW@CNW_Treat. 
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Figure 4. The XPS general spectra of SAW@CNW and SAW@CNW_Treat. 
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Figure 5. High-resolution XPS spectra of CNWs and treated CNWs in the region of (a) C1s, (b) N1s and (c) O1s. 
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Figure 6. C1s high-resolution XPS spectra (dotted lines) and their deconvolution (subpeaks with color lines: C1-red line; C2-blue line, C3-magenta line, C4-olive line, C5-navy line, C6-purple line) for (a) SAW@CNW and (b) SAW@CNW_Treat )and (c) the relative percentages of C1–C6 components of these samples. 
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Figure 7. Frequency shift of the SAW sensor at different H2 concentrations. 
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Figure 8. Frequency shift of the SAW sensor at different CH4 concentrations. 
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Figure 9. Dynamic response of SAW@CNW_Treat at 800 ppm H2 gas concentration. 
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Table 1. Results of SAW sensors based on graphene layers.
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	Sensitive Layer
	Analyte
	Concentration
	Working

Temperature
	Reference





	Reduced graphene oxide
	H2/Ar

H2 in synthetic air
	100 ppm

1000 ppm
	RT
	[47]



	Graphene oxide layers
	H2 in synthetic air

NO2 in synthetic air
	4–75%

125 ppm
	20–120 °C
	[48]



	Graphene-like nano-sheets
	H2

CO
	1%

1000 ppm
	25 °C
	[9]



	Graphene–

nickel–cryptophane
	CH4
	1%
	RT
	[49]



	CNW—vertical graphene
	H2

CH4
	7.9 ppm

4.3 ppm
	RT
	Actual work










 





Table 2. The relative atomic concentration and the peak position for CNWs and plasma-treated CNWs deposited onto SAW electrodes.
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Sample

	
Name

	
Position

	
% Conc.






	
SAW@CNW

	
C 1s

	
284.6

	
89.6




	
N 1s

	
398.6

	
1.3




	
O 1s

	
532.6

	
9.1




	
SAW@CNW_Treat

	
C 1s

	
284.6

	
70.2




	
N 1s

	
397.6

	
7.3




	
O 1s

	
532.6

	
22.5











 





Table 3. Sensitivity and limit of detection (LOD) of the sensor in H2 tests. Legend: Δf—frequency change; c—H2 concentration; n—noise level.
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H2 (%)

	
Sensitivity

(Δf/c)

(Hz/ppm)

	
LOD

(3xn)/(Δf/c)

(ppm)




	
Before Plasma

Treatment

	
After Plasma

Treatment

	
Before Plasma Treatment

	
After Plasma

Treatment






	
0.02

	
5.6

	
9.5

	
13.39

	
7.89




	
0.04

	
5.78

	
9.75

	
12.99

	
7.69




	
0.06

	
5.5

	
9.08

	
13.64

	
8.26




	
0.08

	
5.68

	
9.5

	
13.22

	
7.89




	
0.1

	
5.55

	
9.2

	
13.51

	
8.15











 





Table 4. Sensitivity and limit of detection (LOD) of the sensor in CH4 tests. Legend: Δf—frequency change; c—H2 concentration; n—noise level.
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CH4 (%)

	
Sensitivity

(Δf/c)

(Hz/ppm)

	
LOD

(3xn)/(Δf/c)

(ppm)




	
Before Plasma

Treatment

	
After Plasma

Treatment

	
Before Plasma Treatment

	
After Plasma

Treatment






	
0.02

	
11.00

	
18.00

	
6.82

	
4.17




	
0.04

	
11.25

	
17.63

	
6.67

	
4.26




	
0.06

	
11.67

	
16.58

	
6.43

	
4.52




	
0.08

	
11.13

	
17.38

	
6.74

	
4.32




	
0.1

	
11.50

	
17.70

	
6.52

	
4.24
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