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          Graphene is a highly attractive sensing material due to its high surface-to-volume ratio, excellent electrical conductivity, and rapid charge transport. However, graphene-based gas sensors face challenges, including low selectivity and slow response times at room temperature, which limit their potential for commercialization. To address these issues, noble metal decoration is a highly effective strategy to enhance the performance of gas sensors, offering improved sensitivity, high selectivity, and accelerated response times. In this work, we fabricated a graphene-based gas sensor decorated with palladium single-atom catalysts (Pd SACs) via a simple drop-casting method. Structural characterization was performed using optical microscopy and scanning electron microscopy (SEM), while Raman spectroscopy was employed to investigate Pd-induced electronic effects within the graphene lattice. All sensors exhibited enhanced responses to NO2, NH3, and H2S at room temperature, with reduced response times. This study demonstrates that Pd SAC decoration effectively enhances the sensitivity and response time of monolayer graphene sensors, providing a simple, scalable, and practical approach for high-performance room-temperature gas sensing.
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      1. INTRODUCTION
      Gas sensors play a crucial role in environmental monitoring, industrial safety, and public health by detecting hazardous and toxic gases [1-3]. However, metal oxide-based gas sensors, which are the primary commercialized chemiresistive gas sensors, typically require high operating temperatures above 200°C to activate surface oxygen species, leading to high power consumption and limited applicability [4-8]. Furthermore, they often suffer from poor selectivity and slow response and recovery characteristics, which hinder their use in portable and low-power sensing applications.

      Graphene has attracted significant attention as a promising sensing material candidate due to its high surface-to-volume ratio, excellent electrical conductivity, and rapid charge transport [9-11]. Graphene-based gas sensors exhibit high sensitivity at room temperature and enable the detection of a wide range of gas species. In addition, the surface can be easily modified or functionalized with various atoms or molecules, providing a versatile platform for tailoring gas sensing properties [12-15]. However, graphene-based sensors still face challenges, including slow response time at room temperature, which limit their practical applicability.

      To overcome these limitations, noble metal decoration has been widely adopted as an effective strategy to enhance gas sensing performance [16-19]. Noble metals such as Pd and Pt act as catalytically active sites, facilitating the dissociation of gas molecules and promoting charge transfer through spillover effects [20,21]. Nevertheless, conventional nanoparticle-based decoration often leads to aggregation and inefficient utilization of active sites. In this regard, single atom catalysts (SACs) are promising alternatives, offering maximized atomic efficiency and uniformly distributed active sites [22-24]. Recently, SACs featuring atomically dispersed Pd species supported on carbon-based or metal oxide substrates have been demonstrated to exhibit strong sensing potential and selective interactions with target gas molecules, which can be leveraged to improve both sensitivity and selectivity in gas sensing [25,26]. The incorporation of Pd single atoms can significantly enhance the sensing performance by providing well-defined, coordinatively unsaturated adsorption sites that promote specific gas adsorption and facilitate efficient charge transfer between gas molecules and the sensing layer.

      In this study, we report a graphene-based gas sensor decorated with Pd SACs, which provide high atomic utilization efficiency and uniformly distributed active sites, via a facile drop-casting method. The proposed sensor demonstrates enhanced gas sensing performance, including improved sensitivity, selectivity, and faster response behavior toward target gases such as NO2, NH3, and H2S at room temperature.

    

    

  
    
      2. EXPERIMENTAL
      
        2.1 Gas sensor fabrication
        Monolayer graphene was grown on Cu foil (purity: 99.99%) using conventional thermal chemical vapor deposition (CVD) at 990°C with a hydrocarbon source (CH4, 50 sccm) and hydrogen (H2, 10 sccm). The graphene/Cu foil was wet-transferred onto a SiO2/Si (285 nm/525 μm) substrate, followed by PMMA removal using acetone for 30 minutes. Subsequently, the samples were patterned by photolithography into a strip with a 100 µm wide channel. Oxygen (O2) plasma treatment (17 s) at 50 W, followed by thermal annealing at 350°C for 7 hours, was performed to completely remove PMMA residue. Ti/Au (3 nm/40 nm) electrodes were deposited on both ends using an e-beam evaporator, followed by acetone lift-off for 24 hours to complete the electrode patterning.

      

      
        2.2 Pd SAC decoration process
        Pd–N–C powder (0.01 g) was dispersed in a mixture of isopropanol (IPA, 1600 µL) and deionized (DI) water (DI water, 200 µL), followed by sonication for 5 min to obtain a uniform suspension. The suspension was drop-cast onto the graphene surface at a volume of 0.5 µL and dried at 60°C for 5 min to allow for Pd single-atom deposition. This procedure enabled the formation of atomically dispersed Pd sites on the graphene surface, following previously reported protocols for Pd–N–C SACs [22].

      

      
        2.3 Gas sensor measurements
        Gas sensing properties were measured at room temperature under a constant total flow of 1000 sccm in a quartz tube. A Keithley 2400 recorded the sensor resistance at 1 s intervals under a DC bias voltage of 1 V, while the gas flow was alternately switched from dry air (99.999%) to calibrated target gases (balanced with dry air) using a mass flow controller. The response was calculated as (Rgas − Rair)/Rair × 100, where Rgas and Rair are the measured resistances of the sensors exposed to the target gases and dry air, respectively. ∆R/R0 represents the absolute value of the response.

      

      
        2.4 Characterization
        The graphene samples were characterized with a Field Emission Scanning Electron Microscope (FE-SEM, Hitachi S-4800, Japan) using a 10 kV beam. Raman scattering was carried out using a Raman spectrometer and 532 nm laser light for excitation.

        The completed characterization of the Pd–N–C materials employed in this work is provided in our previous work, utilizing AC-STEM/EDS, single atom electron energy loss spectroscopy (EELS), and XAS, including extended X-ray absorption fine structure (EXAFS) and XANES, XPS, ICP-MS, BET, XRD and Raman to confirm the atomic dispersion, nitrogen coordination and chemical state of the Pd–Nx sites, as well as the physical properties of the Pd–N–C materials [22].

      

    

    

  
    
      3. RESULTS AND DISCUSSIONS
      
        3.1 Graphene-based gas sensors
        To investigate the effect of Pd decoration on graphene-based gas sensors, a monolayer graphene sensor with Au/Ti electrodes was fabricated, as illustrated in Fig. 1. The fabrication process involved transferring a CVD-grown graphene film onto a SiO2/Si substrate (285 nm/525 μm) and patterning it into a strip with a channel width of 100 μm. Au/Ti (3 nm/40 nm) electrodes were then deposited to define the sensing area. The optical microscopy (OM) image of the patterned channel confirms the uniform graphene transfer, and the Pd SAC was applied by drop-casting onto the graphene channel, highlighting the functionalization step for enhanced gas sensing. This design allows the impact of Pd functionalization on the sensor’s electronic properties and gas response to be directly examined.

        
          
          

          Fig. 1. 
				
          

          
            Schematic illustration of the fabrication process for the graphene-based gas sensor. A monolayer graphene film was transferred onto a SiO2/Si substrate (285 nm/525 μm) and patterned into a strip with a channel width of 100 μm. Au/Ti (3 nm/40 nm) electrodes were deposited to define the sensing area. The optical microscopy (OM) image of the patterned channel is shown. The palladium single-atom catalyst (Pd SAC) drop-casting process onto the graphene channel is illustrated, highlighting the functionalization step for gas sensing.
          
          

          

        

      

      
        3.2 Pd SAC analysis
        To examine the structural and functional characteristics of the Pd SAC (Pd-N-C) on graphene, a series of analyses were performed, as shown in Fig. 2. The molecular structure of the Pd-N-C catalyst is illustrated in Fig. 2(a), showing palladium atomically coordinated with nitrogen within a carbon matrix. The Pd atom centers ideally have a first coordination shell of four nitrogen atoms and are coordinated in either an in-plane or out-of-plane configuration. This structure was reported to provide isolated active sites that facilitate selective adsorption and electron transfer [22]. Raman spectroscopy (Fig. 2(b)) was employed to analyze the structural evolution of graphene before and after Pd SAC decoration. The pristine graphene exhibits characteristic G (~1580 cm-1) and 2D (~2670 cm-1) bands with a negligible D-band intensity, confirming the high-quality nature of the graphene sample. Following Pd SAC deposition, the Raman spectrum underwent a dramatic transformation, characterized by a significant surge in D-band intensity and a significant suppression of the 2D-band. This observation indicates that the atomic Pd decoration induces localized structural disorder and strong electronic interactions with the graphene lattice. The resulting increase in defect sites and the modified electronic state are expected to provide abundant active sites for gas adsorption, thereby enhancing the sensing performance.

        
          
          

          Fig. 2. 
				
          

          
            Morphological and structural characterization of the Pd SAC-decorated graphene. (a) Molecular structure of the Pd SAC used for graphene functionalization. (b) Raman spectra of pristine graphene (black) and Pd SAC on the graphene surface (red). (c) Optical microscopy image showing the uniform distribution of Pd SAC on the graphene surface. (d) Scanning electron microscopy (SEM) image confirming nanoscale dispersion of Pd sites across the graphene surface, demonstrating the atomic-level decoration.
          
          

          

        

        The surface morphology of graphene after Pd SAC decoration was first examined using optical microscopy (OM, Fig. 2(c)). The image reveals a uniform distribution of dark spots across the graphene surface, corresponding to Pd single-atom clusters dispersed via drop-casting. These features indicate that the Pd SAC solution was homogeneously deposited without the formation of large aggregates.

        Scanning electron microscopy (SEM, Fig. 2(d)) further confirms the successful deposition of Pd SACs on graphene. The high-resolution SEM image reveals a highly porous structure composed of irregularly shaped nanoscale features, forming a rough and interconnected surface morphology. The formation of Pd single atoms was also clearly demonstrated in our previous study [22].

      

      
        3.3 Gas sensing results
        The gas sensing response of the graphene-based sensor was measured toward 5 ppm NO2, 50 ppm NH3, 50 ppm H2S, 50 ppm CH3COCH3, and 50 ppm H2. Fig. 3(a) shows the gas sensing performance of the graphene sensor for three main target gases (5 ppm NO2, 50 ppm NH3, and 50 ppm H2S) before and after Pd SAC decoration. As shown in Fig. 3(b), all three gases exhibited enhanced responses after Pd SAC decoration, with H2S showing the most pronounced increase from 1.49% to 3.96%. The markedly larger response toward H2S can be attributed to the strong affinity between Pd single-atom sites and sulfur-containing species. In particular, H2S is readily activated on Pd, where the H–S bond can undergo dissociation and sulfur species can form Pd–S interactions, leading to a larger charge-transfer perturbation than NO2 or NH3 [27-29]. The NO2 response increased moderately from 15.71% to 16.42%, while the NH3 response rose slightly from 14.63% to 15.16%. These results demonstrate that the introduction of Pd SAC provides additional active sites on the graphene surface, which selectively enhance interactions with gas molecules, particularly H2S, while largely preserving the intrinsic sensing characteristics of the graphene channel.

        
          
          

          Fig. 3. 
				
          

          
            Gas sensing performance of the graphene gas sensor. (a) Dynamic response curves to three target gases (5 ppm NO2, 50 ppm NH3, and 50 ppm H2S) before and after Pd SAC decoration. (b) Comparison of sensor responses to five different gases (5 ppm NO2, 50 ppm NH3, 50 ppm H2S, 50 ppm CH3COCH3, and 50 ppm H2) with and without Pd SAC decoration.
          
          

          

        

        Further analysis was conducted on the NO2 response curve, which exhibited the highest sensitivity among the target gases (Fig. 4). To quantify the dynamic response characteristics of the graphene-based sensor, the response time (t90) was defined as the time required for the sensor resistance to reach 90% of the total change upon exposure to 5 ppm NO2. The Pd SAC decoration reduced t90 from 545 s for the pristine sensor to 465 s, indicating a faster response due to the additional active sites provided by the Pd single atoms (Fig. 4(a)). The normalized response curves were further fitted to an exponential decay function, ΔR/R0(t) = exp(-t/τ) + R∞, as depicted in Fig. 4(b). The τ represents the characteristic response decay time, providing insight into the kinetics of gas adsorption. Comparison of t90 and τ values (Fig. 4(c)) demonstrates that Pd SAC decoration not only accelerates the initial response but also reduces the response decay time from 173 s to 150 s, highlighting the overall enhancement in sensor dynamics and confirming the role of Pd SAC in facilitating faster adsorption processes.

        
          
          

          Fig. 4. 
				
          

          
            Response characteristics of the graphene-based gas sensor. (a) Dynamic response curve to 5 ppm NO2, showing the response time (t90). (b) Normalized response curves fitted to an exponential decay function for the graphene-based gas sensor. (c) Comparison of t90 and the response decay time (τ) for the graphene-based gas sensor before and after Pd SAC decoration.
          
          

          

        

      

    

    

  
    
      4. CONCLUSIONS
      We have demonstrated a graphene-based gas sensor functionalized with Pd SACs via a facile drop-casting method. Comprehensive structural and morphological characterization confirmed uniform Pd SAC deposition on the graphene surface, inducing localized defect sites and strong electronic interactions that enhance gas adsorption. Gas sensing measurements showed that Pd SAC decoration significantly improves performance, with the most pronounced enhancement for H2S, while NO2 and NH3 responses were moderately increased. Detailed analysis of the NO2 response further revealed accelerated sensor dynamics, with the response time reduced from 545 s to 465 s and the exponential decay time shortened from 173 s to 150 s, highlighting faster adsorption kinetics. These results indicate that atomically dispersed Pd sites provide additional active sites, leading to improved sensitivity and enhanced response speed of graphene-based sensors. Moreover, the facile and scalable drop-casting method suggests that this functionalization strategy could be readily applied to other sensor platforms. This work establishes Pd SAC functionalization as an effective strategy for the development of high performance gas sensors suitable for environmental monitoring and industrial applications at room temperature.
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