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Abstract

:

Polydopamine (PDA) films were successfully prepared on quartz crystal microbalance (QCM) by in-situ growth method, and the obtained QCM sensor was used for humidity detection. Fourier transform infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM) were used to study the chemical composition and microstructure of the in-situ grown PDA sensitive films. The experimental results showed that the PDA-QCM humidity sensor with 2 h polymerization growth times (2-PDA-QCM) owned high sensitivity (20.77 Hz/% RH), good selectivity, short response/recovery time (5 s/11 s) and acceptable long-term stability. In addition, the energy loss of the sensors fabricated under different conditions was investigated by impedance analysis. Based on all the test results, it is concluded that the combination of in-situ growth method and QCM can produce a room temperature humidity sensor with excellent performance.
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1. Introduction


Currently, humidity levels not only affect the production and development of industrial manufacturing, agricultural planting, power transmission, medical care and other fields, but also affects the quality of a person’s living environment [1,2,3,4]. Common resistive or capacitive humidity sensors put forward higher requirements for the electrical properties of humidity sensitive materials, resulting in some materials with strong hydrophilicity, but weak conductive properties [5,6,7,8,9]. As a kind of mass-sensitive sensor, the working principle of quartz crystal microbalance (QCM) is to obtain the output frequency shift of the device by using the mass change caused by the adsorption of water molecules on the sensitive film to realize the function of the sensor. This means that the electrical properties of the sensitive material have little influence on the QCM sensor, and the sensor performance is more dependent on the adsorption capacity of the material for target molecules [10,11]. In addition, QCM sensors have attracted much attention in the field of sensor applications due to their nanogram-level high accuracy, low power consumption, digital output, and real-time and room temperature detection [12,13,14,15,16].



It is well known that the selective adsorption capacity of sensitive materials is the key factor for the performance of QCM sensors. Various hydrophilic materials such as metal oxides, polymers, carbon-based materials, etc. were used to detect humidity [17,18,19,20,21,22]. For example, Tai et al. deposited a composite film based on graphene oxide (GO) and polyethylene imine (PEI) on the QCM electrode through a simple immersion technique. The response of the prepared sensor per relative humidity (RH) was 19 Hz, and the detection range was 11.3~97.3% RH. The results also proved that increasing the number of GO layers could enhance the frequency shift of the sensor. However, the increase in the number of layers would reduce the quality factor of the sensor [23]. Furthermore, Xu et al. used the in situ growth method to grow a layer of super hydrophilic zinc oxide (ZnO) nanoneedle array on the surface of the QCM electrode. Through this ingenious design, a novel and fast response humidity sensor was fabricated. The research results proved that while the ZnO material had poor hydrophilicity, the ZnO nanoneedle array possessed high hydrophilicity. This phenomenon could be attributed to the morphology-dependent sensor characteristics. The surface energy of the material was decreased by the unique structure, which facilitated the adsorption of water molecules [19]. Lomas et al. coated a polyaniline (PANI) nanoscale film made of micro-nano dots on a QCM sensor by electrospinning technology [24]. These studies demonstrated that QCM humidity sensors with excellent performance could be achieved through sophisticated design. Among many potential materials, polydopamine (PDA), as a self-polymerizing biomolecular material, contained a variety of hydrophilic groups (such as hydroxyl, amino, etc.), so it had a strong adsorption capacity for water molecules. However, it should not be ignored that the electrical conductivity of PDA film in general environments was weak, which led to many difficulties when it was used in combination with resistance or capacitance sensor [25]. Therefore, PDA materials were used to load on QCM sensors to prepare high-performance humidity sensors [26,27,28]. For example, Zhang et al. proposed a method to cover QCM with PDA-GO nanocomposite membrane to achieve accurate humidity detection, which was even expected to be applied to human respiration and health monitoring [29]. Wang et al. prepared a fast response QCM humidity sensor by crosslinking PDA and PEI to form N-rich functional polymer (PDA-PEI) and uniformly modifying porous polypropylene microfiltration membrane (PPMM) [19]. It has been noted that PDA was rarely employed as a single sensitive material and was typically used as a secondary reaction platform or composite with other materials. This might be due to the poor performance of pure PDA modified QCM sensors made by conventional drip or spin coating. In this work, we sought to build a highly sensitive and quick response QCM humidity sensor using in situ growing technology and pure PDA sensing film in order to preserve the remarkable properties of PDA.




2. Experimental


2.1. Materials and Detection System


Hydrochloric acid (HCL, 36.0–38.0%), acetone (99.5%) and ethanol (99.8%) were purchased from China National Pharmaceutical Group Co., Ltd (Beijing, China). 3-Hydroxytyramine hydrochloride (98%) was purchased from Aladdin (Shanghai, China). Tri(Hydroxymethyl) Amino Methane Hydrochloride (Tris, >99.9%) was purchased from Beijing Mengyimei Biotechnology Co., Ltd. All the experimental reagents were analytical grade and used as received. Moreover, deionized water was used in all experiments.



QCM sensor substrates were purchased from CHENJING Electronics Beijing Co., Ltd (Beijing, China). The substrate was made up of a round AT-cut piezoelectric crystal with two pre-deposited silver electrodes on either side. All QCM sensor substrates had a working frequency of 10 MHz. The QCM sensor substrates should be sequentially cleaned for 10 min in an ultrasonic bath using ethanol, acetone, and deionized water, then placed in a container of discolored silica gel and dried overnight at room temperature.



The schematic diagram of the QCM sensor humidity detection system was shown in Figure 1. Different RH conditions in the detection system were set up by using different kinds of supersaturated salt solutions [30,31]. One end of the self-made vibration starting circuit was connected to the modified QCM humidity sensor, and the other end was connected to the high precision frequency meter (53131A, Agilent) to monitor the oscillation frequency of QCM in real time. In addition, QCM sensor was also connected with an impedance analyzer (4294A, Agilent), and the admittance spectrum of QCM in the resonant range was recorded by frequency sweep to obtain the electroacoustic parameters of the sensor.




2.2. Material Synthesis and Sensor Preparation


The synthesis of polydopamine (PDA) was a kind of polymer which was self-polymerized by using dopamine hydrochloride (DA) as a polymeric monomer in buffer solution [32]. The detailed material synthesis and sensor fabrication steps were shown in Figure 2.



Firstly, 0.1211 g of tris powder was dissolved in 100 mL of deionized water. Then, HCL was added drop-by-drop until the pH value of the mixed solution reached 8.5 to obtain 10 mmol/L Tris-HCl buffer solution which was most suitable for DA oxidation polymerization. Further, 200 mg of DA powder was weighed and slowly added to the buffer. Finally, the PDA material can be obtained by placing it on the electronic stirring table. During the stirring process, the pre-treated blank QCM sensor substrate was immersed in the buffer solution, and PDA was continuously deposited on the surface of QCM with the polymerization process. It is important to notice that the stirring speed at this time should not be too fast. On the one hand, because the QCM sensor was made by in situ polymerization (as illustrated in Figure 2), an excessive stirring speed would create a vortex in the solution center, thus exposing a portion of the sensor. On the other hand, a mixing speed that is too fast would make the mixing magnet jump or vibrate, which might cause it to collide with the sensor and lose its mixing effect. Furthermore, excessively quick stirring might speed up the polymerization process or raise the temperature of the reaction [33]. After the reaction, the QCM was removed from the reaction solution, and the excess sensitive material outside the electrode was wiped off with alcohol. Then, the QCM with sensing materials was placed in a drying oven and allowed to dry overnight at room temperature. This step was necessary to ensure that the sensor was in the best possible condition before being tested, and that it would not be overly disturbed by external environmental influences (such as the inevitable ambient humidity). According to the different reaction times, the PDA-QCM humidity sensors with polymerization growth times of 1 h, 1.5 h, 2 h, 2.5 h, 3 h, 3.5 h and 4 h were obtained and named 1-PDA-QCM, 1.5-PDA-QCM, 2-PDA-QCM, 2.5-PDA-QCM, 3-PDA-QCM, 3.5-PDA-QCM and 4-PDA-QCM, respectively.




2.3. Characterization


The field emission scanning electron microscopy (FESEM) images of the prepared materials were taken by a JEOL JSM-6700F microscope (Tokyo, Japan) which operated at 15 kV. The Fourier transform infrared (FT-IR) spectra of the prepared materials were obtained on a WQF-510AFTIR spectrometer. The KBr pellet was used as reference and scanned in the range of 400–4000 cm−1.





3. Results and Discussion


3.1. Structural and Morphological Characteristics


The synthesized PDA material was tested by FT-IR to identify the surface functional groups. As shown in Figure 3, the slightly wider band located around 3400 cm−1 corresponds to the stretching vibration of hydroxyl (O-H) and amino (N-H) groups. The bands nearing 1602 cm−1 and 1500 cm−1 correspond to the skeleton vibration of the aromatic ring carried by the PDA and the vibration between N-H within the -NH2 group. The absorption peak at 1268 cm−1 corresponds to C-O stretching vibration. The above results were basically consistent with the previous reports [34], which indicated that we have successfully synthesized PDA materials, and no other impurities were mixed in the reaction process.



The SEM images of PDA polymerized with different reaction times were shown in Figure 4. It can be found that when the polymerization time was about 0.5 h, the obtained material was mainly composed of particles of different sizes, which were nearly round in size and different in size. When the reaction time gradually increased, the existence of single particles gradually decreased, and the material particles began to stack gradually. When the reaction time reached 2 h, the surface of the sensitive film tended to be smooth, and the material accumulation was relatively flat. When the polymerization time reached 4 h, the surface of the film became no longer uniform, and a large number of particles accumulated on PDA due to agglomeration, which was detrimental to the uniform distribution of sensitive materials. Because the QCM sensor was worked in vibration mode, the non-uniform sensitive film would bring great negative impact to the sensor, and even lead to non-vibration of the QCM sensor [35].




3.2. Humidity Sensing Properties of the QCM Humidity Sensors


The frequency response curves of different PDA-QCM humidity sensors with in situ growth time from 1 h to 4 h were tested in the range of 11% RH to 95% RH. The test results were shown in Figure 5.



Firstly, the tested sensor was placed in the 11% RH condition, and the test was officially started when the output frequency was stable and unchanged. When the test curve at 11% RH was relatively stable, we quickly transferred the tested sensor to the other humidity bottle. When the test curve stabilized again, it needed to be quickly restored to 11% RH. The humidity bottles were replaced one by one until each humidity condition was detected. It can be seen from the detection results that when the ambient RH gradually increased, more and more water molecules would be absorbed by the sensitive film, which led to an increase in the overall quality of the sensor, so the frequency shift of the sensor would change accordingly. In addition, when the humidity was changed under test conditions to 11% RH, all sensors showed good desorption performance. It was found that the frequency shift of the sensor increased first and then decreased with the film preparation time. Among all the sensors, 2-PDA-QCM owned the highest frequency shift in all humidity conditions, and the optimal response was 20.77 Hz/% RH. The above test results were consistent with the SEM characterization results. The time of DA polymerization had a great influence on the morphology of the sensitive film, so it directly affected the humidity sensitive characteristics of the sensor. Polymerization time was not better with a longer processing time. Rather, the appropriate polymerization time could result in the best performance from the sensitive film, so as to obtain the best QCM sensor.



Next, the response/recovery times of the humidity sensors at different in situ growth times were tested when conditions were changed from 11% RH to 95% RH. Each sensor was tested several times and the average value was taken. The final results were summarized in Table 1. It can be found that both the response and recovery times of 2-PDA-QCM humidity sensor were significantly shorter than others, which indicates that faster response and recovery speeds are conducive to the actual detection application. In addition, the deposition mass of PDA on QCM sensor electrode at different growth times was calculated according to Sauerbrey equation and is shown in Table 1 [36].



After all the sensors were tested by oscillatory circuit method, the impedance characteristics of the sensors were also tested and analyzed. In this work, the admittance (GB) curve of the sensor was obtained by impedance analyzer. In an impure resistance circuit, due to the presence of nonlinear elements, the admittance Y will have virtual and real parts: Y = G + jB, where G was the conductance and constituted the real part value; B was the susceptance and constituted the imaginary part value. Admittance analysis was also a common analysis spectrum in electrical analysis. The G-B spectra of the PDA-QCM humidity sensors in situ grown for different times in the experiment were shown in Figure 6.



It can be found that with an increase in RH, the central frequency value f0 (the abscissa corresponded to the highest point of the curve) of the curve decreased continuously, which indicates that the output frequency of the QCM humidity sensor decreased continuously. This result was consistent with the variation trend of the frequency response curve measured by the circuit method. During the test, the instrument could calculate the corresponding half band width (HBW), quality factor (Q) and equivalent resistance value (R0) in real time. Where HBW was the difference of the abscissa corresponded to half of the maximum ordinate value in each G-B curve, and the unit was Hz. The ratio between f0 and HBW was Q, which represented the performance of the sensor during operation. The stability and performance of the sensor will be impacted by the diminished Q value because it indicated the energy loss of QCM sensor. On the contrary, a larger value of Q indicated a smaller sensor loss. R0 was the equivalent resistance value calculated during QCM operation. The smaller R0 was, the smaller power consumption required by the sensor, which was more conducive to practical application [37,38].



The relevant test values of PDA-QCM humidity sensors in situ grown at different times were summarized in Table 2. Through the observation of the four sensors, it could be found that with the RH increased, their HBW gradually broadened, Q value gradually decreased, and R0 continuously increased. The Q value of the same QCM sensor decreased with the increase in RH, which meant that more and more water molecules were adsorbed on the surface of the QCM sensor, accompanied by inevitable mechanical loss. However, such was a normal phenomenon and would not affect the detection of QCM sensor within a reasonable range. The changing of 2-PDA-QCM humidity sensor was obvious, which because it had the strongest interaction with water molecules and better humidity sensitivity.



Based on the above test results, it can be concluded that the comprehensive performance of the PDA-based QCM humidity sensor grown in situ for 2 h was the best. The results of SEM characterization and film mass showed that the polymerization time of PDA had a great influence on the film performance. When the polymerization time was too short, the monomer material had not been completely polymerized, and the film formed on the surface of QCM electrode was not uniform and smooth enough. However, when the reaction time was too long, the polymeric materials would stack and form aggregates, and the over-thick sensitive film was easy to be out of sync with the vibration of QCM during the vibration process, thus affected the performance of the sensor [22,23,24]. In conclusion, 2 h was the appropriate growth time for QCM humidity sensor. Next, the 2-PDA-QCM humidity sensor was further tested for sensing performance to humidity.



The frequency response curves of the 2-PDA-QCM humidity sensor from 11% RH to 95% RH in the temperature range from 25 °C to 45 °C were tested, and the results were shown in Figure 7. The results showed that the frequency shifts of the sensor increased with the increase in temperature. When the temperature has risen to 45 °C, the frequency shift of the sensor would increase significantly, and the change of the frequency shift of the sensor was not very big when the temperature around 25 °C. Therefore, although the high temperature resistance of the sensor still needs to be further improved, the output frequency shift of the QCM humidity sensor was relatively stable for common humidity detection at room temperature.



In the actual use of the sensor, the presence of other interfering gases might affect the test results. In this experiment, ethanol, ammonia, acetone, methanol, formaldehyde and benzene with a concentration of 500 PPM were selected as interference gases. Figure 8 compared the frequency shifts of 2-PDA-QCM humidity sensor to several interfering gases, 33% RH and 95% RH. From the results, the frequency shift of the sensor to humidity was significantly better than other interfering gases, which indicated that the sensor owned acceptable selectivity. Because the QCM sensor could work at room temperature, it should be emphasized that the majority of the adsorption of target molecules occurred by physical adsorption. Additionally, the rate of adsorption and desorption was rather quick and could be entirely desorbed. However, because of these features, the sensor would respond to some interference targets. Therefore, it is still worthwhile to investigate the issue of sensor cross-sensitivity for future applications.



In order to evaluate the repeatability of the QCM humidity sensor, the 2-PDA-QCM was periodically and repeatedly exposed to 11% and 95% RH. As shown in Figure 9, the sensor has good repeatability in five cycles of testing.



The stability of 2-PDA-QCM humidity sensor was tested for up to 30 days. The same frequency response curve was tested on the same sensor at intervals, and the specific values were recorded in Table 3. It can be found that the humidity sensitivity of 2-PDA-QCM sensor was difficult to maintain a stable level after 30 days. Therefore, the modification of sensitive film or the preservation mode of sensor is a problem that needs to be further explored and improved.



The performance of the QCM humidity sensor in this work and reported work, which QCM modified by other materials, were summarized in Table 4 for comparison. From the comparison results, it can be seen among QCM humidity sensors modified with various monomer materials, that the device made in this work had better performance, such as superior sensitivity and short response/recovery times.





4. Discussion


The working principle of QCM humidity sensor based on PDA humidity sensitive material was mainly to use the hydrophilic groups (amino group, hydroxyl group, etc.) of the humidity sensitive material itself to adsorb water molecules reversibly. The substrate was immersed in an alkaline aqueous solution of dopamine, and PDA coating spontaneously formed on the surface of the substrate after several minutes to hours. The schematic diagram is shown in Figure 10.



Through hydrogen bonding, a large amount of water molecules were adsorbed by the humidity sensitive material in high humidity conditions, which resulted in an increase in the mass of the sensitive material and a decrease in the output frequency of the sensor. After changing to relatively low humidity conditions, the humidity sensitive material would release part of the adsorbed water molecules, the mass of the sensor load was reduced, and the output frequency of the sensor was correspondingly increased. Combining the SEM characterization results and the sensor frequency response curves, it can be found that when the polymerization time was short, only a small amount of PDA was wrapped on the QCM surface, so the sensor response was lower. The sensitive film on the QCM surface tended to be flat when the time was raised to 2 h, and the wet-sensitive characteristics of the sensor are at their best. However, the film would no longer be smooth and might even exhibit stacking phenomenon as the reaction time increases, which would have a significant negative influence on sensor performance.




5. Conclusions


In this work, the PDA-QCM humidity sensor was fabricated by in situ growth method, using dopamine (DA) as the self-polymerizing monomer, and the biomolecular material polydopamine (PDA) with strong hydrophilic and adsorptive properties was synthesized on the surface of QCM electrode. The effect of self-polymerization time on the sensor was studied by controlling in situ growth time. The results showed that the 2-PDA-QCM humidity sensor with 2 h in situ growth obtain optimal performance, such as excellent sensitivity (20.77 Hz/% RH), short response and recover time (5 s/11 s) and appreciable selectivity. Finally, our work demonstrates that PDA is a potential and suitable material for humidity detection when combined with QCM sensors. In addition, in situ growth method is a feasible method to fabricate PDA-based sensors. However, it should be noted that the time of in situ growth is the main factor which determines the characteristics of the sensor and different reaction times have a great influence on the microstructure of the sensitive films.
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Figure 1. The schematic diagram of QCM sensor humidity detection system. 
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Figure 2. The schematic diagram of material synthesis and QCM humidity sensor fabrication by in situ method. 
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Figure 3. FT-IR spectra of PDA. 
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Figure 4. The SEM images of PDA materials after (a) 0.5 h, (b) 1 h, (c) 2 h and (d) 4 h reaction. 
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Figure 5. The response-recover curves of 1-PDA-QCM, 1.5-PDA-QCM, 2-PDA-QCM, 2.5-PDA-QCM, 3-PDA-QCM, 3.5-PDA-QCM, 4-PDA-QCM at the relative humidity between 11% and 95%. 






Figure 5. The response-recover curves of 1-PDA-QCM, 1.5-PDA-QCM, 2-PDA-QCM, 2.5-PDA-QCM, 3-PDA-QCM, 3.5-PDA-QCM, 4-PDA-QCM at the relative humidity between 11% and 95%.



[image: Chemosensors 10 00522 g005]







[image: Chemosensors 10 00522 g006 550] 





Figure 6. Admittance curves of (a) 1-PDA-QCM, (b) 2-PDA-QCM, (c) 3-PDA-QCM, and (d) 4-PDA-QCM humidity sensors in the range of 11% RH to 95% RH. 
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Figure 7. The frequency shifts of 2-PDA-QCM at different temperatures. 
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Figure 8. The selectivity histogram of 2-PDA-QCM. 






Figure 8. The selectivity histogram of 2-PDA-QCM.



[image: Chemosensors 10 00522 g008]







[image: Chemosensors 10 00522 g009 550] 





Figure 9. The repeatability of 2-PDA-QCM at the relative humidity between 11% and 95% for five cycles. 
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Figure 10. The schematic diagram of adsorption principle. 
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Table 1. Summary table of response/recovery times and film mass of PDA-QCM humidity sensors with different growth times.
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	QCM Sensor
	Response Time (s)
	Recover Time (s)
	Film Mass (ng)





	1-PDA-QCM
	187
	211
	1016



	2-PDA-QCM
	5
	11
	3278



	3-PDA-QCM
	24
	16
	4299



	4-PDA-QCM
	163
	64
	5155
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Table 2. Half-band widths, equivalent resistance values, and quality factors of PDA-QCM humidity sensors measured in the range of 11% RH to 95% RH with different in situ growth times.
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QCM Sensor

	
Relative Humidity

	
HBW

	
R0

	
Q






	
1-PDA-QCM

	
11% RH

	
197.08

	
10.02

	
50,712




	
33% RH

	
199.13

	
10.28

	
50,190




	
54% RH

	
205.39

	
10.48

	
48,660




	
75% RH

	
211.05

	
10.73

	
47,355




	
85% RH

	
223.63

	
11.41

	
44,690




	
95% RH

	
286.67

	
14.97

	
34,842




	
2-PDA-QCM

	
11% RH

	
194.06

	
9.80

	
51,489




	
33% RH

	
206.29

	
10.00

	
48,433




	
54% RH

	
211.12

	
10.28

	
47,326




	
75% RH

	
223.15

	
10.95

	
44,775




	
85% RH

	
265.93

	
12.60

	
37,570




	
95% RH

	
384.85

	
20.43

	
25,960




	
3-PDA-QCM

	
11% RH

	
261.92

	
12.45

	
38,144




	
33% RH

	
262.03

	
12.63

	
38,128




	
54% RH

	
263.71

	
13.00

	
37,885




	
75% RH

	
274.80

	
13.70

	
36,355




	
85% RH

	
278.84

	
13.88

	
35,829




	
95% RH

	
282.55

	
14.16

	
35,357




	
4-PDA-QCM

	
11% RH

	
199.78

	
10.04

	
50,026




	
33% RH

	
203.30

	
10.12

	
49,160




	
54% RH

	
205.48

	
10.18

	
48,640




	
75% RH

	
209.26

	
10.46

	
47,761




	
85% RH

	
211.09

	
10.55

	
47,346




	
95% RH

	
232.27

	
11.29

	
43,026











[image: Table] 





Table 3. The long-term stability test values of 2-PDA-QCM.
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Relative

Condition

	
Storage Day 1

	
Storage Day 3

	
Storage Day 7

	
Storage Day 30




	
Frequency Shift (Hz)






	
33% RH

	
42.53

	
50.09

	
41.58

	
74.89




	
54% RH

	
187.24

	
135.49

	
120.45

	
109.01




	
75% RH

	
751.17

	
359.67

	
313.87

	
296.30




	
85% RH

	
1081.28

	
639.81

	
566.40

	
496.12




	
95% RH

	
1950.51

	
1433.73

	
948.26

	
883.25
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Table 4. Comparison between QCM humidity sensor in this work and reported works.
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	Materials
	Fabrication Method
	Range
	Sensitivity
	Res./Rec. Time
	Ref.





	TiO2
	Spin coating
	30%~70% RH
	2 Hz/% RH
	~/~
	[39]



	S-Ti3C2
	Drop casting
	11%~97% RH
	12.8 Hz/% RH
	6 s/2 s
	[40]



	CNT
	Spin coating
	5%~97% RH
	12.5 Hz/% RH
	60 s/70 s
	[41]



	Chitosan
	Spin coating
	11%~94% RH
	7.5 Hz/% RH
	~/~
	[42]



	PANI
	Electrospinning
	20%~80% RH
	3.0 Hz/% RH
	5 s/20 s
	[24]



	PDA
	In situ growth
	11%~95% RH
	20.77 Hz/% RH
	5 s/11 s
	This work
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