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Abstract 

Extensive applications of carbon dioxide (CO2) in various fields, such as food industry, agricultural 

production, medical and pharmacological industries, have caused a great demand for high-performance 

CO2 sensors. However, most existing CO2 sensors suffer from poor performance in a wet environment 

and often cannot work accurately in a high humidity condition. In this study, a quartz crystal resonator 

(QCR) coated with a uniform layer of reduced graphene oxide (RGO) is proposed to detect both the 

concentrations of CO2 and water molecules simultaneously, which can be used to significantly minimize 

the humidity interference. Unlike the other common gas sensors, the RGO-based CO2 QCR sensor can 

be operated in different humidity levels and the concentration of CO2 can be quantified precisely and 

effectively. Moreover, it has a fast response (~0.4 s), which is also suitable for respiration monitoring. 

Our results showed that before and after a volunteer did a low-intensity exercise, the sensor could detect 

the differences of concentrations of CO2 in the exhaled breath (i.e., 4.50% and 5.15%, respectively). 

 

Keyword: Carbon dioxide sensor, reduced graphene oxide film, humidity influence, human respiration 

monitoring. 
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1. Introduction 

As one of the key greenhouse gases on earth, carbon dioxide (CO2) plays an important role in 

various fields such as manufacture and electronic industries [1], agriculture [2], and medicine [3]. It is 

critical to develop ultrasensitive CO2 sensors for these applications and also for health monitoring [4,5]. 

CO2 is the product of sufficient oxidation of carbon-containing substances, including the burning of 

substances and biological respiration. In an organism, oxygen is transported to tissues and cells, and 

energy-producing oxidization and reactions occur, thus generating CO2 and water. The exhaled CO2 can 

reflect the changes in the metabolism and ventilation systems of a person [6]. Besides, it is also critical 

to detect CO2 concentrations for in situ monitoring athletic ability [7] and air quality [8]. 

Several methods have been proposed to detect CO2 concentration. Normally, nondispersive infrared 

(NDIR) method possesses the highest resolution for the measurement of CO2 [9]. However, this method 

needs expensive and heavy instruments, which are not suitable for real-time, on-site, and continuous 

monitoring. Therefore some researchers focused on solid-state CO2 sensors [10] which can enhance 

sensing performance and reduce size. For instance, graphene has been considered as one of the promising 

candidates of solid-state sensors for gas sensing due to its planar structure and the large surface-to-

volume ratio [11–13]. The mutual attraction between CO2 molecules and graphene sheet is mainly due 

to physical adsorption, and the CO2 molecule acts as an acceptor. Yang et al. reported a high-performance 

CO2 gas sensor based on graphene using a mechanical cleavage method [14], although this is a low-yield 

fabrication method. Huang et al. developed a CO2 gas sensor based on reduced graphene oxide (RGO) 

using a hydrogen plasma [15]. In addition, carboxyl groups that remain on the RGO film can enhance 

the adsorption capacity of CO2 [16]. Unfortunately, most of the sensors mentioned above also respond 

well to water molecules. They normally show a low sensing response in high humidity (sensitivity from 

54% to 10% when relative humidity from 37% to 68% in [15]). Therefore, it is critical to find a method 

to eliminate or minimize the influence of humidity. A promising approach for achieving this purpose is 

to treat the humidity as a measured object rather than as a disturbance. A commonly reported solution is 

to use another humidity sensor for calibration [17], but this solution adds extra cost and complexity. 

Recently, a new idea has been proposed to distinguish among different gases by using a single 

sensor (e.g. field-effect transistor sensor or solid-state sensor) to detect multiple responses [18,19]. 

However, high-performance CO2 gas sensors which can also detect humidity have not been investigated 

yet. In this work, we report that using a single gas sensor with various responses we can derive the precise 
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concentrations of CO2 and humidity level, simultaneously. As shown in Figure 1, the sensor is based on 

a quartz crystal resonator (QCR) coated with a uniform RGO layer. By tracking multiple responses, we 

can determine the concentrations of each gas component after extracting thickness and shear modulus 

effects of RGO layer on the acoustic loading. We test the sensing performance in a mixture of CO2 and 

water molecules at different concentrations, and experimental results show that the concentrations of 

CO2 and humidity level can be differentiated and quantified with a high accuracy. 

 

Fig. 1. A schematic drawing of the proposed RGO-based CO2 sensor. The RGO film was transferred onto the top 

surface of the AT-cut QCR device. The exhaled gas was detected by the sensor. A LabView program was used to 

record and analyze the experimental data. 

2. Experimental details 

2.1 Preparation of RGO-based sensor 

The GO sheets were synthesized using the modified Hummers method [20] and then ultrasonically 

dispersed in water to form GO dispersions with a concentration of 2 mg/ml. By using a vacuum filtration 

method, the GO dispersions were filtrated through a commercial mixed cellulose ester (MCE) membrane 

to form GO film. Attributed to the high controllability of vacuum filtration method [21], the obtained 

filtered GO film shows remarkable uniformity and repeatability. By means of water assistance, the GO 

film was separated from MCE film and then transferred onto the top surface of a 5 MHz AT-cut QCR 

device. This was followed by a reduction process of GO film to obtain the RGO film. Here we chose the 

thermal reduction method to avoid chemical residuals on the RGO surfaces. The GO coated device was 

heated to 200oC for 2 hours in an oven to remove the oxygen-containing functional groups of GO film, 
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and the RGO-based gas sensor was then obtained. The 200oC reduction process can remove most 

hydroxyl groups but not apparently affect the number of carboxyl groups. The obtained RGO film has 

lost a lot of hydroxyl groups, which leads to a decreased thickness. Besides, the RGO film has abundant 

wrinkles and partial functional groups (i.e., carboxyl groups), which are beneficial for CO2 sensing 

applications. 

A field emission scanning electron microscope (SEM SU-8010) was used to observe the surface 

morphology of GO and RGO. To characterize the chemical binding of elements and degree of reduction, 

X-ray photoelectron spectroscopy (XPS) analysis of both GO and RGO was implemented using a 

Thermo Scientific ESCALAB 250Xi with an X-ray source of Al Ka 1486.6 eV. The calibration was 

performed using the C peak at 284.8 eV. 

2.2 Detection of RGO-based CO2 and humidity sensor 

Pure and dry compressed air was used as the carrier gas to flow through DI water and form humid 

gas. The dry air, wet air and pure CO2 were mixed and the mixed gas flowed over the sensor, which was 

positioned in a testing chamber. By adjusting the mass flow of wet air and CO2 separately, various 

concentrations of CO2 and humidity were modulated using two high-precision controllers and calibrated 

using a commercial anthracometer (PR-3002LW-CO2WS-N01) and a hygrothermograph (TASI-621), 

respectively. When exposed to different concentrations of CO2 and humidity, the admittance data of the 

sensor were measured using a network analyzer (Agilent E5061B) after a standard calibration. These 

data were recorded using a LabView program. All the tests were performed at room temperature (20.5℃). 

3. Results and discussion 

3.1 Film characterization 

Figures 2(a) and 2(b) show the SEM images of the GO and RGO films. The GO film is well 

dispersed and uniform, whereas the RGO film shows wrinkles and defects caused by thermal reduction. 

To quantify the reduction level and relative amount of each functional group, XPS analysis of both the 

GO and RGO films was performed. Figure 2(c) shows the C1s spectrum of GO film, which can be 

deconvoluted into three peaks, including the chemical bonds of C-C at 284.2 eV, C-O at 286.5 eV, and 

C=O at 288.2 eV. Figure 2(d) shows that the peaks associated with oxygen (i.e., C-O and C=O) of RGO 

film display decreased intensities when compared with those of the GO. The relative amount of C-O is 

decreased dramatically, which indicates that the thermal treatment reduced the number of hydroxyl 
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functional groups effectively. GO film and RGO film have different hydrophilicity and exhibit different 

water absorption properties. The concentration of oxygen-containing functional groups affects the 

interaction between water molecules and GO/RGO film. The decreased number of hydroxyl groups leads 

to a smaller sensitivity to humidity of RGO film [22]. Compared with the GO film, the RGO film has a 

lower interlayer distance, which also influences the adsorption of water molecules on the film surface 

[23–25]. Besides, the reduction process leads to wrinkles and there still exist most carboxyl groups in 

RGO, which are beneficial to CO2 sensing [16,26]. 

 

Fig. 2. SEM images of (a) the GO film and (b) the RGO film; The XPS spectrum of (c) the GO film and (d) the RGO 

film. Compared with GO film, the content of hydroxyl groups of RGO film is decreased significantly. 

3.2 CO2 and humidity sensing 

Figure 3 shows the admittance results of the sensor when exposed to CO2 in different concentrations 

with different relative humidity levels. As shown in Figures 3(a) and 3(b), the conductance and 

susceptance of the RGO-based sensors were obtained by varying the CO2 concentration from 100 to 1000 

ppm at room temperature. These data were fitted with an electromechanical model to determine the 

thickness h  and shear modulus G  of the coated film. The changes in electrical impedance 
e

Z  caused 

by coating can be expressed as [27]: 
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where    is the complex wave propagation constant, k   is the wavenumber,    is the angular 

frequency,   is the density of the coating film, 
0

C  and Z  are the static capacitance and the complex 

impedance of quartz. The material constants of quartz in Equation (1) can be obtained from the literature 

[27] and admittance data of the unloaded device. Then the electrical change 
e

Z   is only related to 

thickness, shear modulus, and density of the film, and the first two parameters can be fitted by the change 

of electrical characteristics assuming that the density is constant. The details of numerical calculation 

can be found in our previous work [28]. 

The extracted thickness and shear modulus of GO and RGO layers are summarized in Figure 4. As 

shown in Figure 4(a), the thickness of GO film (empty red circles) is gradually increased from 137.4 to 

138.8 nm as the concentration of CO2 is changed from 100 to 1000 ppm, while the shear modulus of the 

GO film shows slight fluctuations. The RGO sensor (solid red circles) displays a better sensing response 

compared to the GO sensor. The thickness increment of RGO film is 2.0 nm after exposure to 1000 ppm 

of CO2, which is larger than that of GO film. Furthermore, the shear modulus of RGO film remains 

unchanged after exposed to CO2 in different concentrations, which indicates that the adsorption of the 

CO2 gas molecules does not affect the interlayer shear modulus of RGO film. 
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Fig. 3. The measured (a) conductance and (b) susceptance of the RGO-based sensor in different concentrations of 

CO2. (c) and (d) indicate the changes of conductance and susceptance of the RGO-based sensor in different humidity. 

 

Fig. 4. (a) The effective thickness and (b) shear modulus of the GO (empty circles) and RGO (solid circles) 

membrane varies with concentrations of CO2 (red line) and humidity (blue line). 

Next, we tested the responses of the RGO sensor at different relative humidity levels, and the results 

are shown in Figures 3(c) and 3(d). After applying the same extraction method, we obtained the thickness 

and shear modulus of RGO film as a function of different humidity values from 0.1%RH to 90%RH, as 

shown in Figures 4(a) and 4(b). Both the thickness and shear modulus are increased with the increase of 

the relative humidity. The thickness of RGO film (solid blue circles) is increased from 123.2 to 127.6 

nm, and the shear modulus of RGO film is increased from 626 to 638 MPa. The thickness of RGO film 

increases and the shear modulus among the sublayers of RGO is reinforced due to the formation of 

hydrogen bonding networks [29] between the hydroxyl groups and the permeated moistures [22]. This 

also demonstrates that there still exist functional groups bonded to the carbon, which is in good agreement 

with the results from XPS. 

The performance of graphene-based CO2 sensor is greatly affected by humidity [15]. To evaluate 

the sensing repeatability at different RH levels, we used the mixture of CO2 and humidity with different 

concentrations to conduct the experiments. The extracted thickness and shear modulus are shown in 

Figures 5(a) and (b). At a high relative humidity, the thickness of RGO (shown in Figure 5(a)) increases 

monotonically with the increase of the concentration of CO2, but the rate of increase is slightly lower 

than that in a dry environment. The differences in the responses [15] can be explained by the space 

occupation of water molecules in a high humidity environment. Some of the space is occupied by water 

molecules, and the amount of CO2 gas adsorbed by the RGO film is slightly decreased with the same 
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increased amount of CO2 concentration, hence the thickness increment in high humidity level is rather 

smaller than that in a dry environment. 

 

Fig. 5. (a) The thickness and (b) the shear modulus of the RGO film when exposed to the mixture of CO2 and 

humidity in different concentrations. 

 

Fig. 6. The equivalent shear modulus caused by the adsorption of CO2 individually. 

Figure 5(b) shows that shear modulus shows significant difference in dry and wet situations. When 

the humidity level remains unchanged, the shear modulus of RGO film is decreased continuously with 

the increase of CO2 concentration. The phenomenon can be attributed to the combined effects of CO2 

and water molecules on shear modulus of RGO film. According to the analysis results shown in Figures 

4(a) and 4(b), the adsorption of water molecules enhances the shear modulus of RGO film while CO2 

does not affect its shear modulus. When the RGO sensor is exposed to CO2 in a wet environment, the 

CO2 gas molecules, which replace partial water molecules, reduces the shear resistance and finally 

reduces the total shear modulus. 
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To explain the effect of CO2 adsorption on the shear properties of RGO films, we define the 

equivalent shear modulus GCO2 caused only by CO2 using the following equation: 

1 1

2 0

2

CO

CO

t G t G
G G

t

  −  
= +


                          (2) 

where G0 is the initial shear modulus of RGO film without CO2 or humidity, 
1
,G G   are the changes 

of shear modulus when exposed to the wet gas and the mixture of CO2 and humidity. 
1 2

, ,
CO

t t t    are 

the thickness variations caused by the mixture of CO2 and humidity, by humidity and by CO2, respectively. 

Using Equation (2), we calculated the equivalent shear modulus caused by the adsorption of CO2 

individually from the experimental results, and the obtained data are shown in Figure 6. The equivalent 

shear modulus has no apparent change after exposure to different concentrations of CO2, which further 

proves that the adsorption of CO2 does not affect the shear properties of the RGO film. 

These two distinct adsorption mechanisms show the potential to quantify the relative amount of 

CO2 and humidity based on the RGO acoustic sensor. According to the original extracted variables, a 

statistical model about relationships between different gas concentrations and film characteristics was 

established. The extracted thickness and shear modulus were used as the input variables to specifically 

identify and quantify the various concentrations of CO2 and relative humidity. The film properties were 

measured with 200 ppm, 600 ppm and 1000 ppm CO2 concentrations in three humidity levels (20%, 40%, 

and 60% RH). For the reliability testing, we conducted multiple tests every other week for a total of three 

rounds. The predictive capability of the model was assessed and the obtained results are shown in Figure 

7. The classification error is about ~1.5% RH and ~80 ppm CO2 concentration, as shown in Figure 7(b). 

In certain applications where the range of CO2 concentration is large (from 400 ppm to ~4%, for example, 

monitoring human breath and indoor air quality [30]), the accuracy rate performed by the RGO sensor is 

satisfactory. 
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Fig. 7. (a) The comparison between the extracted and actual concentrations of CO2 and humidity. (b) The color 

contours of extracted errors in part per million at different concentrations of CO2 and humidity. 

3.3 Respiration detection 

The response speed is an important attribute of gas sensors. The response and recovery times were 

tested, and the results are plotted in Figure 8(a). The response time is defined as the time required for the 

sensor to reach 90% of the final value after a step change in gas concentrations. According to the curve 

shown in Figure 8(a), a short response time of 0.2~0.4 s can be obtained, which is far less than those 

reported in the literature [14,15,31–35]. This fast response promises the possibility of fast analysis 

applications such as respiration monitoring. Meanwhile, the recovery time is regarded as the time to 

reach 10% above the initial condition when the target gas is removed from the sensor. The experimental 

results show that the RGO sensors have a recovery time of ~7 s, which is because the wet and CO2-

containing air surrounding the sensor is diffused slowly and steadily into the atmosphere. This does not 

TABLE I COMPARISON OF DIFFERENT PARAMETERS OF VARIOUS CO2 GAS SENSORS 

Sensing film Type of the device 
Temperatu

re (℃) 

Range 

(ppm) 
Response Response time Reference 

Graphene/RG

O 

Resistance 20~60 10-100 11–26%  ~8 s [14] 

Resistance 23 0-1500 10-54%  4 min [15] 

Electroluminescent 20 100-1000 5.9%-26.5% ~140 s [31] 

Resonant 20 100-51500 2%  ~0.4 s This work 

MOFs-SnO2 Chemiresistive 205 500-5000 80.6% ~ 10 s [32] 

Yolk–shell 

nanospheres 
Resistance 100 150-2400 6.3% 2.54 min [33] 

Polypyrrole Resistance 30 100-950 50% 210 s [34] 

NDIR optical 25 400-3900 30% 23 s [35] 
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show the real limits of RGO sensor itself. Our results show that the recovery time can be reduced to ~0.6 

s when using pure compressed air. In addition, the performance of RGO sensor is compared with those 

of previously reported CO2 gas sensor (as listed in Table I). Clearly our newly proposed sensor performs 

a wide measurement range of CO2, better than most of the other sensors. 

Besides the response speed, thermal stability is also critical for respiration detection. Figure 8(b) 

exhibits the sensing response of the RGO sensor at different temperatures from 15℃ to 35℃. The 

temperature of the sensor was accurately measured using a thermocouple probe. As shown in Figure 8(b), 

the response of RGO sensor at different temperatures shows slight fluctuations, which is much smaller 

than those responded to CO2 gas. The excellent thermal stability of RGO sensor is attributed to the nearly 

zero temperature coefficient of frequency AT-cut quartz. 

 

Fig. 8. (a) The response and recovery times of the RGO sensor are 0.2~0.4 s and ~7 s. (b) The sensing responses in 

different temperature from 15℃ to 35℃. 

 

Fig. 9. (a) The frequency response of the RGO sensor when passing exhaled gas with different volume into the test 

chamber. (b) The sensing performance of the RGO sensors fabricated by the same process. 
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The repeatability and reproducibility of RGO gas sensor were evaluated before the actual respiration 

detection. Taking into account the difference in the volume of exhaled gas between individuals, we tested 

the effect of gas volume on the sensing performance of the RGO sensor. Different volumes (0.05, 0.1, 

0.2, 0.3, 0.5 and 1 L) of exhaled gas were collected with gas sample bags. As shown in Figure 9(a), the 

frequency responses do not have obvious change when the gas volume is greater than 0.1 L. The exhaled 

volume of a normal adult at rest is about 0.4 ~ 0.6 L, meaning that the volume of exhaled gas does not 

affect the test results in most cases. 

To analyze the influence of the degree of coating film on sensing performance, three RGO sensors 

(Device A, B, and C) were fabricated and tested in the same batch. Device A, B, and C consist of the 

same quartz crystal resonator and the RGO film. Attributed to uniformity of sensing films produced by 

vacuum filtration method, thickness difference of these films is less than several nanometers. However, 

the sensing film area of each device will be slightly different due to the manual transfer process. Here 

we made the area of the film slightly larger than the area of the electrode. This is because the energy of 

the resonator is concentrated in the electrode region, and the sensing film outside the electrode does not 

affect the resonant state. As shown in Figure 9(b), there is almost no difference in the response of these 

sensors when exposed to the exhaled gas. These test results exhibit that the proposed sensors have good 

repeatability and reproducibility in terms of volume of exhaled gas and degree of cover by sensing films. 

The fast response speed, good stability and excellent repeatability make the RGO sensor suitable 

for human respiration detection. Different respiratory rates and metabolic conditions of different persons 

lead to different components in the exhaled gas. Here we set up two groups of exhalations: (1) normal 

breath before exercise (BE); and (2) deep breath after exercise (AE). Typical results of different responses 

of these two groups are depicted in Figure 10. The corresponding concentrations of CO2 and relative 

humidity are extracted and also shown in the figure. It can be observed that the signal responds rapidly 

to the exhaled gas, which is due to the change of gas composition. By comparing Figures 10(a) and 10(b), 

we can find that the concentrations of moisture and CO2 in the exhaled gas are increased significantly 

after a low-intensity exercise (from 4.50% to 5.15%), whose number is in good agreements with those 

from healthy individuals [36]. In addition, the exhaled gas of AE has a higher humidity level than that of 

BE. These results indicate that the RGO sensor can be potentially used in human respiration monitoring 

and body metabolism detection. 
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Fig. 10. (a) and (b) depict the extracted concentrations of CO2 and humidity when exposed to the human expiration 

before and after a low-intensity exercise. 

4. Conclusions 

In this work, we have developed the models to extract the thickness and shear modulus of the RGO 

film exposed to CO2 and humidity at different concentrations. According to these results, the RGO films 

have different mechanisms for adsorbing CO2 and water molecules. Using this phenomenon, we propose 

a virtual RGO-based gas sensor to simultaneously identify and quantify the concentrations of CO2 and 

relative humidity. This RGO sensor has fast response speed, good stability and excellent repeatability. 

The measurement error is within 1.5% RH and 80 ppm CO2 concentration. Moreover, the fast response 

time (0.2~0.4 s) shows potential applications using the acoustic sensor for human expiration monitoring. 

By analyzing the response signals, we can easily obtain the composition of exhaled gas and reflect the 

metabolic states of the human body. 
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