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Abstract
Hydrogen detection devices based on gold-tin oxide/reduced graphene oxide (Au-SnO2/rGO) 

nanohybrids were fabricated by combining a hydrothermal method with sputter coating. The gas 

sensing performance of the Au-SnO2/rGO sensor was investigated under different concentrations 

of hydrogen from 0.04% to 1% at room temperature, which indicated a notable sensitive response 

even for 0.04% hydrogen. The activation energies of hydrogen adsorption/desorption were 

extracted via Arrhenius analysis which revealed the acceleration effect of gold dopants. This 

acceleration led to a faster response and recovery during hydrogen sensing. The activation energy 

analysis provided a more comprehensive understanding on the gas sensing mechanism. A 

hydrogen detection handheld device is demonstrated by integrating the sensor chip with a portable 

digital meter for direct readout of test results. 

1. Introduction
Hydrogen (H2) has been considered and investigated as one of the most promising sustainable fuels 

since it produces no air pollutants in fuel cells. However, hydrogen is very flammable and could 

lead to an explosion at a high concentration (4%) in air.1 As hydrogen is colorless, odorless, and 

highly flammable under ambient conditions, it must be reliably monitored in real time during its 

production, delivery, storage, and utilization. 

The composites based on rGO indicated great potential in wide applications due to their superior 

electrical properties.2 Graphene has been widely reported as a promising gas sensing material due 
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to the extreme single gas molecule sensitivity, large surface-to-volume ratio, and excellent 

electronic signal transduction property (high carrier mobility and high signal-to-noise ratio).3 

However, lack of selectivity and poor sensitivity to hydrogen limit its application for hydrogen 

sensing.4 As is well known, the sensing performance of graphene could be improved through 

functionalization with metal oxides or noble metals.5 Tin oxide (SnO2) is one of the most widely 

investigated metal oxides for gas sensing applications owing to its high response, low cost, and 

good stability.6-9 The SnO2 nanocrystals-rGO sensing platform reported in our previous work 

demonstrated advantages such as tunable sensing performance and room temperature operation.10 

Since SnO2-rGO based sensing material still suffers from cross-sensitivity to NO2,7 CO11 and H2S,8 

further surface modification to the SnO2-rGO platform is needed to improve the selectivity. Noble 

metals, especially palladium (Pd)12-14 15, 16 and platinum (Pt),17, 18 were widely used in H2 sensors 

due to their high solubility and ability to dissociate hydrogen molecules. However, a highly 

enhanced sensitivity due to activated hydrogen dissociation also leads to poor sensor recovery. 

The practical balance between sensing and recovery performances is an ongoing pursuit.

Gold is another noble metal dopant for gas sensing which is more abundant than platinum on earth 

with a lower cost than palladium.19-25 Ci and his group investigated the ammonia gas sensing 

property of the rGO/SnO2@Au heterostructure devices prepared via magnetron sputtering.26 The 

enhanced sensing performance was ascribed to the synergistic effect provided by heterointerfaces 

between Au/SnO2 and SnO2/rGO. However, the related sensing mechanism still needs to be further 

supported by in-situ characterization or kinetic analysis. Zhang et al. synthesized the Au-loaded 

SnO2 composite by a hydrothermal method and investigated the hydrogen sensing properties of 

the sensor based on the composite.19 The Au-loaded SnO2 composite showed a high sensitivity, a 

low detection limit, and excellent selectivity for H2 at an elevated temperature of 250 °C to activate 

the adsorption process. However, the elevated operating temperature leads to high power 

consumption and reduced sensor stability. In this case, sensors with reliable hydrogen sensing 

performance at room temperature are desirable. Therefore, it is promising to combine the gold 

dopant with the SnO2-rGO sensing template to achieve desirable hydrogen sensing performance 

at room temperature. 

2. Experimental
2.1 Fabrication of sensors
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SnO2/rGO nanohybrids were prepared first. In a typical synthesis, GO (8 mg) was dispersed in DI 

water (10 mL), in which 45 μl of HCl (37%) was added. Then SnCl2•2H2O (50 mg) was dissolved 

in the DI water (10 mL) with 30 mins stirring at 90 °C. Afterward, the aqueous solution of 

SnCl2•2H2O was added into the GO dispersion under magnetic stirring at 90 °C for 1 h. After 

cooling down to room temperature, the SnO2-rGO nanohybrids were washed with DI water for 

several times and dried at 60 °C overnight. Finally, SnO2-rGO powders were obtained. 

Au doped SnO2/rGO nanohybrids were prepared through the sputter coating method. 20 mg SnO2-

rGO powders were dissolved in 50 ml DI water under ultrasonication. Then, 2 μl of dispersion was 

drop-casted on the interdigitated electrodes, which was reported previously.27 After drying at room 

temperature, Au nanoparticles were deposited onto the surface of these sensors using a sputter 

coater (K550X, Quorum Technologies). The sputtering current was 20 mA and the sputtering time 

was varied from 3 to 12 s for different gold area densities. These sensors were annealed at 200 °C 

for 1 h in Ar flow (1 lpm) to improve the contact between the nanohybrids and the gold electrodes. 

Pure rGO and SnO2-rGO sensors were also prepared as control samples.

Figure 1. Schematic of the Au-SnO2/rGO sensor device and measurement system.

2.2 Characterization and gas sensing test 

The morphologies of the materials were observed by a Hitachi (S4800) field-emission scanning 

electron microscopy (FE-SEM). The energy-dispersive X-ray spectroscopy (EDS) line scanning 

data were obtained using a Bruker detector on the Hitachi S-4800 FE-SEM. X-ray diffraction 
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(Bruker D8 Discover X-ray diffractometer) was performed to identify the crystalline phases. X-

ray photoelectron spectroscopy (XPS) was conducted by using VG ESCA 2000 with an Mg Kα as 

source and the C1s peak at 284.5 eV as an internal standard.

Figure 1 shows a schematic of the Au-SnO2/rGO sensor device and the circuit for electrical 

measurements. A typical gas sensing test cycle had three steps. The first step was the introduction 

of clean carrier gas into the sensing chamber and was used to obtain a baseline measurement. The 

typical preset time for this step was 10 minutes or until the baseline became stable. The second 

step was the addition of various target gases being injected through the flowmeter into the test 

chamber with the same flow rate as the first step to generate the sensing signal. The exposure time 

for the target gas was 5 minutes. Finally, the third step involved the target gas is turned off and a 

100% composition of the carrier gas being introduced again for sensor recovery. The third step 

lasts for at least 10 minutes.

3. Results and discussion
3.1 Characterization

The crystallization of the SnO2/rGO nanocomposite was examined by X-ray diffraction (XRD). 

The XRD patterns (Figure 2c) of the SnO2/rGO nanocomposite display clear reflections from the 

(110), (101), (211) and (112) planes of rutile SnO2, indicating the formation of SnO2 crystals.28  

Figure S1 shows the XRD pattern of the Au doped SnO2-rGO nanocomposite. There are no 

visible peaks of gold due to its relatively small loading.  
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Figure 2 (a) SEM image of Au-SnO2/rGO sensor chip. (b) Line scan EDX data combined with 
SEM image of the Au-SnO2/rGO sensor. (c) XRD pattern of SnO2-rGO nanohybrids.

Scanning electron microscopy (SEM) was used to analyze the morphology of Au-SnO2/rGO 

nanohybrids and the sensor chip (Figure 2a). The rGO nanosheets bridging two gold electrodes 

were modified with well-dispersed SnO2 and Au nanoparticles on the surface (Figure 2a and S1). 

The existence of Sn and Au elements could be verified through the line scan (Figure 2b) of Energy-

dispersive X-ray (EDX) analysis. X-ray photoelectron spectroscopy (XPS) was conducted to 

examine the elemental composition and chemical states of the species in the GO and Au-SnO2/rGO 

nanohybrids. The thickness of the sputtered Au layer was characterized using SEM and EDX with 

a tilted sample (Figure S3). There is no continuous Au layer formed after the 12-second gold 

sputtering. The thickness of the gold clusters is around a hundred nanometers, as shown in Figure 

S3.
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Figure 3. XPS spectra of a) Au-SnO2/rGO nanohybrids. b) Sn 3d and c) Au 4f spectra of the Au-
SnO2/rGO nanohybrids. C 1s of d) the GO and e) the Au-SnO2/rGO nanohybrids. 

The wide-survey XPS spectrum (Figure 3a) of the Au-SnO2/rGO nanohybrids reveals the existence 

of Au, Sn, O, and C elements. Figure 2b indicates two characteristic peaks at 496.0 eV and 487.5 

eV, which are attributed to the binding energy of Sn 3d5/2 and Sn 3d3/2, respectively.29 The XPS 

spectrum of Au (Figure 3c) presents two main peaks at 84.1 eV and 87.8 eV, which are related to 

Au4f7/2 and Au4f5/2, respectively, suggesting the existence of metallic Au on the surface.30 XPS 

C1s spectrum has been reported as an effective method to estimate the reduction level of graphene 

oxide.31 The C1s spectra of GO (Figure 2d) and Au-SnO2-rGO (Figure 3e) all consist of three 

characteristic peaks, corresponding to C-C, C-O, and C=O groups.32 The intensities of C-O (285.9 

eV) and C=O (288.8 eV) in Figure 2e are all reduced compared to the intensities of the relevant 

peaks from GO C1s spectra. This reduction reveals the reduced amount of oxygen from GO to Au-

SnO2/rGO nanohybrids, which agrees well with Raman analysis (Fig. S4).

3.2 Gas sensing performance

To unveil the effect of gold nanoparticle doping on hydrogen gas sensing, we investigated the 

sensor response towards hydrogen gas with or without dopants in a laboratory-built testing system.
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Here, we define the sensitivity as Response (%) = [(Ig – Ia )/Ia×100], where Ig is the current in the 

presence of H2 and Ia is the base current in the air. The small enhancement (1.5%) of hydrogen 

detection through SnO2 nanoparticles decoration is indicated in Figure 4a. This is due to the small 

coverage of chemisorbed oxygen on the SnO2 surface at room temperature.17 Figure 4b shows the 

typical response curves of rGO and Au-rGO to 1% H2. Pure rGO sensors exhibit a weak response 

(2.5%) to 1% H2 which is consistent with the previous report.4  rGO modified with sputtered Au 

nanoparticles shows improved sensitivity and partial recovery, most likely due to the higher-

energy binding sites provided by Au nanoparticles; full recovery was not achieved in 10 minutes 

under room temperature.

Figure 4. Responses to 1% H2 of a) rGO and SnO2-rGO. b) rGO and Au-rGO. c) Au-SnO2/rGO 
nanohybrids with different sputtered gold thickness. d) dynamic response curves of 12s sputtered 
Au-SnO2/rGO to 100 ppm NO2 and 50 ppm H2S. e) dynamic response curves of 12s sputtered Au-
SnO2/rGO to H2 with varying concentrations from 0.04% to 1% in 1 min. f) Calibration curves of 
1 nm Au-SnO2/rGO sensors to H2 gas.

Figure 4b-c shows the dynamic response of Au-SnO2/rGO nanohybrids to 1% H2 with different 

Au loading amounts related to different sputtering time length. Figure S2 indicates the good 

uniformity of the gold nanoparticles on the silicon wafer through sputtering. The quantitative EDS 

analysis results of the surface elements are shown in Table S1. The sensitivity reached 47% after 

baseline subtraction for 12s sputtered Au loaded SnO2-rGO sensors in 5 minutes of hydrogen 
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exposure at 21.5 C (RT). The good repeatability of this device is evidenced by the multicycle 

sensing (Figure 4c). The sensing responses to 100 ppm NO2 and 50 ppm H2S (Figure 4d) showed 

a quick decay in sensitivity and deactivation after several cycles, which is likely due to the strong 

binding of NO2/H2S molecules that consumes the chemisorbed oxygen and leads to the poisoning 

effect on the sensing surface.33-35 The poisoning effect may be related to the drained out of the 

chemisorbed oxygen or binding sites after several sensing cycles. The hydrogen concentration-

related dynamic response curves and the calibration curves are indicated in Figure 4e-f. 

Sensitivity =
a

1 +
b

Concentration

Figure 4f is well fitted by the Langmuir isotherm36, where a is a constant equal to 11.1353 without 

unit and b is another constant equal to 0.3955 has the same unit as the concentration (%). This can 

be explained from the relationship between the surface coverage and gas partial pressure in 

Langmuir isotherm, which has been confirmed by the linear fitting of 1/Sensitivity vs. 

1/Concentration shown in Figure 4f inset. The sensitivity variation within the same batch of 

devices was illustrated by the standard deviation for each concentration (Figure 4f). The device's 

variation was around ±20% at high concentrations (0.2% - 1%). For lower concentrations (≤0.1%), 

the variation decreased to less than ±10%, which suggests good reproducibility of the devices.

The excellent sensing performance is competitive when compared with other reported room 

temperature hydrogen sensors, as summarized in Supplementary Table S2. The ratio of the 

response to our optimal sensor response time is around 0.78% per second, which is higher than all 

other reported noble metal doped heterostructure sensors except the Pd-MLGN sensor. However, 

our sensor indicates better recovery performance (~180 s) compared with the Pd-MLGN sensor 

(300 s) at room temperature. The outstanding balance between the response and the recovery 

performance makes our sensor more practical.

3.3 Gas sensing mechanism

To better understand the sensing mechanism, the transfer properties are analyzed with respect to 

the hydrogen adsorption.  The p-type behavior suggests that the dominant charge carriers in the 

Au-SnO2/rGO nanocomposite are holes. Both SnO2 and Au nanoparticles could be regarded as the 

catalytic materials in hydrogen sensing under different sensing steps. Since SnO2 is an n-type 
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material and rGO is a p-type material, p-n junctions are formed at the interface. The electrons flow 

from SnO2 to rGO nanosheets due to the smaller work function of SnO2 nanoparticles compared 

with rGO (Fig. 5).37, 38 The larger work function differences between Au NPs and SnO2 NPs 

compared to SnO2 NPs and rGO lead to the back flow of electrons from rGO to Au, resulting in 

the recovery of the conductivity of Au-SnO2/rGO nanocomposite in the I-V curve (Fig. S5a). The 

I-V curves for Au doped SnO2-rGO sensors with different gold sputtering duration is shown in 

Figure S5b. The significant current increase the 12-second gold sputtering suggests the efficient 

charge transfer within optimal sensor devices.

The electrons on the surface of Au NPs and SnO2 accelerated the adsorption of oxygen in ambient 

air.   O2
- could be formed on the SnO2 surface at room temperature. 39, 40

                                                           (ads)                                                          (1)𝐎𝟐 +𝐞 → 𝐎 ―
𝟐

Au nanoparticles on the SnO2 and rGO surfaces could also act as catalytic sites which accelerate 

the dissociation of H2 and O2 molecules.19

                                                            (2)𝐇𝟐→𝟐𝐇(𝐚𝐝𝐬)

The dissociated hydrogen can migrate and combine with the adsorbed oxygen to form water 

molecules with the overall reactions as,

                                            (3)𝐎 ―
𝟐 (𝐚𝐝𝐬) + 𝟒𝐇(𝐚𝐝𝐬) →𝟐𝐇𝟐𝐎 +  𝐞 ―

                                                     (4)𝐎 ―
𝟐 + 𝟐𝐇𝟐 →𝟐𝐇𝟐𝐎 + 𝐞

The accelerating effect of Au nanoparticles on hydrogen dissociation can give rise to the enhanced 

response but poor recovery of Au-rGO sensors (Fig. 4b). The better recovery of Au-SnO2/rGO 

sensors indicate that the loaded Au nanoparticles on SnO2 is more related to oxygen spillover41 

rather than hydrogen dissociation, and thus the reactions (2) and (3) should be present in a small 

proportion compared to (4). The dissociation of hydrogen leads to partial non-recovery at room 

temperature due to the higher binding energy (Fig. 4c). However, the synergistic effect among 

rGO, SnO2 and Au nanoparticles promotes the great balance between the sensitivity and recovery 

performance of sensors.
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Figure 5. Schematic band diagrams of Au-SnO2/rGO sensors (top figure) with the heterojunction 
formation at the interfaces (bottom figure).

The enhanced sensing performance facilitated by Au NPs was generally attributed to the catalytic 

effect of Au NPs on the hydrogen molecular dissociation and the hydrogen spillover effect. 

However, the acceleration effect of Au NPs on hydrogen adsorption/desorption was rarely 

investigated kinematically. Arrhenius plots are often used to analyze the effect of temperature on 

the rates of chemical reactions and determine the related activation energies. Ural and his group 

extracted the hydrogen desorption activation energy from Pd nanoparticles to reveal the dominant 

recovery mechanism through Arrhenius plot analysis.12 Weiller et al. determined NO2 sensor 

recovery activation energy using the initial slope of the recovery cycle and further understood the 

binding sites on reduced graphene oxides.42 In this report, the hydrogen adsorption/desorption 

kinetics were extracted and analyzed through a temperature-dependence study and the Arrhenius 

plot analysis, which refines the understanding of the observed acceleration effect of gold 

nanoparticles on hydrogen sensing.
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Figure 6. a-b) The Arrhenius plot of ln |d (Res%)/dt| determined from the initial slope of the 
recovery cycle. Dynamic response curves of c) Au-SnO2/rGO and d) SnO2-rGO sensors to 1% H2 
in the temperature range 21.5-100 ℃.

To verify this, the temperature-dependent sensing test was conducted to analyze the adsorption 

and desorption kinetics quantitatively.43 Figure 6a-b shows the Arrhenius plot of the rate of relative 

current change determined from the initial slope of the response and recovery cycle from room 

temperature 21.5 C (RT) to 100 C. The activation energies, Ea, for hydrogen adsorption are 

extracted as 152.9 meV (SnO2-rGO) and 124.0 meV (Au-SnO2-rGO). The Ea of SnO2-rGO and 

Au-SnO2-rGO for hydrogen desorption are also extracted as 241.0 meV and 221.6 meV, 

respectively. The sensors with loaded Au nanoparticles indicate reduced activation energies in 

both hydrogen adsorption and desorption. The reduction in the activation energy for desorption 

leads to a shorter recovery time (~600 s) than that of SnO2-rGO (>600 s) at varying temperatures. 

A hydrogen detection prototype handheld device (Figure S6) was further developed. Based on the 

calibration data (Fig. 4f), a portable digital meter was programmed. The digital meter was tested 

against 0.04%, 0.1%, 0.4%, and 1% hydrogen diluted with compressed air in the gas chamber. The 
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real responses of the handheld device are very close to the standard values (Fig. S6) with errors 

within ±20%. 

4. Conclusion
In summary, the Au-SnO2/rGO ternary nanohybrids were designed with improved room 

temperature H2 sensing performance. The sputtered Au nanoparticles enhanced both sensitivity 

and recovery of the SnO2-rGO template. Such enhancement was attributed to the increased surface 

area and the oxygen spillover effect of loaded Au nanoparticles. The catalytic effect of Au 

nanoparticles for hydrogen adsorption and desorption was then revealed through the temperature-

dependent sensing test and Arrhenius analysis. Better balance between sensitivity and recovery 

can be further achieved in the future by tuning the deposition conditions of Au nanoparticles. A 

prototype handheld device based on the Au-SnO2/rGO composites was finally developed for 

hydrogen detection. This prototype device demonstrates the potential for real-time hydrogen 

monitoring. The availability of such sensors will contribute to promoting a sustainable hydrogen 

economy, protecting public safety, and enhancing the lead-acid battery safety in a wide range of 

applications.
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