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[bookmark: _Hlk181716859]6. Basics of humidity and types of humidity sensitive elements
At present, the creation and application of a humidity sensor plays an important role in industrial and domestic applications for human convenience, as a result of which, depending on the operating conditions, there are different types of humidity sensitive elements based on operating principles, on a unit of measurement, and also on various types of sensitive materials.
[bookmark: _Hlk181718228]The basic units of humidity measurement are relative humidity and absolute humidity and based on these measurement parameters, the sensors are divided into the following main types: sensors of relative humidity and absolute humidity. The unit of absolute humidity has another concept as vapor density and is determined by the ratio of the mass of water vapor in the air to the volume of air and is expressed by the following formula (4) [1, 2]:

	
	AB = mw/v
	1. 



(here AB – the absolute humidity (g/m3),mw - a mass of water (grams),v –volume of air (m3)). 
The next unit of measurement is relative humidity, which is determined by the ratio of the moisture content of air to a saturated (maximum) humidity level. In this case, the relative humidity depends on the temperature and is therefore called relative measurement and is expressed by the following formula (5):

	
	RH% = PV/PS*100

	1. 


(here RH – relative humidity, PV– the actual partial pressure of moisture that is contained in the air, PS– the saturated pressure of humid air)
Also the most important is the determination of moisture saturation, which depends on temperature and presents the ratio of the mass of water vapor at saturation to the volume of air and is expressed by the following formula (6):

	
	SH = mws/v 
	1. 




(here SH – moisture saturation (g/m3), mws –  the mass of water vapor at saturation (g) и v the volume of air (m3)) [135].
According to the unit of measurement relative compared to absolute humidity, relative humidity is most widely used because of its simplicity and low cost.
As mentioned above, the classification of humidity sensors can be subdivided on the next basis: types of sensitive materials, principles of operation, and also the type of conductivity into resistive, capacitive, ionic, electronic (charge carriers) and the sensitivity mechanism into electronic, proton and electrolytic.
Currently, humidity sensors according to the types of sensitive materials are classified into: ceramic, organic polymers, semiconductor, organic/inorganic (polymer/ceramics) [1, 2].
Thus, to create humidity sensors and its application in industrial and domestic applications for human convenience, the most important is the choice of a suitable sensor type and the choice of material that will affect the sensitivity, stability of the device.
[bookmark: _Hlk181718262]Creation of a Humidity Sensor Based on GO and GO/CMC
The design of the humidity sensor is shown in Figure 1. The GO and GO/CMC (0.03 g; 0.06 g; 0.15 g) membranes were mounted on a dielectric substrate and connected with opposite ends of copper wire (0.15 mm in diameter) as electrodes to the samples. These electrodes were attached with stable fixtures to ensure good electrical contact. Four legs of the dielectric substrate were installed. As can be seen from Figure 1, the sensor substrate had the following dimensions: 10.5 × 5.7 cm; the thickness of the membranes was about 20 microns; the length was 3.5 cm; and the width was 1 cm. The surface of the GO and GO/CMC membranes was open on both sides, making it sensitive to the relative humidity of the environment. As can be seen from the diagram in Figure 1, a humidity sensor based on GO and GO/CMC (0.03 g; 0.06 g; 0.15 g) and an exemplary DHT 22 sensor on the Arduino platform were mounted together on a dielectric substrate and placed together in the test chamber (Figure 2) that was used to control the humidity.The DHT 22 sensor is designed to measure humidity levels in the range from 0 to 100% and the measurement accuracy is in the range of2–5%.
[image: ]
Figure 1. Structure of the humidity sensor.

A schematic representation of the installation for investigating the sensitivity of the sensor to humidity is shown in Figure 4. The humidity sensor test chamber has a main box and a humidity controller from 1% to 99% with a temperature sensor. A Keithley Picoammeter (Picoammeter 6485× Model) was used to measure the electrophysical characteristics of the humidity sensor. The Keithley 6485 meter was attached to the copper electrodes with alligator clips. The error bars were limited by an instrument error of no more than 0.5%.
[image: C:\Users\Asus\Desktop\Tilek\19 Hum. Chamber 19.08.2023.png]
Figure 2. Schematic view of the installation.

[bookmark: _Hlk181718285]Electrophysical Characteristics of the Humidity Sensor Based on GO and GO/CMC (0.03 g; 0.06 g; 0.15 g)
The electrical parameters of the humidity sensor based on the GO and GO/CMC membranes (0.03 g; 0.06 g; 0.15 g) were studied as a function of humidity to determine the performance of the device. The response and recovery of the humidity sensor were tested using a Keithley (Model 6485) meter attached to copper electrodes with alligator clips. The results of the sensor response and recovery tests as a function of time are shown in Figure 3. The response and recovery time of the humidity sensor was tested in a sealed chamber with a controlled humidity level in the range from 20% to 90% (RH) with an interval of 5% (RH) for 84 min (Figure 10). The results of the study showed that with an increase in the relative humidity, the electrical resistance of the humidity sensor decreased. According to the obtained results, it is obvious that in all samples with an increase in humidity from 20% to 90% (RH), a significant decrease in electrical resistance was observed of almost two to four orders of magnitude depending on the addition of CMC (0.03 g; 0.06 g; 0.15 g) to GO. In addition, a symmetrical change in the values of electrical resistance wasobserved when the humidity decreased from 90% to 20%. On the initial GO, with an increase in humidity from 20% to 90% (RH), the electrical resistance decreased by three orders of magnitude from 3.4 × 107 to 2.6 × 104 Log (R, Ohm). Then, after adding CMC (0.03 g; 0.06 g; 0.15 g) to the samples (1, 2, 3), the electrical resistance decreased as follows: (1)—from 1 × 108 to 7.8 × 104; (2)—from 2.9 × 108 to 4.1 × 104; (3)—from 6.4 × 109 to 6.2 × 104 Log (R, Ohm). In the dynamics of recovery, with a decrease in humidity from 90% to 20%, the electrical resistance of the GO and GO/CMC samples (0.03 g; 0.06 g; 0.15 g) increased in the following order: (0)—from 2.6 × 104 to 1, 7 × 107; (1)—from 7.8 × 104 to 5 × 107; (2)—from 4.1 × 104 to 1.2 × 108; (3)—from 6.2 × 104 to 1.1 × 109 Log (R, Ohm). In the results of the dynamics of sensor recovery at 20% humidity, the values of the electrical resistance of the samples were not significantly lower than the resistance at the response at the same level of 20% humidity, which is explained by the saturation of the membranes with water molecules, and indicates the successful recovery of the samples from moisture. In addition, with an increase in humidity compared to the initial GO after the addition of CMC (0.03 g; 0.06 g; 0.15 g), a significant increase in the electrical resistance was observed with an increase in the masses of the added CMC particles in the GO. This change is explained by the presence of hydrogen bonds between GO and CMC [3, 4–7] and an ether bond, C=O, which is confirmed by the IR spectrum and electrical characteristics in Figure  11 as well as by the interfacial polarization that occurs at the CMC–GO boundary [8, 9]. In general, during the response of the sensor, the process of reducing the electrical resistance with increasing humidity is due to the fact that a large number of water molecules are adsorbed on the surface of GO and CMC, which significantly increases its conductivity due to the proton–electron exchange between GO/CMC and adsorbed molecules [10–13]. Accordingly, during the dynamics of recovery, adsorbed water molecules are removed, which leads to an increase in resistance. Thus, according to the results of the dynamics of response and recovery of the humidity sensor, a decrease and increase in the electrical resistance values is observed in the entire range of relative humidity, which confirms the sensitivity of GO and GO/CMC (0.03 g; 0.06 g; 0.15 g) membranes to moisture.
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Figure 3. Dynamics of response and recovery of GO and GO/CMC samples: (0) initial GO; (1) GO/CMC 0.03 g; (2) GO/CMC 0.06 g; (3) GO/CMC 0.15 g.
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Questions
0. Important role of creation and application of a humidity sensor
0. Basic units of humidity measurement are relative humidity and absolute humidity and based on these measurement parameters
0. Creation of a Humidity Sensor Based on GO and GO/CMC
0. Electrophysical Characteristics of the Humidity Sensor Based on GO and GO/CMC (0.03 g; 0.06 g; 0.15 g)
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