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Abstract  

We report that cellulose nano-crystals (CNCs) can be used as a sensitive and selective 

layer in surface acoustic wave (SAW) sensors for in-situ HCl gas detection. CNCs 

were prepared through directly hydrolysis of cotton fiber and were spin-coated on 

quartz SAW resonators to form the sensitive layer. The CNCs have been identified to 

have abundant hydroxyl groups on their surfaces, which can act as the perfect 

adsorption sites for H2O, which can further act as the active sites for HCl gas 

adsorption. The absorption of HCl on the CNCs layer, thus leads to an increase of its 

mass, causing negative responses of the SAW sensors. Ambient humidity and 

thickness of CNCs layer are found to have significant influences on the responses of 

the SAW sensor. With an 80-nm-thick CNCs layer, the sensor shows a response of -2 

kHz to 1 ppm HCl at 25 °C and relative humidity of 50% with an excellent selectivity 

and recovery characteristics.  
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1. introduction 

Long-term health of living organisms is highly dependent on the ambient 

environment [1-4]. However, the deterioration of environment, especially due to the 

air pollution, has accelerated significantly in the past decades [5-8]. There are various 

types of air pollutants including hazardous gases, dusts, and toxic smoke. Among 

these pollutants, hazardous gases are highly harmful, which can cause various 

diseases, cancer and even death [9-11]. One of the most dangerous hazardous gases is 

hydro-chloride (HCl), which is commonly produced from chemical, metallurgical, 

pharmaceutical industries, or waste incineration. HCl can acidify soil and water, and 

also damage or even kill plants. Moreover, it can damage the skins, mucosa of eyes 

and noses of human beings and animals [12-14]. The standard from Occupational 

Safety and Health Administration defines the Immediately Dangerous to Life or 

Health concentrations of HCl are 50 ppm and 5 ppm, respectively [15]. Therefore, it 

is necessary to develop highly sensitive HCl sensors for early detection and 

continuous monitoring of its leakage in order to counter the accidental threats.  

In the past decades, electrochemical, gas chromatographic, opto-chemical and 

optical HCl gas sensors have been developed [16-21]. However, these sensors are 

generally time consuming, or their sensitivities are not good, or expensive 

instrumentation [20]. Therefore, there is an urgent need for highly sensitive and 

selective sensors for rapid and in situ detection of HCl. To achieve this goal, mass-

sensitive sensors based on quartz crystal microbalance (QCM) and surface acoustic 

wave (SAW) techniques are possible solutions. Recently, QCM HCl sensors with 

excellent sensitivity have been reported already [20, 22-24]. However, few reports are 

focused on SAW sensors, which should have higher sensitivity than QCM because of 

their higher working frequency [25-27].  



The SAW sensors are highly sensitive to the extremely tiny mass changes of its 

sensitive layer materials deposited on the surface of SAW devices [28-30]. Hence, 

with using a sensitive material which can effectively and selectively absorb HCl from 

the ambient environment, the SAW sensor will be highly sensitive to HCl gas. 

Cellulose nano-crystal (CNC), a promising material derived from naturally occurring 

cellulose, was already applied in various fields such as catalysis, energy and 

electronic devices, biomedical devices, wastewater treatment and so on [31-35]. CNC 

has various exceptional characteristics such as large specific surface area  (~ 250 m2/g) 

and abundant surface hydroxyl groups, which are beneficial for the gas sensing 

[36,37], especially for the HCl gas sensing. It has been reported that surface hydroxyl 

groups on the CNCs can act as the active sites to absorb H2O by forming hydrogen 

bonds, making the CNCs always partially covered with water molecules in the 

ambient environment [38]. The adsorbed H2O molecules may easily capture the HCl 

in the ambient environment because of the superior solubility of HCl in H2O. The 

captured HCl leads to an increase of the mass of the CNCs, and finally results in the 

significant responses of the sensor. Therefore, it can be speculated that the CNCs 

could be explored as a good sensing material for SAW HCl sensors. 

In this article, we fabricated a sensitive SAW HCl gas sensor with the CNCs as 

the sensitive layer. The responses, defined as shifts of oscillating frequency of the 

sensor, are ~-2 and -10 kHz to 1 and 5 ppm HCl gases, respectively. The sensing 

mechanisms were systematically studied, and the changes of mass of the CNCS layer 

were found to contribute to SAW signal responses. In addition, the ambient humidity 

and thickness of the layer were found highly affecting the responses of the sensor. 

The ambient temperature may also affect the responses. However, a study of 

temperature effects was not conducted because it is beyond the scope of this work. 

https://www.sciencedirect.com/topics/chemistry/hydroxyl-group


2. Experimental details 

2.1 Preparation of SAW resonator and sensitive layers on SAW resonators  

The SAW resonator with a central frequency of 200 MHz was based on a ST-cut 

quartz substrate. It consists of 30 pairs of input and output interdigital transducers 

(IDTs) and 100 pairs of reflection gratings on each end of the quartz substrate.  The 

IDTs and reflection gratings with a periodicity of 16 m were fabricated by the 

conventional lithography technique on a 200 nm thick Al thin film deposited by 

magnetron sputtering. The aperture of the IDTs is 3 mm. 

The CNCs were prepared through sulfuric acid hydrolysis of cotton powder based 

on a previously published protocol [39,40]. Briefly, 10 g cotton powder (Whatman) 

was hydrolyzed in 200 ml 64 wt% sulfuric acid (Chengdu Kelong) at 45 °C under a 

vigorous agitation for 1 hour to obtain a cellulose suspension, which was then diluted 

with 2L deionized water. After ~2 hrs, the clear top layer of the diluted suspension 

was decanted. The suspension left was repeatedly concentrated and washed by 

centrifugation until the supernatant appeared turbid. The obtained suspension was 

dialyzed against slow running deionized distilled water until the effluent was 

remained with a neutral pH value. The solid aggregates in the suspension were 

agitated ultrasonically for 2 hrs in an ice bath to create the CNCs colloidal suspension, 

which was kept over ion-exchange resin for 7 days and then filtered through filter 

paper.  

For preparation of CNCs sensitive layers on SAW resonators, the obtained CNCs 

suspension was diluted with deionized water to obtain a suspension with a 

concentration of 2 mg/ml under a vigorous agitation using a cantilever agitator 

working at 6000 rpm. This diluted suspension was coated onto the SAW resonator 



using a spin-coating method with a speed of 5000 rpm for 30 s, and the thickness of 

CNCs layers can be adjusted by varying the coating cycles. The synthesized CNCs 

layers were designated according to the coating procedure. For example, the CNCs 

layer obtained through 3 spin-coating cycles was designated as CNCs-3. 

To compare the performance of the CNCs as the sensing layer for HCl detection 

when humidity is changing, graphene oxide (GO) and SiO2 layers were also prepared. 

For preparation of the GO layer on the SAW resonator, the GO suspension (2 mg/ml, 

obtained from XFnano) was directly spin-coated onto a SAW resonator with a speed 

of 5000 r/min for 30 s for 4 cycles. For preparation of the SiO2 layer, the SiO2 sol was 

prepared using the Stober method as described in our previous report [41] and was 

directly spin-coated onto the SAW resonator with a speed of 5000 r/min for 30 s.  

For their optimized performance, the CNCs and GO coated SAW resonators were 

put into an oven at 60 °C for 2 hrs to remove any excess water on the layers. The SiO2 

coated SAW resonator was put into a muffle furnace at 300 °C for 1 h. 

For the fabrication of the SAW gas sensor, SAW resonators coated with sensitive 

layers were connected to a peripheral matching circuit including a cascade amplifier 

to build SAW oscillators, as shown in Figs. 1(a) and 1(b).  

2.2 Material characterization and gas sensing set-up 

A Rigaku D/max-2400 X-ray diffractometer was employed to characterize the 

crystallinity of prepared sensing layers. A field-emission scanning electron 

microscope (SEM, FEI Inspect F) was used to characterize the morphology of the 

prepared layers. A Fourier Transform Infrared spectroscopy (FTIR, Nicolet IS 10, 

with a wavelength range of 400–4000 cm−1) was used to collect the infrared 



transmission spectra of prepared layers, and the chemical elemental binding 

information was obtained using an X-ray photoemission spectroscope (XPS, Kratos 

Axis Ultra DLD, Al Kα radiation ). 

The experimental setup for gas sensing measurement system is shown in Fig. 1(b). 

During the measurement, the ambient temperature was kept at 25 °C. The SAW 

sensor was placed inside a test chamber. Certified gas cylinders of low concentration 

test gases (2%, balanced in synthetic dry air) including (HCl, NH3, SO2, NO2, H2S, 

CO, H2, CH4), together with a gas delivery system employing a mass flow controller 

and a humidity generator, were used to control the concentration of test gases and the 

humidity in the test chamber. The oscillating frequency of the SAW sensor was 

recorded using a frequency counter. The response of the SAW sensor was defined as 

∆f = fs-f0, where fs is the working frequency of the sensor with exposure to the test gas, 

and f0 is the working frequency in the pure air, respectively. For the measurement of 

the frequency responses, pure humid or dry air was firstly introduced into the chamber. 

When the relative humidity in the chamber reached a constant value, the test gas was 

introduced, and the response of the sensor happened. When the response of the sensor 

reached a stable value, the test gas was shut off to allow the sensor to recover to its 

initial state. The response and recovery times are defined as the time taken for the 

sensor to achieve 90% of the total frequency shift in the cases of response and 

recovery processes, respectively. 



 

  

Figure 1 (a) The schematic diagram of a SAW sensor and (b) experimental setup for 

gas sensing measurement.   



3. Results and discussion 

3.1 Structural characterization 

Fig. 2(a) shows the X-ray diffraction pattern of the CNCs layer. There are three 

typical diffraction peaks of cellulose crystals centered at 16.5°, 22.5° and 34.5°, 

corresponding to the (110), (200), and (004) reflection planes of the cellulose I 

structure [42]. The crystallinity index of the CNCs estimated according to Segal 

equation [43] is ~67%. Crystal sizes of (110) and (200) planes of the CNCs samples 

were estimated to be 2.9 and 4.5 nm, respectively, according to the Scherrer equation.  

XPS results of the CNCs are shown in Figs. 2(b) and 2(c). The carbon/oxygen 

atomic ratio obtained from XPS analysis is ~1.34. The high resolution C1s peak of the 

CNCs (Fig. 2(b)) consists of three different components which can be deconvoluted 

into: C-C/C-H in aromatic rings (284.7 eV); C-OH (286.2 eV); C-O-C/C=O (287.3 

eV) [44]. The relative ratio of C-OH estimated from the peak area is ~43%. Fig. 2(c) 

presents the high resolution O1s spectrum, which can be deconvoluted into: C-OH 

(531.5 eV) and C-O-C (532.7 eV) [45], and the estimated C-OH ratio is ~42%. These 

results indicate that there are a large amount of hydroxyl groups on the CNCs.  



 

Figure 2 (a) X-ray diffraction pattern of the prepared CNCs layer; (b) C1s XPS 

spectra and (c) O1s XPS spectra collected on prepared CNCs layer.  

 

Figs. 3(a) and 3(b) show SEM images of surface morphology of the CNCs layer. 

As shown, the layer is consisted with grainy structures with a diameter of ~20 nm and 

a length of ~200 nm. This layer is also quite porous. The brighter nano-particles 

shown in Fig. 3(b) are Au, which were deposited for the SEM characterization 

(because CNCs are insulating materials). The inset images in Fig. 3(b) present the 

cross-sectional images of the CNCs-1, CNCs-2 and CNCs-3 layers, indicating the 

thicknesses of these three layers are ~30, 50 and 80 nm, respectively.  

Figs. 3(c) and 3(d) are SEM images of GO and SiO2 layers which were used for 

comparisons of sensing layer performance. The GO layer has a crumpled morphology, 



and the inset image indicates its thickness is ~80 nm. The SiO2 layer with a thickness 

of ~80 nm shows a porous structure, which consists of nano-particles with a diameter 

of 20 nm. 

 

Figure 3 (a) and (b) SEM images of CNCs layers deposited on SAW resonators, the 

inset images in (b) present the cross-sectional morphologies of CNCs-1 (left), CNCs-2 

(middle) and CNCs-3 (right). SEM images of (c) GO and (d) SiO2 layers deposited on 

SAW resonators. The scale bars in inset pictures are 500 nm. 

 



FTIR result of CNCs layers is shown in Fig. 4. The strong and broad peak in the 

range of 3700-3000 cm-1 is identified as the -OH stretching vibration of absorbed 

water molecules, and the peak centered at 1630 cm-1 can be assigned as the -OH 

bending vibration of absorbed water molecules [40]. The C-H stretching vibration and 

-CH2-(C6)- bending vibration has a peak around 2900 and 1430 cm-1 respectively, 

while the deformation, wagging and twisting modes of the anhydroglucopyranose unit 

are observed from 1800 to 600 cm−1 based on the literature [40]. The FTIR results 

together with the XPS results indicate clearly that there are abundant water molecules 

absorbed on the CNCs layer due to the formation of hydrogen bonds connecting 

between the hydroxyl groups and water molecules. FTIR results of the GO and SiO2 

layers are also shown in Fig. 4. Both of these two spectra exhibit similar peaks which 

can be assigned as -OH stretching and bending vibrations of absorbed water 

molecules, indicating that there are also abundant absorbed water molecules on these 

two layers. 

 

Figure 4 FTIR results of the CNCs, GO and SiO2 layers coated on SAW resonators  

 



3.2 Sensing performance and mechanisms  

Fig. 5 shows the sensing performance of the SAW sensors with and without CNCs 

sensitive layers tested at 25 °C and RH=50%. The sensors with the CNCs layers 

exhibited significant negative frequency shifts (~-4, -6.5, and -10 KHz) after they 

were exposed to 5 ppm HCl gas, but showed a full recovery to its initial state when 

the HCl was released. On the contrary, the SAW sensor without this sensitive layer 

showed a slight frequency shift of ~-200 Hz. This result clearly indicates that the 

CNCs layer significantly enhance the sensitivity of the HCl sensor.  

It is well-known that the frequency shift of SAW gas sensors is mainly due to the 

changes of electric conductivity (electric loading effect), elastic modulus (elastic 

loading effect), and mass (mass loading effect) of the sensitive layer, caused by the 

interactions between the sensitive layer and the test gas [46-48]. In this study, the 

CNCs sensing layer is insulating, and the previous work has revealed that the electric 

loading effect can be neglected for an insulating layer [48]. Therefore, the negative 

response of our sensor is probably due to either elastic changes or mass loading 

effects, as it is well-known that both an increase in mass and a decrease in elastic 

modulus of the CNCs layer can lead to negative frequency shifts [46-48]. In order to 

investigate which is the dominant factor for the frequency changes, the influence of 

the thickness of the CNCs layer on the response was investigated. As show in Fig. 

5(b), responses of sensors are enhanced linearly with the increased thickness of the 

CNCs layer, and can reach ~-10 KHz when the thickness is ~80 nm. Fig. 5(c) also 

shows that the response (~45 s) and recovery (~500 s) times are almost the same for 

these sensors.  



The relationship between the response (∆f) and the changes of mass and elastic 

modulus of the sensitive layer follows the equation below [46,47],   
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where  and  are the shear and bulk modulus of elasticity, cm and ce are the sensitivity 

coefficients of mass and elasticity respectively, h is the thickness of the CNCs sensing 

film and s is the density per unit area of the sensing film. v0 is the unperturbed 

velocity of the SAW sensor, f0 is the fundamental frequency of the SAW sensor. 

According to Equ. (1), it can be concluded that the change of mass of the sensitive 

layer has a linear relationship with the response of the SAW sensor, whereas the 

changes of the elastic modulus is not linearly related with the response. Our 

experimental results have revealed that the responses of the SAW sensors to HCl gas 

are linearly related with the increased thickness of the CNCs layer (Fig. 5(b)). 

Therefore, it can be speculated that the microstructure (density, porosity, pore size, 

specific surface area etc.) of the CNCs layers of different thicknesses kept the same, 

i.e., the elastic moduli of layers kept the same. Only in this circumstance, the amount 

of the HCl gas molecules adsorbed by the CNCs layers would increase linearly with 

the increased thickness of the layer. As a result, the increased mass of the CNCs 

layers caused by the adsorbed HCl molecules is linearly related to the increased 

thickness of the CNCs layer. Based on above discussion, the increase of mass should 

be the major contribution to the frequency response. 



 

Figure 5 (a) Dynamic responses of the sensors of CNCs-1, CNCs-2, CNCs-3 and 

without sensitive layer to 5 ppm HCl gas; (b) Responses of sensors as a function of 

the thickness of the CNCs sensitive layer; (c) Responses and recovery times of 

sensors as a function of the thickness of the CNCs sensitive layer. All the data are 

acquired at 25 °C and RH=50%. 

 

The increase of mass of CNCs layers is mainly due to the adsorption of the HCl 

gas molecules. When CNCs layers are exposed to HCl gas, two potential adsorption 

processes would happen (see Fig. 6). XPS results have revealed that there are 

abundant hydrophilic hydroxyl groups on the surface of CNCs layer, and these 

hydroxyl groups can capture a large amount of H2O molecules from ambient 

environment by formation of hydrogen bonds, as confirmed by FTIR result. As shown 



in Fig. 6, in the process (1), these captured H2O molecules act as active sites for HCl 

adsorption because of the superior solubility of HCl in H2O, making the CNCs layer 

much heavier. In the process (2), the hydroxyl groups themselves may capture HCl. 

Obviously, this process can also lead to an increase on the mass of the CNCs layer.  

 

Figure 6 Proposed HCl adsorption and desorption processes on CNCs layer. 

Both processes (1) and (2) may be responsible for negative responses of sensors. 

To verify which process is more dominant, the sensor coated with CNCs-3 layer was 

tested under different RH values of 3%, 30%, 50% and 85%. As shown in Figs. 7(a) 

and 7(b), the sensor does not show significant responses to 5 ppm HCl gas under 

RH=3%. However, with the increase of the RH value, the sensor’s responses to the 

HCl gas is enhanced significantly, and can reach up to ~-22 KHz when RH=85% (Fig. 

7(b)). Higher RH values may result in more H2O molecules absorbed on the CNCs 

layer. To verify this, the frequency shifts of the sensor were also recorded when the 

RH value was changed. As shown in Fig. 7(a), the frequency shifts are -32, -96 and -

191 KHz when the RH values are increased from 3% to 30%, from 3% to 50% and 



from 3% to 85%, respectively. This result confirms that the CNCs layer is highly 

hydrophilic and there are more H2O molecules absorbed on the layer at higher RH 

values according to ref. [46-48]. With more H2O absorbed, obviously the process (1) 

will be enhanced significantly, whereas the process (2) will become weaker since 

more hydroxyl groups are occupied by H2O molecules.  Hence, it can be concluded 

that the process (1) shall make the major contribution to the responses of the sensor.  

 

Figure 7 (a) Dynamic Responses of the sensor with CNCs-3 layer to 5 ppm HCl gas 

under different RH values and dynamic frequency shifts of the sensor when RH value 

changes; (b) Magnified pictures of the dynamic response processes in (a). Inset in (b) 

shows the response as a function of RH value. 

 

 

Based on the above discussion, the SAW sensors with any hydrophilic layers may 

be sensitive to HCl gas. To verify this, sensors based on GO layer (~80 nm) and SiO2 

layer (~80 nm) were investigated and compared. FTIR results have confirmed that 

these two layers are also highly hydrophilic (Fig. 4). The responses of these two 

sensors to 5 ppm HCl at RH=3% and RH=50% are shown in Figs. 8(a) and 8(b). 

These two sensors also exhibit no significant responses to HCl at RH=3%, whereas 

show negative responses of -3.8 and -2.2 KHz, respectively, when the RH value is 

50%. These responses are ~2.6 and ~4.5 times weaker compared with the response of 

the sensor coated with the CNCs-3 layer. This difference is mainly due to the different 



amounts of H2O molecules absorbed on different layers. As shown in Fig. 8 (a), the 

frequency shifts of the sensors coated with the GO and SiO2 layers are -26.6 and -14.5 

KHz when the ambient RH value is changed from 3% to 50%, these values are ~3.5 

and ~6.6 times lower compared with those of coated with the CNCs-3 layer (Fig. 7(a)). 

These results clearly indicate that there are more H2O molecules absorbed on the 

CNCs layer than those on SiO2 and GO layers at RH=50%, which leads to stronger 

responses to HCl. With these results, it can be further confirmed that process (1) 

contributes mostly to the response of the sensor.  

 

Figure 8 (a) Dynamic responses of the sensors with GO and SiO2 layers to 5 ppm HCl 

gas under different RH values and dynamic frequency shifts of the sensors when RH 

value changes; (b) Magnified pictures of the dynamic response to HCl processes in (a). 

 

  

The responses of this sensor to HCl gas of various concentrations were further 

investigated using the device of CNCs-3 at 25 °C and RH = 50%. As shown in Fig. 

9(a), the sensor has an ability to detect HCl at a low concentration of 1 ppm with a 

response of -2 KHz, and the response can reach as high as -80 KHz when the 

concentration of HCl gas was increased to 200 ppm. Obviously, the response of the 

sensor shows a nonlinear relationship with the gas concentration as shown in Fig. 9(b). 

However, in the range from 1 to 20 ppm, the response is almost linear as a function of 



the HCl concentration as shown in the inset picture in Fig. 9(b), indicating the good 

potentiality of the sensor for the practical application in detection of HCl gas with 

lower concentrations.   

Fig. 9(c) shows the response and recovery times as a function of HCl gas 

concentration. Both of the response time and recovery time do not show significant 

changes when the concentration of the HCl gas is changed. The response of the sensor 

is fast, and the time is ~45 s, while the recovery time is relatively longer, which is 

~500 s. 

 

Figure 9 (a) Dynamic responses of the sensor with CNCs-3 layer to HCl gas with 

concentrations ranging from 1 to 200 ppm; (b) The responses as a function of HCl gas 

concentration. The inset picture gives the feature in the range from 1 to 20 ppm; (c) 



The response and recovery times as functions of HCl gas concentration. All the data 

are acquired at 25 °C and RH=50%. 

 

Based on the sensing mechanism discussed above, it can be assumed that the 

responses of the sensor are highly dependent on the solubility of the HCl gas in the 

H2O. Fig. 10(a) presents the response of the sensor to different gases. Clearly the 

sensor shows no significant responses to gases with low solubilities in H2O such as 50 

ppm H2, CO, CH4 and H2S, while it does show slight negative responses toward the 

gases with relative higher solubilities in H2O such as 50 ppm SO2 and NO2. A slightly 

positive response to 50 ppm NH3 gas, which has a quite high solubility in H2O, can be 

also observed. Our previous report [49] has revealed that this response to NH3 is a 

combination of two factors, i.e., a negative component caused by increase mass and a 

positive component derived from the condensation reactions between the hydrophilic 

groups catalyzed by the adsorbed NH3. However, it is clear that the sensor’s negative 

and positive responses to 50 ppm SO2, NO2 and NH3 are much weaker than that to the 

5 ppm HCl gas. This result indicates that the sensor has an excellent selectivity for 

HCl gas.  

The reproducibility and short-term stability of the sensor were further 

investigated with exposing repeatedly the sensor to 5 ppm HCl for 4 cycles. As shown 

in Fig. 10(b), the sensor has similar response and recovery trends for each cycle, 

indicating good reproducibility and stability. The long-term stability of the sensor has 

also been investigated. As shown in Fig. 10(c), the sensor shows the similar responses 

to 1 ppm, 5ppm and 10 ppm HCl, respectively, in the 11 tests in 100 days, and the 

errors of these response are less than 5%, indicating its good long-term stability. 



 

Figure 10 (a) Dynamic responses of the sensor with CNCs-3 layer to 50 ppm H2, CO, 

CH4, H2S, SO2, NO2, NH3 and 5 ppm HCl gases; (b) Dynamic responses of the sensor 

to 5 ppm HCl gas for 4 consecutive cycles; (c) The responses of the sensor to 1, 5 and 

10 ppm HCl gases in 100 days. All the data are acquired at 25 °C and RH=50%. 



4. Conclusion 

In this article, SAW HCl gas sensors with the CNCs as the sensitive layers were 

fabricated and tested for their HCl sensing performance. The sensors can selectively 

detect HCl gas with a concentration as low as 1 ppm with a negative response of -2 

kHz. This negative response was found to be caused by the increasing mass of 

sensitive layer, which is assisted by the H2O absorbed on the sensitive layers. The 

sensing performance of the sensor is also highly influenced by thickness of sensing 

films and the ambient humidity because the amount of H2O on the sensitive is highly 

dependent on these parameters. The sensor also exhibits excellent reproducibility and 

stability, indicating its good potentiality for practical applications. 
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