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Constant, real-time temperature monitoring of the supercapacitors for efficient energy usage is in high demand and seems to be crucial for further development of those elements. A fiberoptic sensor can be an effective optoelectronic device dedicated for in-situ temperature monitoring of supercapacitors. In this work, the application of the fiber-optic microstrucutre with thin zinc oxide (ZnO) coating fabricated in the atomic layer deposition process (ALD) applied as a temperature sensor is reported. Such a structure was integrated with supercapacitors and used for the temperature measurements. Described sensors are built with the utility of the standard optical telecommunication fibers. The inner temperature of the supercapacitor was investigated in the range extending from 30°C to 90°C with a resolution equal to 5°C. The sensitivity of temperature measurement is about 109.6 nW/°C. The fitting of the sensor was achieved with a correlation coefficient R 2 = 0.97.

Introduction

Supercapacitors are designed as devices able to store substantially more amounts of energy than electrolytic capacitors [START_REF] Frackowiak | Carbon materials for supercapacitor application[END_REF]. Their many advantages, including high-power density, cyclic stability and durability, make supercapacitors highly sought-after storage devices, whether for standalone or hybrid applications [START_REF] Raza | Recent advancements in supercapacitor technology[END_REF][START_REF] Zhang | A review of supercapacitor modeling, estimation, and applications: A control/management perspective[END_REF].

Increasing demand for portable energy sources, supercapacitors are gaining more and more interest. Therefore, the possibilities of advancements of this technology are constantly investigated and new solutions are developed [START_REF] Wu | Flexible micro-supercapacitor based on in-situ assembled graphene on metal template at room temperature[END_REF][START_REF] Naoi | Nanohybrid Supercapacitor[END_REF][START_REF] Zuo | Battery-Supercapacitor Hybrid Devices: Recent Progress and Future Prospects[END_REF][START_REF] Najib | Current progress achieved in novel materials for supercapacitor electrodes: mini review Nanoscale[END_REF]. Learning about the inner workings of every device leads to gaining understanding of the processes occurring inside the device, which in turn allows to enhance their performance.

Real-time monitoring of the supercapacitor's internal temperature ensures efficient operation of the device. Temperature exceeding beyond the expected range is a good indicator of a faulty device. Whereas some changes can be undone, most are irreversible and contribute to the degradation of the device. Exceeding a limit beyond operating temperature can cause destabilization of electrolyte, which leads to further damage of supercapacitors. The electrolyte is a crucial component of any electrochemical electric cells, including supercapacitors [START_REF] Frackowiak | Redox-active electrolyte for supercapacitor application Faraday Discuss[END_REF][START_REF] Wu | A simple and high-effective electrolyte mediated with pphenylenediamine for supercapacitor[END_REF][START_REF] Liu | Self-Recovering Tough Gel Electrolyte with Adjustable Supercapacitor Performance[END_REF]. Their purpose is to transfer charge between electrodes during electrochemical processes [START_REF] Pal | Electrolyte selection for supercapacitive devices: a critical review[END_REF]. Parameters of the supercapacitors, such as power density, longevity, chargingdischarging rates are largely dependent on their state, balance and conformity [START_REF] Deng | Electrolyte-Dependent Supercapacitor Performance on Nitrogen-Doped Porous Bio-Carbon from Gelatin[END_REF]. Overheating can cause the emergence of chemical reactions between the electrolyte and the electrodes, and chemical decomposition which in turn impedes its performance, e.g., accelerate its aging, slow down charging cycles and speed up discharging cycles, distortion or even a rupture of the device [START_REF] Yang | Effects of Aging and Temperature on Supercapacitor Charge Capacity[END_REF][START_REF] Yang | Effects of Aging and Temperature on Supercapacitor Peukert Constant[END_REF][START_REF] Zheng | Study on effects of applied current and voltage on the ageing of supercapacitors[END_REF]. On the other hand, extreme low-temperature performance is also damaging the deviceit can cause increased charge transfer resistance or deteriorate electrodes and their contact with electrolyte [START_REF] Xiong | Influence of Temperature on Supercapacitor Performance Thermal Effects in Supercapacitors SpringerBriefs in Applied Sciences and Technology[END_REF][START_REF] Ruiz | Ionic liquidsolvent mixtures as supercapacitor electrolytes for extreme temperature operation[END_REF].

Many factors can influence temperature distribution within the device, including elements of which supercapacitors are composed (electrode materials [START_REF] Tan | Graphene for supercapacitor applications[END_REF][START_REF] Zhang | Graphene-based materials as supercapacitor electrodes[END_REF][START_REF] Snook | Conducting-polymerbased supercapacitor devices and electrodes[END_REF][START_REF] Choudhary | Asymmetric Supercapacitor Electrodes and Devices[END_REF], charge storage mechanism [START_REF] Salanne | Efficient storage mechanisms for building better supercapacitors[END_REF][START_REF] Ray | Study on charge storage mechanism in working electrodes fabricated by solgel derived spinel NiMn2O4 nanoparticles for supercapacitor application[END_REF], electrolyte) as well as its intended application or mode of operation [START_REF] Raza | Recent advancements in supercapacitor technology[END_REF][START_REF] Yu | Supercapacitor electrode materials: nanostructures from 0 to 3 dimensions Energy[END_REF]. However, in-situ monitoring of the device can often provide a better comprehension of the conditions occurring inside.

The distribution of the temperature in the pouch cells is widely studied to estimate the best construction of the device and to improve its efficiency. Starting with modelling and creating new algorithms as it is presented by Zhang et al. in [START_REF] Zhang | Electrochemical-electrical-thermal modeling of a pouch-type lithium ion battery: An application to optimize temperature distribution[END_REF] or by Wu et al. in [START_REF] Wu | Thermal Design for the Pouch-Type Large-Format Lithium-Ion Batteries: I. Thermo-Electrical Modeling and Origins of Temperature Non-Uniformity[END_REF]. The pouch cells are then investigated in experimental settings, using whether contactless methods like infrared thermography [START_REF] Goutam | Threedimensional electro-thermal model of li-ion pouch cell: Analysis and comparison of cell design factors and model assumptions[END_REF][START_REF] Rani | Comparative study of surface temperature of lithium-ion polymer cells at different discharging rates by infrared thermography and thermocouple[END_REF] or more direct methods such as measurements by thermocouples [START_REF] Martiny | Development of an All Kapton-Based Thin-Film Thermocouple Matrix for In Situ Temperature Measurement in a Lithium Ion Pouch[END_REF][START_REF] Mutyala | In-situ temperature measurement in lithium ion battery by transferable flexible thin film thermocouples[END_REF] and interferometric sensors [START_REF] Ghannoum | Fiber optic monitoring of lithium-ion batteries: A novel tool to understand the lithiation of batteries[END_REF][START_REF] Hedman | Fibre Optic Sensor for Characterisation of Lithium-Ion Batteries[END_REF]. However, none of the presented solutions provides additional information about the correct operation of the sensor at all times. To investigate the changes occurring in the supercapacitors, a fiber-optic sensors functionalized with a ZnO coating, similar to those presented in [START_REF] Brice | Whispering gallery mode resonators covered by a ZnO nanolayer[END_REF] and [START_REF] Myndrul | Photoluminescence label-free immunosensor for the detection of Aflatoxin B1 using polyacrylonitrile/zinc oxide nanofibers[END_REF], can be utilized.

In this paper, an in-situ measurement of the temperature of the supercapacitor is presented. To accomplish it, a microsphere-based fiber-optic sensor with a 200 nm ZnO ALD coating was embedded in the device. With the use of the presented sensor, it is possible to simultaneously monitor the internal temperature of the supercapacitor and the integrity of the sensor head structure in real-time, therefore avoiding uncertainties resulting from faulty sensors. The research presented in this paper is an incremental advancement of a similar type of sensor. The application presented herein is unique due to the use of fiber optics for precise temperature measurement of supercapacitors, which is important because other methods cause variations in the electromagnetic field and disrupt the operation of the supercapacitors. In presented research ZnO coating is used as a sensing medium itself. And what we used is the dependence of the optical parameters on temperature. Furthermore, we use unusual for ALD technique thickness, which is very thick -200 nm. Previously, dependence of the changing of the refractive index on the intensity of the reflected signal was measured using similar technique [START_REF] Listewnik | Preparation and Characterization of Microsphere ZnO ALD Coating Dedicated for the Fiber-Optic Refractive Index Sensor Nanomaterials[END_REF][START_REF] Hirsch | ZnO coated fiber optic microsphere sensor for the enhanced refractive index sensing[END_REF]. Furthermore, a validation of the microsphere-based temperature sensor is presented in [START_REF] Listewnik | ZnO ALD-Coated Microsphere-Based Sensors for Temperature Measurements[END_REF].

Materials and Methods

The microsphere-based fiber-optic sensor with a 200 nm ZnO ALD coating was embedded inside the supercapacitor, in a manner to prevent disruption of its operation. The supercapacitors utilized in this research, their construction and parameters are described elsewhere [START_REF] Bogdanowicz | Enhanced Charge Storage Mechanism and Long-Term Cycling Stability in Diamondized Titania Nanocomposite Supercapacitors Operating in Aqueous Electrolytes[END_REF]. The sensor was placed between the electrode and the foil forming the cover of the device. The location of the sensor inside the supercapacitor is presented in the schematic of the device's cross-section (Fig. 1.). The microsphere structure of the sensor was made at the tip of a standard telecommunication optical fiber (SMF-28, Thorlabs Inc., Newton, NJ, USA), using a fusion splicer (FSU975, Ericsson, Sweden). The obtained microsphere of the diameter of 245 µm was formed during the three-step pull process. The image of the microstructure, obtained under a microscope (CX31, Olympus, Japan) is presented in Figure 2. The sensor was used to observe changes in an optical spectrum while increasing the temperature of the device, and subsequent temperature growth of the electrolyte of which the investigated supercapacitors are composed. The device was tested in the temperature range of 30-90°C because of the aqueous properties of the used electrolyte (1 M K2SO4). While increasing the temperature, the electrolyte can change its properties, e.g., refractive index. More thorough research regarding refractive index sensing is presented in [START_REF] Listewnik | Preparation and Characterization of Microsphere ZnO ALD Coating Dedicated for the Fiber-Optic Refractive Index Sensor Nanomaterials[END_REF][START_REF] Hirsch | ZnO coated fiber optic microsphere sensor for the enhanced refractive index sensing[END_REF].

The supercapacitors were investigated using an interferometric setup consisting of a broad band light source with a central wavelength of 1310 ±10 nm (SLD-1310-18-W, FiberLabs Inc., Fujimi) which generates an optical signal. The experimental setup used for measurements of the supercapacitor's inner temperature is presented in Fig. 3. The signal is propagated through the optical coupler (G657A, CELLCO, Kobylanka, Poland) to the microspherebased fiber-optic sensor where the phenomenon of interference is incited. The signal is reflected off the two boundaries from which the sensor is built. Firstly, a part of the signal reflects on the boundary between the inner sphere, made of the core of the fiber, and the outer sphere, made of the cladding of the fiber, while the rest is transmitted through and reaches the boundary between the outer sphere and the measured medium, on which it is also reflected. The two waves superpose, resulting in an interference effect. The placement of the sensor in the supercapacitor as well as its operation principle is presented in Fig. The obtained signal is gathered by the Optical Spectrum Analyzer (OSA, Ando AQ6319, Yokohama, Japan). The data is then processed. The response time of the sensor is dependent on multiple factors, e.g., the type of utilized detector. The utilized OSA allows to read the data every 3 s. Preliminary measurements to determine the proper operation of the sensor and the results are presented in [START_REF] Listewnik | ZnO ALD-Coated Microsphere-Based Sensors for Temperature Measurements[END_REF].

Throughout the measurements, the temperature of investigated supercapacitors was also verified by a thermal camera (i7, FLIR, Wilsonville, OR, USA) to ensure uniform distribution of the temperature. Images obtained from this test are presented in Fig. 5. The emissivity of the thermal camera was set to Ɛ=0.6 during the measurements due to the fact that the supercapacitor has been enclosed in a triplex foil which reflectance value was taken into consideration during the measurements. The camera was set to measure the highest temperature inside the selected area and it is determined by the marker. Obtained measurement is presented in the top left corner of each image.

Results and discussion

This section discusses the data acquired during measurements performed in the experimental setup. All measurements were performed at least 5 minutes after stabilization of the temperature, which was controlled by observation through a thermal camera, while the supercapacitor's state of charge was at about 80%. Fig. 6 shows the changes in the spectrum while the temperature was growing in the set range. As can be observed, the intensity of the reflected signal is increasing with the rise of temperature while the envelope retains similar. Moreover, the interference signal ensures that the sensor is not damaged. To maintain the clarity of the graph, only selected spectra were plotted. The dependence of the peak intensity of the reflected signal on the temperature is presented in Fig. 7. Peak intensity increases according to the second-order polynomial fit. By including polynomial regression in Fig. 7, a match between obtained data and theoretical fitting can be estimated. R 2 coefficient, which equals 0.97, exhibits a close fit of both plots. Based on the obtained data, the sensitivity of the sensor was calculated to be 109.6 nW/°C. Even though the sensitivity in the temperature range of 30-65°C is visibly lower (57 nW/°C), this behavior is repeatable throughout multiple measurement series, therefore it serves during the monitoring of the internal temperature as a sensing mechanism. Having reference spectral characteristics of the healthy device, any deviation from the known will be noticeable indicating either warning or critical state.

Performed investigation shows that by embedding a microsphere-based fiber-optic sensor, the internal temperature of supercapacitors can be monitored. The obtained interferometric signal remains present, therefore indicating proper operation of the device. Upon the sensor sustaining the damage, the interference within the signal ceases. Furthermore, based on polynomial regression, the behavior of the characteristics can be estimated. Substantial deviation of the characteristic from the reference indicates that the investigated supercapacitor became defective. The information allows taking the steps to preserve the device.

Conclusions

In this paper, the application of the microsphere-based fiber-optic sensor for in-situ monitoring of the temperature of the supercapacitor was examined. Because of a growing need for more efficient energy, it is necessary to thoroughly explore the processes occurring in the devices. The knowledge allows to optimize, find new solutions and improve current technology. The presented sensor was embedded inside the supercapacitor with aqueous electrolyte. During the operation of the device, we were able to investigate the in-situ temperature of the supercapacitor in a range of 30-90°C, with a resolution of 5°C, by observing changing optical spectrum. The intensity of the reflected signal increased, with the rise of the temperature and the presence of the interference indicated the integrity of the sensor, which in turn allowed to ensure the accuracy of the measurements. Based on the obtained data, the sensitivity of the sensor was calculated and it equals 109.6 nW/°C for the measured range. Thermal imaging was also performed to verify the accuracy of the measured temperature. The presented approach of internal temperature monitoring is ready to be used for application in the supercapacitors. Unlike other methods, it allows to constantly control the validity of performed measurements which is especially important in the devices and conditions where the inspection of the system operation and its components may not be feasible or easily reachable.
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 1 Figure 1. Placement of the microsphere-based fiber-optic sensor embedded in the supercapacitor in schematic crosssection where: 1covers, 2 -electrodes, 3separator, 4microsphere-based fiber-optic sensor.
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 2 Figure 2. A microscope image of the microstructure used for supercapacitor in situ temperature measurement.
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 3 Figure 3. Measurement setup where: 1broadband light source, 2 -Optical Spectrum Analyzer, 3optical coupler, 4 hot plate, 5investigated supercapacitor, 6thermal camera.

  4. When the temperature changes the optical parameters of the ZnO cladding such as refractive index change what influences the reflection coefficient of the second boundary and influences the phase differences between interfering beams.
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 4 Figure 4. Operation principle of the in-situ fiber-optic sensor temperature monitoring.
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 5 Figure. 5. Images of the supercapacitor with the in-situ fiber-optic temperature sensor obtained by a thermal camera for the lowest a) 30°C and highest b) 89.8°C value of investigated temperature range.
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 6 Figure 6. Changes in the intensity of the reflected signal with rising temperature.
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 7 Figure 7. Reflected signal peak intensity dependence in the changing temperature.Peak intensity increases according to the second-order polynomial fit. By including polynomial regression in Fig.7, a match between obtained data and theoretical fitting can be estimated. R 2 coefficient, which equals 0.97, exhibits a close fit of both plots. Based on the obtained data, the sensitivity of the sensor was calculated to be 109.6 nW/°C. Even though the sensitivity in the temperature range of 30-65°C is visibly lower (57 nW/°C), this behavior is repeatable throughout multiple measurement series, therefore it serves during the
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