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Abstract

:

Breath is one of the most important physiological features of human life. In particular, it is significant to monitor the physical characteristics of breath, such as breath frequency and tidal volume. Breath sensors play an important role in the field of human health monitoring. However, an electronic breath sensor is not stable or even safe when the patient is in a Magnetic Resonance Imaging (MRI) system or during any oncology treatment that requires radiation and other high electric/magnetic fields. Fiber-optic-based sensors have attracted a considerable amount of attention from researchers since they are immune to electromagnetic interference. Here, we propose and demonstrate a fiber-optic-based relative-humidity (RH)-sensing strategy by depositing Ti3C2Tx nanosheets onto an etched single-mode fiber (ESMF). The humidity sensor function is realized by modulating the transmitted light in the ESMF using the excellent hydrophilic properties of Ti3C2Tx. Experiments show that the coated Ti3C2Tx nanosheets can effectively modulate the transmitted light in the ESMF in the relative humidity range of 30~80% RH. The sensor’s fast response time of 0.176 s and recovery time of 0.521 s allow it to be suitable for real-time human breath monitoring. The effective recognition of different breath rhythms, including fast, normal, deep, and strong breathing patterns, has been realized. This work demonstrates an all-optical Ti3C2Tx-based sensing platform that combines Ti3C2Tx with an optical fiber for humidity sensing for the first time, which has great promise for breath monitoring and presents novel options for gas-monitoring applications in the biomedical and chemical fields.
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1. Introduction


Relative humidity (RH) measurements are important for electronic products, industrial and agricultural production, human comfort and health, and precision instrument manufacturing [1,2,3]. Therefore, the research and development of humidity sensors with excellent sensing characteristics and easy fabrication is significant. Electronic humidity sensors with different operating mechanisms, such as capacitive [4], resistive [5], and field-effect transistors [6], have been developed. High-performance humidity sensors require high sensitivity, excellent survivability, a wide dynamic range, and fast response and recovery times [7]. However, traditional electronic RH sensors have many drawbacks in practical applications, such as their bulky size, complex operation, and poor survivability in electromagnetic interference environments [8]. Fiber-optic humidity sensors have advantages such as a compact structure, anti-electromagnetic interference, a fast response, and the ability to measure remotely, in contrast to traditional sensors [9,10,11]. Many RH-sensing techniques based on fiber-optic structures, such as fiber Bragg gratings, tilted fiber gratings, fiber facets, interference structures, side-polished fibers, and microfibers, have been reported [12,13,14,15,16,17]. Actually, these fiber structures are inherently sensitive only to physical parameters (i.e., temperature and strain). For the purpose of humidity sensing, coatings of hygroscopic materials are always required on the surfaces of these fiber devices. For example, the surface of the FBG must be coated with a material (e.g., polyimide) that has hygroscopic expansion properties since the FBG has only a core mode. The variations in humidity are sensed by applying strain to the FBG through the hygroscopic expansion of the material [12]. Unfortunately, these polymer-based hygroscopic materials have a relatively slow humidity response and considerable hysteresis. Fast-response and high-robustness humidity sensing can be achieved by coating materials that have a refractive index sensitive to moisture onto the surface of the device, e.g., optical fibers with an evanescent field or cladding mode [16,17]. In addition to the advantages of standard optical fibers, microfibers are expected to achieve higher sensitivity compared to other fiber structures since they have a strong evanescent field outside the fiber surface, which can penetrate the coating and enhance light–matter interactions [18]. In order to achieve high sensitivity for RH detection, it is also necessary to add hygroscopic materials to the bare microfiber structure [19]. Therefore, the parameters, such as intensity and wavelength, of the optical signal transmitted in the microfiber will be modulated by the coating of the surface hygroscopic material when the RH in the environment changes. The RH variations can be obtained by demodulating parameters such as the optical intensity and wavelength. [20].



Transition-metal carbides, nitrides, and carbonitrides (normally referred to as MXenes) have been the most attractive family of 2D materials in recent years. The general formula is Mn+1XnTx (n = 1, 2, or 3), where M is an early-transition-metal element (Sc, Ti, etc.), X is C and/or N, and T is the surface termination inherited by the synthesis process, usually −OH, −O, or −F [21]. There are more than 30 different experimental stoichiometric MXenes and more than 100 (not considering surface termination) theoretically predicted MXenes. MXenes have significant physical and chemical properties, including hydrophilicity, excellent electrical conductivity, a large specific surface area, modifiable functional groups, and favorable biocompatibility [22,23,24]. These unique properties exhibited by 2D MXene materials possess significant opportunities for many applications, such as electromagnetic shielding [25], photothermal therapy [26], all-optical modulation [27], and sensing [28,29]. In recent years, Tin+1CnTx (n = 1,2,3) MXenes have become ideal sensing materials due to their large specific surface area, excellent mechanical stability, outstanding electrical conductivity, and good hydrophilicity [30]. Ti3C2Tx is one of the most representative MXenes, consisting of two layers of carbon atoms sandwiched between three layers of titanium atoms to form a sandwich structure. It represents the rise of MXenes, as it is not only the earliest MXene material discovered and successfully fabricated but also the most widely studied among the MXene family, including its preparation methods, physical properties, and application fields [31]. Owing to the advantages of high stability and a relatively simple synthesis method, Ti3C2Tx MXene has become the focus of many research efforts [32]. Ti3C2Tx MXene has been used in gas sensing [33,34,35,36,37]. It has been shown that the Ti3C2Tx sensor has the capacity to measure ethanol, methanol, acetone, and ammonia gases at room temperature and displays p-type sensing behavior. The theoretically calculated detection limit for acetone gas is about 9.27 ppm with this sensor, which has a better performance compared to other 2D-material-based sensors [33]. Multilayered Ti3C2Tx sheets have hydrophilic active sites for water adsorption and intercalation due to the presence of -OH-, -O-, and -F-terminated groups [34]. Thus, these properties enable Ti3C2Tx to be used as a hygroscopic material for RH sensing. Recently, Ti3C2Tx has been applied to RH sensors using electronic methods [35,36,37]. However, reports of fiber-optic humidity sensors based on Ti3C2Tx are relatively few.



In this work, we deposited Ti3C2Tx nanosheets onto an etched single-mode fiber (ESMF) for the first time, utilizing the unique properties of Ti3C2Tx to realize a high-performance relative humidity (RH) sensor for human breath monitoring. Our work will not only facilitate the achievement of Ti3C2Tx in real applications but also emphasize the potential of Ti3C2Tx in fiber-optic communities. Owing to the large surface-specific area and abundant hydrophilic functional groups of Ti3C2Tx nanosheets, the water molecules can be maximally absorbed, which leads to a change in the refractive index (RI) and the expansion of the interlayer spacing of the Ti3C2Tx thin film [38]. Therefore, the modulation of the ESMF output optical power by the ambient RH is realized. The humidity detection capability of the sensor was tested experimentally with breath patterns, and the results show that the Ti3C2Tx-based fiber-optic sensor has a fast humidity response speed and exhibits excellent breath-monitoring performance. Moreover, the humidity sensor can be used for the real-time monitoring of human breath with different rhythms. Compared with other fiber-optic structures, the ESMF has the advantages of a simple structure, a strong evanescent field, a low demand for optic devices, and cost-effectiveness. In addition, due to the fast response time of the sensor, RH can be monitored in real time by detecting the intensity of the optical transmission signal. It has potential applications in industrial and agricultural production and human health monitoring.




2. Experiments


In this study, we successfully developed a humidity sensor using Ti3C2Tx nanosheets integrated with an etched single-mode fiber (ESMF). The ESMF was obtained from a single-mode fiber (SMF-28), which has a diameter of 125μm and a fiber core diameter of ~9 μm, using the process of chemical etching with hydrofluoric acid. In order to enhance the mechanical stability of the sensor and to facilitate subsequent experiments, the prepared ESMF was fixed to a glass slide and then rinsed three times with deionized water (DI) and ethanol. To improve the RH sensitivity of the ESMF, it is necessary to modify its surface by depositing a Ti3C2Tx layer with abundant hydrophilic groups. Ti3C2Tx nanosheets were deposited on the sidewalls of the ESMF via natural evaporation, as described in our previous work [27], and aided by optical adsorption. The method of natural evaporation has the advantages of low cost and high efficiency, and the operation process is as follows: Firstly, a Ti3C2Tx aqueous suspension with a concentration (XFK08, XFNANO) of 2 mg/mL is dropped onto the ESMF. The Ti3C2Tx-coated ESMF (TESMF) is then allowed to evaporate naturally for 6 h. Meanwhile, Ti3C2Tx nanosheets are attached to the surface of the ESMF using the optical tweezer effect. Ti3C2Tx nanosheets could be easily attached to the fiber surface by connecting a 980 nm light source (100 mW) to one end of the ESMF, which effectively accelerates the deposition process. Then, the final Ti3C2Tx-coated ESMF humidity sensor is fabricated. The 2D morphological characteristics of Ti3C2Tx were observed using field-emission scanning electron microscopy (SEM; FEI Verios G4, Waltham, MA, USA) and transmission electron microscopy (TEM; FEI Talos F200X, Waltham, MA, USA), as shown in Figure 1a and Figure 1b, respectively, which also demonstrate the dimension distribution. The structural characteristics of Ti3C2Tx, as seen in Figure 1a,b, indicate a 2D ultrathin-layer configuration and a morphology resembling a sheet. Figure 1c shows an optical micrograph of the ESMF after it was coated with Ti3C2Tx. The optical image of the ESMF prior to coating can be seen in the inset. The effective coating of Ti3C2Tx nanosheets onto the ESMF surface is evident. In addition, it can be noticed that although the Ti3C2Tx nanosheets are successfully coated on the ESMF surface, the coating on the ESMF is relatively rough, which may be caused by the roughness of the ESMF surface after HF etching. This could be further improved by using a finer and more uniform dispersion. The surface roughness of the ESMF may be one of the influential factors in the larger response of the sensor in the high-humidity range. Figure 1d shows the coating morphology tested by scanning electron microscopy (SEM). The Ti3C2Tx coating exhibits sharp edges. This is an attractive feature of the sensor that may contribute to the enhanced humidity and gas response, which is utilized in our work.



To evaluate the RH response of the TESMF, an experimental setup was designed by our team, as shown in Figure 2. The experimental setup includes a Yokogawa AQ2211 Frame Controller, which serves as a stable laser source; an EXCAL 1421-HE environmental test chamber with program-controlled temperature and humidity settings; and a Yokogawa AQ2200-221 Sensor Module acting as a photo-detector. A laser with a wavelength of 1540 nm is launched into the TESMF, and the photo-detector measures the transmitted light power. The schematic structure of the proposed Ti3C2Tx-nanosheet-coated ESMF is shown in Figure 2. The two side regions of the TESMF remain a standard SMF, and the middle region, which is thinned by etching, is coated with Ti3C2Tx nanosheets on the surface to enhance the moisture sensitivity. When the incident light is transmitted to the TESMF, the incident light initially interacts with the Ti3C2Tx film in the ESMF region covered by the Ti3C2Tx nanosheets due to the strong evanescent waves of the ESMF. The hydrophilic functional groups located on the surface of Ti3C2Tx have the ability to selectively retain or release water molecules through the formation of hydrogen bonds. This characteristic enables the material to efficiently interact with water molecules nearby. The transmitted optical power will rise with increasing ambient RH, which should be the result of the decreasing absorption of the evanescent field by the Ti3C2Tx film. After absorbing a specific number of water molecules, the Ti3C2Tx film exhibits alterations in its surface characteristics, resulting in the expansion of the interlayer gap [23]. As a result, the loss of the Ti3C2Tx film to the incident light is changed, ultimately affecting the output optical signal. Therefore, the level of transmitted power depends on the variation in RH. A highly sensitive humidity sensor can be developed by monitoring the transmitted power of the TESMF.



In the experiment, the ESMF was placed in a humidity environmental chamber for humidity-sensing tests. A commercially integrated humidity/temperature meter was employed to observe and record the standard levels of humidity and temperature. During the RH-sensing tests, the temperature within the environmental chamber was adjusted to 40 °C, while the RH was systematically varied in a cyclical manner. The RH was gradually raised from 30% to 80% in 10% intervals, with the adjustments being made automatically. Each humidity level was maintained for a duration of 30 min in order to achieve stabilization. Subsequently, the humidity level was reduced from 80% to 30% while maintaining a consistent interval of humidity change. The transmitted light power and RH were recorded during the whole experimental process. To accomplish human breath measurements, the sensor, with RH testing completed, was removed from the environmental chamber. Subsequently, breath tests were directed toward the sensor for analysis. Meanwhile, the power of the transmitted light was monitored.




3. Results and Discussion


In order to evaluate the detecting properties of the RH sensor, it was positioned within an environmental test chamber. The RH level within the chamber was then raised and subsequently decreased. The curve of RH with time set by the temperature and humidity test chamber consists of a group of symmetrical standard step-like curves. The temperature during the experiment was set to 40 °C. The whole experimental cycle was 6 h in total, and the first three hours of the RH curve increase is defined as the RH rising process, and accordingly, the last three hours of the RH curve decrease is defined as the RH falling process. Figure 3a illustrates the dependence of RH on time, as determined by the sensor integrated into the test chamber. The presence of spike-like fluctuations in the humidity curve during the beginning stage of each new humidity step in the experiment can be attributed to the feedback regulation between the RH and temperature within the test chamber. Figure 3b depicts the observed variation curve of transmitted light power in relation to humidity, as measured by the sensor that was developed in the present work. The experimental cycle exhibits a significant influence on the transmitted power of the sensor, as it is seen that the power is closely linked to the real fluctuations in RH. This is verified by the occurrence of step characteristics and peak-like fluctuations in the optical power curve corresponding to the RH curve.



The humidity sensor function is realized by modulating the transmitted light of the ESMF using the excellent hydrophilic properties of Ti3C2Tx. The optical power of the ESMF transmission can be modulated by absorbing and incorporating the surrounding water molecules into the Ti3C2Tx film. Humidity variations will lead to changes in the transmitted power of the ESMF. This is attributed to the modulation of the swift field by the Ti3C2Tx film. The sensing characteristics of the sensor were measured using ascending and descending methods over a relative humidity level range of 30% ~ 80%. The response of the Ti3C2Tx-deposited ESMF to humidity is reversible due to the absorption and desorption of water molecules by Ti3C2Tx. The data points depicted in Figure 4 illustrate the average transmitted power at 30 min intervals. Specifically, the square data points reflect the average power during the rising stage of RH, while the circular data points relate to the average power during the dropping process. It can be seen that as RH increases from 30% to 80%, the transmitted power increases non-linearly from 1.608 mW to 1.64 mW for each 10% increase. Conversely, when RH decreases from 80% to 30%, the transmitted power decreases non-linearly from 1.64 mW to 1.611 mW for each 10% decrease. The results show that the power of the output optical signal can change with ambient RH. In order to improve the long-term stability of the fiber-based humidity sensor in practical applications, an effective package is also needed, which will be studied in our follow-up work. The variation in the transmitted power is more significant in the high-humidity range. This is due to the fact that the surface coating of the Ti3C2Tx-integrated ESMF device has a certain roughness, and when the Ti3C2Tx coating absorbs a certain number of water molecules, the interlayer spacing between the layers of the Ti3C2Tx film is widened. This results in a more uniform thickness of the Ti3C2Tx film in the sensing region, which further reduces the loss of transmitted light. Similarly, the fabricated sensor has the potential for application in breath sensing due to the fact that breath can cause a change in RH in the environment.



An interesting research objective is the application of an all-fiber-optic humidity sensor based on Ti3C2Tx to human breath monitoring. To obtain breath response characteristics, we directly monitored human breath with different breathing patterns. The experimental setup for human breath monitoring is shown in Figure 5a. A laser with a wavelength of 1540 nm is launched into the sensor, and the breath is directed to the sensor. Meanwhile, the transmitted light power is monitored. Since human breath contains a large amount of water vapor and the humidity around the sensor changes locally by around 10%RH [39,40], the transmitted light power of the sensor is similarly modulated by the breathing process. To verify the time-response performance of the sensor, we conducted an exhalation/inhalation cycle test on the sensor. Figure 5b illustrates the periodical fluctuations in transmitted power observed during a single breath cycle. The power of transmitted light varies with the exhale/inhale cycle. The measurements indicate a rapid increase in optical power due to the exposure of the sensor to inhaled moisture and a decrease toward the original power level after reaching a peak. The maximum power change is about 0.02 mW. To analyze the time-response characteristics of the sensor, data from the expiratory/inspiratory phases were fitted using exponential equations P = P1 + A1·exp[−(t − t1)/tresponse](P = P2 + A2·exp[−(t − t2)/trecovery]), where P, P1, and P2 represent the optical power; A1 and A2 are the fitting coefficients; and t, t1, and t2 are time. A fast breath response was achieved, and the obtained response time (tresponse) and recovery time (trecovery) are 0.179 s and 0.521 s, respectively. The corresponding R2 coefficients are 0.99374 and 0.9966, respectively, indicating the high accuracy of the measurements. To investigate the performance of the sensors in depth, a scheme for directly monitoring the fluctuations in human breath was adopted. The power signal exhibits periodic variations when the breath airflow comes into contact with the sensor, as shown in Figure 5c. Different fluctuations in the breath airflow lead to periodic changes in the power signal with different amplitudes. The sensor exhibits good repeatability and reliability during the breath cycle. The above results indicate that the sensor has a higher frequency resolution than the normal respiratory rate (16-20 breaths per minute) and can be used in practical nursing applications.



In order to further evaluate the response characteristics of the sensor to different breath patterns and breath frequencies, we further designed a verification experiment on the breath-sensing performance of the sensor. As shown in Figure 6, when the breathing airflow contacts the sensor with different rhythms, including fast, normal, deep, and strong breathing, the transmitted light power of the sensor changes periodically, indicating that the sensor has good repeatability and reliability during the breathing cycle. The results of the verification experiments show that the sensor can recognize different patterns of breath. The sensor has an excellent response to different breath characteristics and offers reliable stability. It can be used to monitor breath patterns for patients with different health conditions. Hence, it has potential applications in the field of practical human health monitoring.



Fiber optics provide an ideal platform for photonic integrated devices for 2D materials. In particular, fiber-based sensors are resistant to electromagnetic interference and have anti-corrosion properties, a fast response, and remote measurement capabilities. Table 1 presents a comparative analysis of the performance of humidity sensors employing different fiber-optic designs. The results show that the proposed Ti3C2Tx-coated micro-nano-fiber-optic humidity sensor has a fast-response performance. This is due to the presence of −OH, −O, and −F terminal groups in the multilayered Ti3C2Tx sheets that provide abundant hydrophilic active sites for water adsorption, and Ti3C2Tx MXene has the advantage of a high specific surface area. The total time (sum of response time and recovery time) of the Ti3C2Tx-based sensor is the smallest (0.697 s) compared to other fiber-optic RH sensors. This is essential in practical gas monitoring and human health monitoring. Furthermore, the integration of Ti3C2Tx nanosheets with the micro-nano-fiber presents a very attractive scheme for applications in RH sensing. It can also provide guidance for the future development of fast-response gas sensors. However, pristine MXenes have poor selectivity for water, as Ti3C2Tx proved to be very sensitive to rather low concentrations of ketones (<50 ppb) [33,41], alcohols (<100 ppb) [42], and ammonia (<100 ppb) [43] vapors at room temperature. The practical performance of MXene-based humidity sensors on gas selectivity still needs to be improved [44]. It is possible to further functionalize the Ti3C2Tx surfaces to realize a Ti3C2Tx-integrated fiber sensor with gas-selective capability.




4. Conclusions


In conclusion, we proposed and investigated a fiber-optic humidity sensor based on Ti3C2Tx-integrated microfibers. Ti3C2Tx nanosheets are deposited on the ESMF surface via the photo-deposition method, and the sensor is used for RH measurement. Investigations based on optical microscopy, SEM, and TEM verify effective and tight Ti3C2Tx deposition. Since water adsorption changes the layer spacing of the Ti3C2Tx film and Ti3C2Tx has a large specific surface area, the evanescent waves in the ESMF are significantly modulated by changes in RH and ultimately lead to a corresponding change in the transmitted optical power. The distinctive humidity mechanism is demonstrated at different levels of RH, and the sensor exhibits a non-linear response to variations in RH. The effects of the thickness of the Ti3C2Tx film and the diameter of the ESMF on the non-linear response mechanism and sensing sensitivity will be investigated in our subsequent work. Furthermore, the sensor has excellent performance in detecting variations in human breath, with fast response and recovery times of 0.176 s and 0.521 s, respectively. It also enabled the monitoring of human breath with different rhythms. Thus, this RH sensor, characterized by repeatability and a fast response, is a promising alternative for settings requiring compact equipment and the detection of dynamic changes in RH, such as industrial and agricultural production, meteorology, and human health monitoring.
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Figure 1. (a) SEM image of the Ti3C2Tx nanosheet; (b) TEM image of the Ti3C2Tx nanosheet; (c) optical microscope image of the TESMF (the inset in (c) is uncoated ESMF); (d) SEM image of the TESMF. 
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Figure 2. Experimental setup for RH measurement with the sensor. The inset is the working principle of the sensor. 
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Figure 3. (a) RH in the chamber measured by a capacitance hygrometer integrated within the environmental test chamber; (b) the variation in the transmitted optical power in the sensor. 
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Figure 4. The time average of transmitted power with different RH levels. 
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Figure 5. (a) Experimental setup for monitoring human breath; (b) the response characteristics of the sensor to one single expiration/inspiration cycle; (c) the monitoring of human breath fluctuations by the sensor. 
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Figure 6. Response of the proposed sensor to different breath patterns, including (a) normal breath, (b) fast breathing, (c) strong breath, and (d) deep breath. 
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Table 1. Performance comparison of RH sensors based on different fiber-optic structures.
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	Structure
	Material
	Response Time/s
	Recovery Time/s
	Reference





	Microfiber
	g-CN
	0.43
	0.87
	[20]



	Microfiber interferometer
	Nb2CTX
	1.76
	5.71
	[29]



	Side-poli