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ABSTRACT Surface acoustic wave (SAW) devices have been widely explored for real-time 

monitoring of toxic and irritant chemical gases such as nitrogen oxide (NO2), but they often have 

issues such as complicated process of the sensing layer, low sensitivity, long response time, 

irreversibility, and/or requirement of high temperatures to enhance sensitivity. Herein, we report a 

sensing material design for room temperature NO2 detection based on a 3D porous architecture of 

Ag-decorated reduced graphene oxide-polypyrrole hybrid aerogels (rGO-PPy/Ag), and apply UV 

activation as an effective strategy to further enhance the NO2 sensing performance. The rGO-

PPy/Ag based SAW sensor with the UV activation exhibits high sensitivity (127.68 Hz/ppm), fast 

response/recovery time (36.7 s/58.5 s), and excellent reproducibility, selectivity, and fast 

recoverability. Its enhancement mechanisms for highly sensitive and selective detection of NO2 

are based on 3D porous architecture, Ag-decorated rGO-PPy, p-p heterojunction in rGO-PPy/Ag, 

and UV photogenerated carriers generated in the sensing layer. The scientific findings of this work 

will provide the guidance for future exploration of next-generation acoustic wave based gas 

sensors.  

 

1. INTRODUCTION 

Intelligent monitoring and wireless sensing technologies have been developed extensively with 

the rapid progress of internet of things (IoTs), and smart sensors are one of the crucial components 

which are necessary to collect massive amounts of data and information from surrounding 
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environments.1-4 For example, toxic and irritant nitrogen dioxide (e.g., NO2) is one of common air 

pollutants contributing to the formation of ground-level ozone and acid rain, and is also harmful 

to human health and terrestrial plants.5-6 Therefore, it is important to develop a wirelessly operated 

gas sensor integrated with the IoTs for rapid and selective detection of NO2 at room temperature. 

Surface acoustic wave (SAW) sensor, which has been widely used to detect physical, chemical 

and biological substances, offers the possibility of realizing highly sensitive NO2 sensors with a 

low detection limit (simply because the energy of the acoustic waves is concentrated on or near 

the sensing surface of the SAW device).7-9 The resonant frequency signals of the SAW device can 

be transmitted wirelessly supporting the possibility of remote sensing and also can be installed at 

different places under harsh conditions.10-11  

For SAW-based chemical gas sensor (such as for NO2), one of its key attributes is the sensitive 

film with a high selectivity and a high adsorption capacity, as this sensitive film is required to 

strongly adsorb the gas molecules, thus leading to the changes in oscillation frequency of the SAW 

sensor duo to mass-loading effect, acoustoelectric effect and elasticity effect. Different sensitive 

materials, such as polymers,12 metal oxides13 and various carbon-based nanomaterials14 have been 

developed for NO2 detection. For example, Ye et al. proposed using PPy/TiO2 as the sensitive film 

for NO2 detection, but the frequency response is relatively low, with a value of only 0.11 kHz 

towards 100 ppm NO2.
12 Duan et al. developed a SAW NO2 sensor based on a sensitive film of 

CuPc/ZnO/MWNTs, with a relatively high frequency response of 0.7 kHz towards 100 ppm NO2, 

but the response/recovery time was quite long (210 s/420 s), under the required additional heating 
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at 50 °C.14 Wang et al. reported a highly sensitive SAW NO2 sensor based on Pb(NO3)2 treated 

PbS colloidal quantum dots, and achieved fast response/recovery time of 45 s/58 s and a frequency 

shift of 9.8 kHz towards 10 ppm NO2. However, preparation of such types of sensitive materials 

is often quite complicated, and in certain cases, the lead compounds are used, which are 

environmental and health hazards.15 So far, it is still a great challenge for enhancing the 

performance of SAW-based NO2 gas sensors because of their relative low sensitivity, long 

response time, irreversibility, complicated preparation process of the sensitive layer, as well as 

requirement of high temperatures for sensing, all of which restrict their practical sensing 

applications.  

Recently, reduced graphene oxide (rGO) has been considered as a promising NO2 gas sensing 

material owing to its large surface-to-volume ratio, excellent gas adsorption property, tunable 

surface chemistry, and long endurance in a harsh environment.16 In addition, compared with the 

conventional two dimensional (2D) rGO, 3D structures of rGO materials can dramatically enhance 

the gas-sensing performance, showing a higher response and a lower limit of detection (LOD).17 

For example, Wang et al. synthesized 3D rGO structures and heteroatom-doped 3D rGO for NO2 

gas sensor, which show high sensitivity, good linearity and impressive selectivity.18-19 However, 

synthesis of the 3D rGO often requires complex preparation processes, added specific reducing 

agents (such as hydrazine), or a high temperature hydrothermal process.20-22 Therefore, it is highly 

desirable to develop a simple but effective reduction method for 3D rGO. In 2011, Lee and co-

workers reported that graphene oxide (GO) can be reduced with pyrrole (Py) and the oligomers of 
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Py are adsorbed on the graphene nanosheets by π–π interactions with the help of heat treatment.23 

Sun et al. reported an environmentally friendly, low cost, and spontaneous assembly method to 

synthesize rGO-PPy aerogels at room temperature, without adding any other oxidant or reducing 

agent.24 Nevertheless, until now, most reported rGO-PPy aerogels are explored for applications in 

energy storage,25 ammonia gas detection26 and water purification24 due to their strong adsorption 

capacities, and few studies have been done for NO2 detection based on SAW technology. 

Herein, we demonstrate a new concept of SAW chemical sensor (Figure 1a) capable of NO2 

detection at room temperature using a 3D porous architecture of rGO-PPy/Ag, exhibiting high 

sensitivity (127.68 Hz/ppm), fast response/recovery times (36.7 s/58.5 s), as well as excellent 

characteristics of reproducibility, recoverability and selectivity.  

 

2. EXPERIMENTAL SECTION 

Material, methodology and device design strategies 

(1) A spontaneous assembly method was proposed to construct 3D rGO-PPy hybrid aerogels as 

the SAW sensitive material, which is simple, environmentally friendly and easy to scale-up. The 

large specific surface areas of 3D rGO-PPy hybrid aerogels provided abundant adsorption sites for 

NO2 gas molecules. 

(2) Incorporating Ag elements into the 3D rGO-PPy was proposed as an effective strategy to 

improve the room-temperature sensing performance (especially reversibility) for NO2 detection, if 
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compared with using the pristine rGO-PPy. The decoration of catalytically active Ag nanoparticles 

(NPs) can adjust the local charge distribution structure of the rGO sheets and these Ag NPs can 

serve as the active sites for NO2 absorption.20 Moreover, the surface and internal decoration of Ag 

NPs of 3D rGO-PPy results in a 3D stacked porous architecture of rGO-PPy/Ag, which is 

beneficial for the diffusion of gas molecules in the film and improves the recoverability of the 

sensors. Lastly, because the work function of Ag is different from those of both rGO and PPy, 

much stronger builtin electric fields can be easily generated, and thus accelerate the 

response/recovery speed. 

(3) Ultraviolet (UV) activation was employed as an effective strategy to further enhance the 

sensing performance. The sensitive film being irradiated by the UV light can generate a large 

number of electron-hole pairs, thus promoting the adsorption of NO2 and oxygen molecules on the 

surface. 

(4) The built-in electric field produced by p-p heterojunction in the rGO-PPy/Ag composite 

materials could effectively separate the photogenerated electron-hole pairs generated by UV 

source, which improves the sensing performance. 

 

Synthesis of 3D porous rGO-PPy/Ag architecture  

Figure 1b illustrates the process flow for preparing sensitive films of 3D stacked and porous 

rGO-PPy/Ag architecture for SAW NO2 detection. Firstly, a spontaneous assembly method was 

developed to construct 3D rGO-PPy hybrid aerogels as the SAW sensitive material. The GO was 
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ultrasonically dissolved into deionized water and then mixed with pyrrole, followed with 

ultrasonically stirring for 5 min and heating at 80°C for 8 hrs, thus the 3D porous rGO-PPy 

hydrogels were formed. Then the obtained hydrogels were washed three times using alcohol and 

dried via a supercritical drying method to form the 3D porous rGO-PPy aerogels. The redox 

reactions between GO and Py resulted in the reduction of GO and polymerization of Py without a 

need of adding any other oxidation or reduction agents. This process is simple, environmentally 

friendly and easy to scale-up. For preparation of Ag nanoparticles, silver nitrate was mixed into a 

sodium citrate aqueous solution under ultrasonically stirring. Then the solution was heated at 

100°C for 3 hrs, leading to the formation of Ag nanoparticles suspension. To incorporate Ag into 

3D rGO-PPy, the rGO-PPy aerogel was redispersed into an ethanol solution and mixed with Ag 

nanoparticles suspension under an ultrasonication for 15 min. Finally, the solution was washed 

three times to obtain the rGO-PPy/Ag ethanol solution and then dried at 60°C for 5 min after drop-

coating onto the SAW device surface to form the 3D stacked porous architecture of rGO-PPy/Ag 

as the sensing layer. The detailed synthesis process is presented in the Supporting Information (SI). 

Figure S1 shows the photographs of the sensitive solution at all steps of the preparation process. 
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Figure 1. (a) Schematic illustration of the adsorption mechanism of NO2 molecules on the 

proposed SAW sensitive layer; (b) Synthesis process of 3D porous architecture rGO-PPy/Ag 

composite; (c) Wafer-level SAW device was died into single chip and packaged onto printed 

circuit board (PCB) and then mounted into gas sensing box; (d) A schematic view of the sensing 

testing system of SAW for NO2 detection. 

Fabrication of SAW NO2 Sensors and Gas Sensing Measurements 

The SAW devices were fabricated on a 4-inch lithium niobate (LiNbO3) wafer (Y-cut 128°, 500 

μm thick), as illustrated in Figure S2a. The conventional UV photolithography and lift-off 

processes were used to fabricate gold (Au) interdigital transducers (IDTs) with a wavelength (λ) 

of 16 μm (Figure S2b). The number of IDTs pairs was designed as 60, with a metallization ratio 

of 0.5 and an aperture of 250 λ. The reflector pairs were 120 and the center distance between the 
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two ports was 200 λ. For SAW sensors, the as-prepared rGO-PPy/Ag ethanol solution was coated 

onto the delay line area of the SAW device using a drop-coating process (Figure S2c). The sensing 

layer of the PDMS film was deposited at the acoustic propagation area between the two IDTs, 

followed with drying process (60°C) of 5 min to finally obtain the sensitive layer of 3D porous 

rGO-PPy/Ag composite (Figure S2d).  

For gas sensing, the fabricated SAW devices were diced into several small chips, packaged onto 

the PCB, and then mounted in the gas chamber, as shown in Figure 1c. The schematic diagram of 

the gas sensing test platform is shown in Figure 1d. Different gas concentrations were achieved by 

using two mass flow controllers to regulate the flow ratios of nitrogen dioxide and dry air. The 

device’s performance such as transmission characteristic was characterized using a vector network 

analyzer (3656D, Ceyear, China). A LabVIEW program was developed to implement automated 

measurements to record the frequency shifts as a function of time at different concentration levels. 

In addition, a UV-LED (λ=365 nm, NBet Technology Co., Ltd., China) was installed on the top of 

the chamber to activate the sensitive layer of SAW sensor, which was illuminated through a 

transparent observation window above the gas chamber. 

Material Characterization 

A scanning electron microscope (SEM, Sigma-300, ZEISS, Germany) with its attached energy 

dispersive X-ray spectroscopy (EDS) and a transmission electron microscope (TEM, JEM-

2100Plus, JEOL, Japan) were used to characterize the surface morphologies and internal lattice 
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structure of the sensitive films. The crystalline structure of the film was examined using an X-ray 

diffractometer (XRD, D8 ADVANCE, Germany). Raman spectrum analyzer (Alpha 300R, Witec, 

Germany) was used to characterize the molecular vibrational properties and evaluate the disorder 

level of rGO. An X-ray photoelectron spectroscope (XPS, AXIS SUPRA, Japan) was used to 

analyze the elements and chemical bonds in the samples in order to evaluate the effectiveness of 

graphene oxide reduction. Fourier transform infrared spectra (FTIR, Nicolet iS10, Thermo Fisher 

Scientific, USA) was employed to characterize the changes of oxygen-containing groups during 

the reaction process. The porous structure of the samples was analyzed using a specific surface 

area and pore size analyzer (JW-BK200C, JWGB Sci & Tech Ltd, China). An atomic force 

microscope (AFM, Dimension ICON, Bruker, USA) was used to observe the surface topography 

of the sensitive film. 

3. RESULTS AND DISCUSSION 

Characterization of As-Prepared Samples 

Figure 2a presents the SEM image of the fabricated rGO-PPy aerogel, which was synthesized 

using the spontaneous assembly method. The nitrogen adsorption-desorption isotherm of rGO-PPy 

aerogel was measured and the results are shown in Figure 2b. The rGO-PPy aerogel shows the slit-

like pores, with an average specific surface area of 405 m2/g and an average pore size of 2.05 nm. 

The 3D porous architecture has excellent adsorption properties and provides a large number of 

active sites for NO2. Figure 2c shows the surface morphologies of rGO-PPy sensing film, which 
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was drop-coated on the surface of SAW device. It is clear that the 3D porous rGO-PPy is uniformly 

distributed on the surface of SAW device. When the Ag NPs were incorporated into the 3D rGO-

PPy aerogel, the Ag NPs would be infiltrated into the internal structures of the rGO-PPy aerogel 

to form the rGO-PPy/Ag sensitive film as shown in Figure 2d. Figure S3 presents the EDS 

elemental mapping along the cross-section of the rGO-PPy/Ag film, demonstrating that Ag 

nanoparticles are uniformly distributed in the longitudinal dimension (depth). It should be noted 

that some Ag NPs are in the form of small-size nanoparticles (sub-10 nm in Figure S4), whereas 

the others are in the form of agglomerates (200−400 nm in Fig. 2d, as shown in Figure S5). This 

is because the Ag NPs have a strong surface reactivity because of their large specific surface area 

and deficiency of the coordination, which make them easily accumulated.27 The lattice fringes of 

Ag NPs measured from the high-resolution TEM image (Figure 2e) are 0.24 nm (111) and 0.20 

nm (200), which agree well with those reported in a previous study.20 These results have clearly 

demonstrated that the Ag NPs are successfully decorated into the 3D rGO-PPy aerogel, thus 

forming a 3D stacked and porous architecture of rGO-PPy/Ag composites. Figures 2f-i show the 

EDS elemental mapping of the 3D stacked architecture of rGO-PPy/Ag composites. The 

percentages of the atom distributions of C, O, N and Ag elements are 40.6 %, 40.9 %, 14.0 % and 

4.5 %, respectively. The uniform distribution of C, O and N elements indicates that the PPy is 

homogeneously doped in the rGO sheets and Ag NPs are embedded on the surface and internal 

structures of the rGO-PPy (Figure S6). We further performed AFM measurements to verify the 

contribution of Ag NPs to the 3D porous structure, and the result is shown in Figure S7. The root-
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mean-square (RMS) roughness of rGO-PPy/Ag sensing film is ~98.0 nm, which is much higher 

than that of rGO-PPy sensing film (~37.8 nm). This clearly demonstrates that the surface and 

internal decoration of Ag NPs of rGO-PPy leads to the formation of the 3D stacked and porous 

architecture. Thus, this sensing layer can provide numerous adsorption sites and facilitate the 

effective diffusion of gas molecules into the porous film.  

 

Figure 2. (a) An SEM image of the fabricated 3D porous rGO-PPy aerogel synthetized by a 

spontaneous assembly method; (b) Nitrogen adsorption and desorption isotherms of the rGO-PPy 

aerogel. The inset is the corresponding pore-size distribution. (c) An SEM image of rGO-PPy 

sensing film that was drop-coated onto the SAW surface; (d) An SEM image of 3D stacked porous 

rGO-PPy/Ag sensing film on to the SAW surface; (e) High-resolution TEM images of Ag 

nanoparticles; (f-i) EDS elemental mapping of C, O, N and Ag elements of rGO-PPy/Ag sensing 

film in Figure 2d, and the percentages of the atom distributions of C, O, N and Ag are 40.6 %, 40.9 

%, 14.0 % and 4.5 %, respectively.  
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XRD was performed to characterize the crystalline structures of GO, PPy, rGO-PPy and rGO-

PPy/Ag, and the results are shown in Figure 3a. PPy is amorphous without any characteristic peaks, 

and a strong characteristic peak of GO is observed at a diffraction angle 2θ of 11.26°, 

corresponding to the (002) crystal plane of GO.21 XRD results of the rGO-PPy and rGO-PPy/Ag 

do not have the characteristic peaks of GO (002) after the synthesis process. This demonstrates 

that the GO has been effectively reduced,28 which is consistent with the SEM observation (Figure 

2). There are two strong diffraction peaks of 38.25° and 44.48° in the 3D porous rGO-PPy/Ag 

composite, which are corresponding to those of Ag (111) and Ag (200), respectively (Figure S8). 

The above results are compatible with the SEM and TEM results (Figure 2d-e) and clearly show 

that the Ag NPs are successfully decorated within the 3D porous rGO-PPy aerogel.  

Raman spectroscope was further employed for the analysis of molecular structures and lattice 

defects of the samples and the results are shown in Figure 3b. Results show that both the D band 

(1340.92 cm−1) and G band (1596.09 cm−1) are observed for the samples, which represent the 

lattice defects and the sp2-hybridized carbon domains, respectively.6, 29 As the GO was reduced by 

Py to form rGO-PPy and then decorated with Ag to form rGO-PPy/Ag, the intensity ratio of D 

peak to G peak (ID/IG) is increased from 1.02 to 1.11, and then to 1.25 (Table S1), suggesting the 

generation of sp2 clusters after Py reduction and the increased defects. The defects are consisted 

of vacancies, grain boundaries, and amorphous carbon species. The Ag NPs are decorated onto 

and also inside the rGO-PPy 3D porous structures. These defective sites can enhance the 

adsorption of NO2 gas on rGO-PPy and rGO-PPy/Ag by serving as the active sites.6 
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Figure 3. (a) and (b) XRD patterns and Raman spectra of GO, PPy, rGO-PPy and rGO-PPy/Ag; 

(c) XPS survey spectra of GO, PPy, rGO-PPy and rGO-PPy/Ag; (d) XPS spectrum of Ag 3d; (e) 

C 1s XPS spectra of GO, PPy, rGO-PPy and rGO-PPy/Ag; (f) N 1s XPS spectra of PPy, rGO-PPy 

and rGO-PPy/Ag. 

XPS was further used to analyze the chemical composition and chemical bonds of samples, and 

the results are shown in Figures 3c-f. In the XPS survey spectrum, the intensities of O 1s for both 

the rGO-PPy and rGO-PPy/Ag are relatively weak compared with that of GO, demonstrating the 

effective reduction of GO with partial loss of oxygen (Figure 3c). This improves the conductivity 

of the rGO sheets,20 which will be revealed by the frequency shift of the SAW device. In addition, 

the N 1s peak appears in rGO-PPy and rGO-PPy/Ag, owing to combination of the PPy with the 
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rGO, as only the PPy has the N element.30 The Ag 3d spectrum of rGO-PPy/Ag is shown in Figure 

3d, which presents two peaks at 368.4 eV (Ag 3d5/2) and 374.4 eV (Ag 3d3/2). This confirms the 

effective modification and decoration of Ag NPs into rGO-PPy,20 which is well compatible with 

the results from EDS, TEM, SEM and XRD. It should be noted that the C/O ratio of rGO-PPy 

(6.02) is significantly higher than that of rGO-PPy/Ag (2.56) (Table S2). This is mainly due to the 

increase of adsorption sites by doping Ag and the formation of more adsorbed oxygen, both of 

which are beneficial to NO2 detection.31  

The deconvoluted high-resolution C1s spectrum (Figure 3e) reveals the existence of five types 

of carbon bonds for the samples, which are C−C at 284.8 eV, C−N at 287.8 eV, C−O (hydroxyl 

and epoxy groups) at 286.9 eV, O−C=O (carboxyl groups) at 288.6 eV and 290.7 eV for the π-

π*.6, 32 Among these peaks, the intensities of oxygenated groups (C−O and C=O) are decreased 

dramatically from GO to rGO-PPy and rGO-PPy/Ag, which indicates the successful reduction of 

GO with the Py acting as the reductant.  

The elimination of oxygenated groups by the Py was further verified by the FTIR measurement, 

because the obtained peak intensities of oxygenated groups, including C−O (1041 cm-1), O−H 

(1253 cm-1) and C=O (1733 cm-1),27, 32 are obviously much lower than those of GO (Figure S9).  

Figure 3f shows the XPS spectra of N 1s for PPy, rGO-PPy and rGO-PPy/Ag. There are three 

different fitted peaks, which are located at 397.5 eV (=N−), 399.6 eV (N−H) and 400.9 eV 

(N−H+).32 All the peaks show a positive shift, due to the combination of PPy with rGO. All these 
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XPS and FTIR results provide evidences of the effective deoxygenation of GO in the synthesis 

process of rGO-PPy aerogel. 

NO2 SAW Sensing  

Figure 4a shows the transmission (S21) and reflection (S11) spectra of SAW device with a 

wavelength of 16 μm. The device presents a well-defined resonant peak and the center frequency 

is 246.99 MHz. The effective electromechanical coupling coefficients (K2), obtained using the 

Smith Chart function of the network analyzer, is 2.4% and the amplitude of the transmission signal 

of the SAW device is ∼21.80 dB, demonstrating the good performance of the SAW device.  
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Figure 4. (a) Transmission (S21) and reflection (S11) spectra of the fabricated SAW device with a 

wavelength of 16 μm; (b) Frequency responses of SAW sensor with the sensing layers of the rGO-

PPy, 3D stacked porous architecture of rGO-PPy/Ag and UV activated 3D stacked porous 

architecture of rGO-PPy/Ag toward NO2 (100 ppm) at room temperature; (c) The 

response/recovery time of the SAW device with UV activated 3D stacked porous architecture of 

rGO-PPy/Ag toward NO2 (100 ppm) at room temperature; (d) Comparisons of the 

response/recovery time of SAW sensors with the sensing layers of the rGO-PPy, 3D stacked 

porous architecture of rGO-PPy/Ag and UV activated 3D stacked porous architecture of rGO-

PPy/Ag toward NO2 (100 ppm) at room temperature; (e) Insertion loss characteristics of the SAW 

sensors with UV activated 3D stacked porous architecture of rGO-PPy/Ag toward 100 ppm NO2 

under UV irradiation for three cycles; (f) Dynamic response performance of the SAW sensors with 

UV activated 3D stacked porous architecture of rGO-PPy/Ag towards NO2 at concentrations from 

10 ppm to 100 ppm; (g) The experimental and linearly fitted response curves to various NO2 

concentrations. (h) Selectivity evaluation of the SAW sensors with UV activated 3D stacked 

porous architecture of rGO-PPy/Ag among a range of interfering gas species.  

For NO2 gas sensing, as the PPy and rGO sensitive materials are p-type semiconductors,20, 33-34 

NO2 molecules will capture electrons from the surface of the sensitive materials. This will lead to 

the decrease of the resistance of the sensing film, which causes the frequency shift of the SAW 

device.35 The corresponding reaction equations are shown in Equations 1~5.36-37 



 18 

Exposure to NO2: 

( ) ( )2 2O g e O ad− −+                                                        (1) 

( ) ( ) ( )2 2 2 22 2NO g O e NO ad O g− − −+ +  +                                       (2) 

( ) ( )2 2NO g e NO ad− −+                                                      (3) 

NO2 released: 

( ) ( )2 2O ad h O g− ++                                                        (4) 

( ) ( )2 2NO ad h NO g− ++                                                     (5) 

Upon exposure to NO2, as the NO2 has a stronger electron affinity than O2, the NO2 molecules will 

capture the electrons from the adsorbed oxygen (Eq. 1&2) and also the free electrons from the 

surface of sensing film. The NO2 molecules can also directly capture electrons from the conduction 

band of the sensing layer (Eq. 3), thus generating more holes in the sensitive layer and leading to 

the decrease of the resistance of the sensing film. When NO2 is released (or removed), the adsorbed 

oxygen and NO2 ions will be recombined with holes to form O2 and NO2, leading to the recovery 

of the SAW sensing device (Eq. 4&5).  

Figure 4b shows the frequency responses of SAW sensors with the sensing layers of the 3D 

porous rGO-PPy, 3D porously stacked architecture of rGO-PPy/Ag and UV activated 3D porously 

stacked architecture of rGO-PPy/Ag toward NO2 (100 ppm) at room temperature. Results show 

that the frequency of the SAW devices with 3D porous rGO-PPy sensing layer shows a negative 

shift with NO2 and an incomplete recovery. Compared with those of the pristine 3D porous rGO-

PPy sensing layer, the SAW sensors with the 3D stacked structure of rGO-PPy/Ag sensing layer 
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show faster responses and better reversible performance, which is mainly due to the catalytic effect 

of Ag NPs and its effect on constructing the 3D stacked architecture of the gas sensing layer 

(Figure 2d). The decoration of catalytically active Ag NPs can adjust the local charge distribution 

structure of the rGO sheets and serve as the active sites for the NO2 absorption.20 Furthermore, the 

3D porous and stacked architecture can provide more adsorption sites and more effective gas 

transport capacity, which are beneficial for the increased sensitivity and enhanced desorption of 

NO2 molecules.  

In addition, compared with the 3D porously stacked structure of rGO-PPy/Ag composite with 

and without UV irradiation, the SAW sensor with the UV activation shows much better 

performance and faster responses as shown in Figure 4b. Here the response and recovery time is 

defined as the time for 90% signal change in the full-scale response. As shown in the Figures 4c 

and 4d, the SAW sensor with UV activated 3D stacked structure of rGO-PPy/Ag composite shows 

much shorter response/recovery time (36.7 s/58.5 s) than that without UV activation (73.5 s/207 

s), demonstrating that the UV irradiation can drastically reduce the response/recovery time and 

significantly improve the NO2 sensing performance of SAW device.  

When the sensing film is exposed to the UV irradiation, large numbers of photogenerated carriers 

(electron-hole pairs) are generated in the sensing layer as shown in Eq. 6. Due to the generated 

builtin electric field of the rGO-PPy/Ag composite, the electrons and holes pairs can be effectively 

separated and thus actively participate in the sensing process, leading to the formation of more 

adsorbed oxygen ions (Eq. 7). More NO2 molecules are adsorbed (Eq. 8&9), which leads to a faster 
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response speed.36-37 Furthermore, photogenerated holes are beneficial to the desorption of gas 

molecules, which accelerates the recovery speed. Therefore, the SAW sensor with the UV 

activated 3D stacked structure of rGO-PPy/Ag composite shows a fast response and a full recovery. 

hv hvhv h e+ − +                                                              (6) 

( ) ( )2 2hvO g e O hv− −+                                                        (7) 

( ) ( )2 2hvNO g e NO hv− −+                                                      (8) 

( ) ( ) ( )2 2 2 22 2 ( )hvNO g O hv e NO hv O g− − −+ +  +                                    (9) 

The adsorption of the NO2 gas can also cause the changes of insertion loss of the SAW sensors 

due to the changes in conductivity of the sensing layer,10 as shown in Figure 4e. Both responses of 

insertion loss with three testing cycles and frequency responses of nine testing cycles (Fig. 4b) 

confirm that the UV-activated SAW sensors have an excellent repeatability. Figures 4f and 4g 

show the dynamic responses of SAW sensors with the UV activated 3D stacked porous structure 

of rGO-PPy/Ag composite towards 10-100 ppm NO2. With the increase of NO2 concentration, the 

response of the sensor is increased from -1.2 kHz (10 ppm) to -13.7 kHz (100 ppm). Figure 4g 

shows that the linearity of the SAW sensors towards the NO2 concentration. The R2 value 

(coefficient of determination) is 0.948, showing that the sensor has an approximately linear 

response. In addition, the limit of detection (LOD) of the SAW sensor was calculated using the 

Root-Mean-Square Deviation and the obtained value is 2.37 ppm (Figure S10 and Table S3-S4),17, 

28 which is a quite small value. The selectivity of the sensor was further evaluated by its responses 

to various interference gases (including CO2, CO, HCHO, H2, and NH3), and the obtained results 
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are shown in Figure 4h. With the introduction of the different interfering gases at a concentration 

of 100 ppm, the sensor shows the strongest signal to NO2. These results suggest that this sensor 

has an excellent selectivity to NO2. The reasons are attributed to a combination of the large 

adsorption energy of the composite for NO2 compared than those for the other interference gases,20, 

30 appropriate pore size of the 3D porous rGO-PPy/Ag, as well as the reaction of NO2 with the 

adsorbed oxygen thus contributes to the significantly increase in response. The long-term stability 

of rGO-PPy/Ag sensor was further evaluated upon exposure to 100 ppm NO2, and the obtained 

results are shown in Figure S11, demonstrating a good long-term stability of the rGO-PPy/Ag 

sensor. 

Table 1 compares the performance parameters reported in literature about the SAW NO2 gas 

sensors, compared with those from our work. It is obvious that considering the sensing response 

value, response/recovery time, and sensitivity, our SAW sensor with UV activated 3D stacked and  

porous structure of rGO-PPy/Ag presents a much better performance. 

 

Table 1. Comparisons of the NO2 gas sensing performances for different types of SAW sensors. 

Materials 

Working 

temperature 

(°C) 

Gas 

concentration 

(ppm) 

Response/Reco

very time (s) 

Response 

(kHz) 

Sensitivity 

(Hz/ppm) 

Ref. 
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CuPc/ZnO

/MWCTs 

50 100 210/420 0.7 50.5 14 

PPy/TiO2 RT 100 - 0.11 - 12 

PPy RT 100 - 0.09 - 12 

PZT RT 80 - 1.1 9.6 38 

SnS RT 10 180/466 1.8 122.2 39 

PbS RT 30 945/813 0.6 - 40 

rGO-

PPy/Ag 

RT 100 36.7/58.5 13.7 127.68 

This 

work 

 

Response and Enhancement Mechanisms analysis  

Generally, the frequency shifts in the SAW gas sensors are dependent mainly on the following 

three factors: mass loading, changes in elasticity of sensing film and acousto-electric interaction, 

which can be given in Equation 10:11, 15 

( ) ( )
2

0 0 2

0 0
0

1
4

2
1

m s e

s

s

f v K
C f C f hG

f v v c




 
 

    = − +  − 
 

  −   
  

                        (10) 

where f and f0 are the frequency shift and the initial center frequency, v and v0 are the change 

of acoustic velocity and intrinsic velocity, Cm and Ce are the sensitivity coefficients of mass and 
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elasticity respectively, ρs and h are the density per unit area and the thickness of the sensing layer 

respectively, G′ is the shear modulus, K2 is the electromechanical coupling coefficient, σs is the 

sheet conductivity of the sensing layer, and cs is the capacitance per unit length of the device. In 

Eq. 10, the first term and the third term represent effects of the changes in mass loading effect and 

acousto-electric interaction, respectively. Both these two effects result in negative shifts of the 

center frequency. The second term is contributed from the changes in elasticity, which results in a 

positive shift of the center frequency. For our SAW sensor, the center frequency is decreased after 

exposure to NO2 gas. That means the dominant factors should be either the mass loading effect or 

acousto-electric interaction, or both. 

In order to identify mass loading contributing to the response, a control group (e.g., the SAW 

sensor with 30 nm Au conductive film deposited on the sensing area of the SAW delay line before 

coating the sensing film) was fabricated. This SAW sensor with the Au film would only sense the 

mass loading of NO2 due to the shielding of the acousto-electric effect,15, 41 as the resistance will 

not change apparently because of the conductive Au film. As shown in Figure 5a, the sensor coated 

with Au film shows significantly weaker response than that without the Au film, demonstrating 

that the contribution of mass loading effect to frequency response is very weak. Therefore, the 

frequency shifts in our SAW gas sensors are dependent mainly on the acousto-electric interaction.  

To check the UV enhancement mechanisms, the possible temperature changes caused by UV 

irradiation were measured, and the results are shown in Figure S12a. The sensing temperature has 

only shown a minor change (e.g., increased by a maximum temperature of 1.5 °C), which was also 
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confirmed in a previous report.36 This undoubtedly excludes the heating effect of the UV 

irradiation on the sensitive film. We have also deposited the sensitive film on the IDTs in order to 

investigate the changes in the conductivity of the film during the sensing process. The I−V curve 

of sensing film exhibits a good linearity (Figure S12b), indicating the good ohmic contacts between 

the IDTs of SAW and the as-prepared material. As shown in Figure 5b, when the UV source is 

switched on, the resistance values of rGO-PPy/Ag sensitive film decrease rapidly due to the 

generation of photogenerated carriers. These photogenerated carriers (electrons) are captured by 

the NO2 molecules, which enhance the device performance.  

In order to demonstrate the generation of photogenerated carriers, in-situ Raman analysis was 

performed for characterization (Figures 5c and 5d). It is clear that when the sensitive film is 

exposed to UV, the intensities of the characteristic peaks (D band and G band) are gradually 

decreased with time. This is mainly because that the Raman bands are strongly influenced by the 

carrier concentration, and a high electron-hole doping can lead to a significant phonon stiffening.42-

43 These results demonstrate that UV irradiation on the sensitive film mainly contribute to the 

photogenerated carriers (but not the heating effect on the film), thus leading to the enhancement 

of sensing performance. 

Based on the above results, we proposed an enhanced sensing mechanism for the oxygen-based 

NO2 detection with 3D rGO-PPy, 3D rGO-PPy/Ag and UV activated 3D rGO-PPy/Ag 

nanohybrids, which is shown in Figures 5e-g. As the rGO and PPy are p-type semiconductors, 

holes make the major contribution to the changes of electrical conductivity of the sensing material. 
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In the atmosphere, the oxygen molecules capture electrons from the conduction bands of the rGO 

and PPy to form adsorbed oxygen (Figure 5e). In addition, because of the different work functions 

of rGO (4.75 eV) compared to that of PPy (5 eV),20, 34 the p-p heterojunction will be formed at 

their interface, and electrons are transferred from rGO to PPy to form a depletion layer and 

generate a builtin electric field, and thus the energy band bends in the depletion layer until the 

Fermi level of the rGO-PPy system reaches an equilibrium.  

The Ag NPs are decorated onto the rGO-PPy to construct the 3D rGO-PPy/Ag structure. The 

work function of Ag (4.26 eV) is different from both the rGO and PPy,20 therefore, a depletion 

layer is formed at both the rGO/Ag interface and PPy/Ag interface, thus generating three depletion 

layers and builtin electric fields in the 3D rGO-PPy/Ag composite layer (Figure 5f). The 

decoration of catalytically active Ag NPs can adjust the local charge distribution structure of the 

rGO sheets and serve as the active sites for NO2 absorption, thus leading to the faster 

response/recovery speed and a full recovery of the gas sensors. 

When the sensitive film of rGO-PPy/Ag is under UV irradiation, large numbers of 

photogenerated carriers (electrons and holes pairs) are produced, as shown in Figure 5g. Due to 

the builtin electric field, the electrons and holes pairs can be effectively separated and participate 

in the sensing process, thus significantly improving the response and recovery speed. This is the 

main reason that the UV activated rGO-PPy/Ag shows much faster response and better device 

performance.  



 26 

 

Figure 5. (a) Investigation of the contribution of conductivity of sensing film to device response; 

(b) Change of relative resistance of sensing film during the sensing process; (c, d) In-situ Raman 

spectrum under UV irradiation; (e-g) Energy band diagram of rGO-PPy, rGO-PPy/Ag and UV 

activated rGO-PPy/Ag in air, respectively. 

4. CONCLUSIONS 

SAW devices have recently received significant attention for the real-time monitoring of toxic 

and irritant chemical gases (e.g., nitrogen oxide). However, the complicated preparation process 

of sensitive layer, relative low sensitivity, long response time, poor recovery as well as requirement 

for high temperatures of sensitive characteristics restrict their extensive usages. Our study provides 

a new type of NO2 SAW sensor through 3D design of material structures, modification with Ag 

NPs, and application of UV activation. The rGO-PPy/Ag based SAW sensor with UV activation 

exhibits high sensitivity (127.68 Hz/ppm), fast response/recovery times (36.7/58.5s), as well as 

excellent reproducibility, recoverability and anti-interference characteristics. Enhancement 
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mechanisms are attributed to the combination of 3D porous architecture, Ag-decorated rGO-PPy, 

p-p heterojunction in rGO-PPy/Ag, and UV photogenerated carriers for sensitive materials, which 

allow highly sensitive and selective detection of NO2.  
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