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Abstract

:

Carbon quantum dots (CQDs) have already demonstrated their utility as lubricant additives, and non-contact temperature sensing based on CQDs offers considerable potential for condition monitoring in mechanical, electrical, and other fields, as well as lubrication-temperature multifunctional applications in lubricants. In this paper, we have successfully synthesized and designed high-brightness carbon quantum dots/polyvinyl alcohol (PVA) temperature sensor thin film and dispersions of CQDs in a liquid paraffin lubrication system. Based on fluorescence intensity and the fluorescence intensity ratio, the carbon quantum dot/PVA film exhibited exponential temperature-dependent properties with a wide applicability range, a high goodness of fit (R2 > 0.99), and high relative thermal sensitivity (relative sensitivities of 1.74% K−1 and 1.39% K−1 for fluorescence intensity and fluorescence intensity ratio, respectively). In addition, based on the fluorescence intensity, the CQDs exhibited a wide temperature range (20–90 °C), a high goodness of fit (R2 > 0.99), and higher sensitivity (2.84% K−1) in a liquid paraffin lubrication system, which reflects the temperature responsive properties of carbon quantum dots as additives in lubrication systems. These findings provide convenient and effective possibilities for the sensing and monitoring of carbon quantum dots and their multifunctional applications under lubrication systems.
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1. Introduction


With the development of high-precision technology, the requirements for the regulation of various physical parameters of critical engineering parts are being tightened, encompassing aerospace, robotics, engineering vehicles, and numerous other application areas [1,2,3,4]. Among these, bearings are crucial to the regular operation and endurance of mechanical equipment since they are a crucial component of machinery. Additionally, bearing lubrication plays a critical role in preventing bearing failure, enhancing the mechanical characteristics of bearings and other parts, and lowering friction and heat dissipation phenomena in the bearing process. Current scientific studies have verified that the lubricant’s rheological state and the frictional response during fluid lubrication are directly influenced by the temperature in the lubrication zone [4,5,6,7]. However, the temperature response for bearing fluid-lubricated films is still a challenge for engineering applications. This also implies that the development of fluid lubrication temperature sensor technology with high precision and versatility to assess the lubrication friction response of bearings is essential to ensure the long-term functioning of machines.



In recent years, temperature measurement methods for non-contact measurements, especially in the field of fluid lubrication, have become a serious challenge. Currently, temperature measurement methods for fluid lubrication can be categorized into three main groups: infrared thermography, Raman spectroscopy, and thin-film sensor technology. In terms of experimental measurements, infrared thermography (IR) is a technique based on the measurement of infrared radiation emitted by a given sample, which can be converted into temperature by a combination of calibration and analysis procedures [8,9,10,11]. In recent years, with the improvement of camera sensitivity and the development of infrared technology, the use of infrared technology to measure the temperature of elastostatic lubrication has become a powerful tool, and now infrared thermography has become the most widely used temperature mapping technique. Reddyhoff et al. [12], in response to the limitation of infrared measurements that a coating is required for the surface of the samples, proposed and tested an improved calibration method that allows the application of a super-resolution algorithm to the recorded images, which was shown to increase the resolution of the infrared microscope. Omasta et al. [13] combined fluid film chromaticity interferometry with infrared microscopy to characterize the effect of kinematic conditions on lubricant film thickness and temperature. He et al. [14] measured infrared thermal images to characterize various health states of a rotor bearing system and used them to train a convolutional neural network to further tune the training model parameters. However, infrared thermography still has inherent drawbacks. On the one hand, the friction specimens employed must be transparent to infrared light for camera observation. On the other hand, the spatial resolution of infrared imaging techniques is usually still limited to infrared wavelengths. Thus, the application of the real-time monitoring of contact zone temperature in bearings is somewhat limited.



Alternatively, Raman spectroscopy provides the capability to measure the temperature and pressure of fluid-lubricated films. Raman spectra contain the vibrational energy of the sample, which is affected by changes in temperature and pressure, thus offering the possibility of temperature and pressure measurements [15,16]. Jubault et al. [17] used a coupled sphere/flat surface device and a Raman microphotometer to measure the pressure distribution of a model lubricant that occurs in a rolling EHD contact. Cheong et al. [18] successfully measured the in situ temperature of polydimethylsiloxane (PDMS) grease using UV Raman spectroscopy, and the results demonstrated that the PDMS temperature in the contact region increased with sliding velocity. The application of Raman spectroscopy to the measurement of the lubricated contact region of an elastic flow results in excellent sensitivity and excellent spatial resolution (can be <1 -μm) by detecting spectral variations and correlating them with temperature and pressure, but in practice, the technique has a very low signal-to-noise ratio and the application is limited to a fraction of the fluid, i.e., a strong Raman scatterer, and it is not possible to quantitatively measure the temperature even though, theoretically, using the Stokes and anti-Stokes can be achieved. Furthermore, it has been shown that this method does not yield sufficient measurement sensitivity for the temperature rise that is expected to occur in an EHD contact. This has limited the engineering applications of Raman spectroscopy for temperature measurement.



In addition to infrared and Raman spectroscopy techniques, electrical resistance has also been used for temperature measurement along the contact point. The advantage of this technique is that sensors made of suitable materials utilizing the resistance sensitivity of certain materials to changes in temperature are placed on the friction surface and, in this way, after proper calibration, one can measure the temperature by monitoring the change in the resistance of the sensor as it passes through the contact point. Kannel et al. [19] first reported the use of a manganese sensor to measure the pressure distribution at EHD contact points and found that the results were reasonably reproducible and consistent. Emmrich et al. [20] proposed an in situ sensor system based on thin-film sensors, which can be used to measure the temperature change in a heavily loaded rolling contact during fluid and mixed friction. Ebner et al. [21] used thin-film sensors to measure elastohydrodynamic temperatures and explored thermal insulation effects on EHL temperature and fluid friction. The main advantage of thin-film sensors over the two previous methods is that they are suitable for contacts formed between two opaque metallic bodies without the need for one of the two surfaces to have a requirement for radiolucency, which is a great advantage for studying temperature and pressure conditions between real machine components. However, thin-film sensors have their inherent drawbacks. Thin-film sensor measurements belong to the contact measurement method, where the thickness of the sensor is non-negligible in relation to the thickness of the fluid in the contact area, and the sensor is structurally fragile and prone to damage under high shear stress. These drawbacks limit the application of thin-film sensors. Therefore, constrained by the high-speed rotation of rotating components in bearings and the complex working environment, traditional temperature measurement techniques have proved elusive in the monitoring process of bearing components. In this case, fiber-optic-based non-contact temperature monitoring methods have gradually gained popularity among researchers [22,23]. Smart et al. [24] pioneered their application in tribology for measuring the lubricant film thickness of rollers and roll-to surfaces by measuring the natural intensity of fluorescence there or the fluorescence of particles dispersed in the oil. Reddyhoff et al. [25] applied such techniques to study the lubricant flow in a rolling contact formed between a steel ball and a glass disk, and deduced the average velocity increasing along the main direction of the contact. Ponjavic et al. [26] measured the velocity profile of the lubricating fluid using laser excitation and fluorescent dyes. In recent years, fluorescent nanomaterials have become a research hotspot in the field of non-contact temperature monitoring, with temperature sensing research based on the fluorescent properties of nanomaterials widely distributed in various research fields such as biology, medicine, and machinery [27,28,29,30,31]. Among them, due to their superior fluorescence quantum yield over conventional fluorescent dyes, as well as their excellent physical and chemical stability performance, quantum dot (QD) materials—a type of semiconductor nanocrystal—have emerged as a favorite in the field of temperature monitoring [32,33,34,35,36].



In recent years, a novel class of carbon-based nanomaterial, known as carbon quantum dots (CQDs), has garnered significant attention from researchers owing to their favorable biocompatibility, distinctive optical characteristics, rich physicochemical characterization, high sensitivity, high stability, and inexpensive preparation [37,38]. Research has indicated that carbon quantum dots have broad use in fluorescence sensors for chemical composition and environmental monitoring [39,40,41,42,43]. Therefore, it is of great practical significance to apply CQDs in optical sensor devices.



Furthermore, research has demonstrated that CQDs serve as a tremendous lubricant and display attractive tribological properties. With further research, CQDs have gradually shown excellent tribological properties, especially as additives in lubricating base oils. Hence, there is considerable potential to employ CQDs as high-performance additives in lubricating fluids to reduce wear and reduce friction [44,45,46,47]. It is conceivable that the combination of the temperature monitoring and lubrication functions of the CQD can be applied in the field of lubricating fluids, such as bearings, and that it is possible to detect the temperature of a mechanical system while realizing mechanical lubrication, which is of great significance for extending the life of the mechanical system and predicting the thermal characteristics of the system. However, it must be mentioned that the research on the temperature response of CQDs is still limited to the traditional solid-state domain (thin films or powders) or biothermal imaging [26,48], and there is still a gap in the research on the temperature sensing properties of CQDs in lubricating systems. Few studies have been conducted on the temperature response of CQDs in lubricants. Therefore, in order to further explore the multifunctional applications of quantum dots in lubrication systems and realize the urgent requirements of temperature and lubrication for equipment components such as bearings, it is imperative that the temperature sensing properties of CQDs in lubricants be investigated.



In this paper, we synthesized carbon quantum dots (CQDs) with green luminescence characteristics and prepared CQD/polyvinyl alcohol (PVA) temperature sensor films with high brightness utilizing a polymer-coating process. By employing temperature-dependent experiments, the temperature-dependent properties of the CQD/PVA film temperature probes were successful analyzed. The temperature response characterization of carbon quantum dots in a liquid paraffin system was carried out to investigate the feasibility of quantum dots in the lubrication system. The results demonstrated that the carbon quantum dots/PVA film exhibited temperature-dependent properties of exponential fitting based on fluorescence intensity and the fluorescence intensity ratio, and exhibited an excellent thermal applicability range, a high goodness of fit (R2 > 0.99), and relative thermal sensitivities (relative sensitivities of 1.74% K−1 and 1.39% K−1 for fluorescence intensity and fluorescence intensity ratio, respectively). In addition, the carbon quantum dots in the liquid paraffin lubrication system exhibited high fitting properties (R2 > 0.99), and high sensitivity (2.84% K−1) over a wide temperature range (20–90 °C). These works provide convenience and effective possibilities for the design of carbon quantum dots in fluorescent sensors and the composite functional applications of carbon quantum dots in lubrication systems.




2. Materials and Methods


2.1. Chemical


All starting materials were obtained from commercial sources and were ready to use without further purification. Citric acid and urea were purchased from Rhawn, Shanghai, China. Sodium cetylbenzene sulfonate was obtained from Sigma-Aldrich Corporation, Shanghai, China.




2.2. Synthesis of Green Carbon Quantum Dots


As illustrated in Scheme 1, Citric acid (0.3 g), urea (0.6 g), and sodium cetylbenzene sulfonate (0.3 g) were added to the mortar and ground thoroughly to make a homogeneous mixture of these three precursor powders repetitively, followed by the transfer of the blended powders to the crucible. The crucible was placed in an oven and heated at 200 °C for 0.5 h to obtain the generated product. The fluorescent carbon quantum dot solution was obtained by dissolving the resulting product into 200 mL of deionized water and filtering out the large-sized particles and magazines with a slow filter paper.




2.3. Fabrication of CQD/PVA Films


Next, 5% mass fraction of polyvinyl alcohol (PVA) was added into the carbon quantum dot solution, followed by heating and stirring at 80 °C until dissolved. Then, by uniformly coating the solution on the surface of the glass substrate and evaporating with the solvent, a uniform CQD/PVA sensing film was generated on the substrate.





3. Results and Discussion


3.1. Structure and Luminescence Characterizations


The quantum dot solution prepared by the pyrolysis method is demonstrated in Figure 1a, which produced bright fluorescence with a green emission under UV light irradiation. Further, we collected solid powders of carbon quantum dots (Figure 1b), and the quantum dots power synthesized in this study still emitted bright fluorescence under UV irradiation at 365 nm, which is distinct from the fluorescence burst phenomenon of carbon dots prepared by many methods. Figure 1c illustrates a typical transmission electron microscopy (TEM) image of the synthesized carbon quantum dots, where the quantum dot particles were uniformly distributed with an approximate circular shape. The high-resolution transmission electron microscopy (HRTEM) image of the carbon quantum dots in this sample was depicted in the upper right corner of the figure, where the lattice stripes of the quantum dots can be clearly observed, proving the successful synthesis of the carbon quantum dots. The particle size distribution of the carbon quantum dots is summarized in Figure 1d, from which it can be appreciated that the average size of the quantum dots was 1.798 nm, and the particle size distribution graph presented a normal distribution, indicating a uniform distribution of the particle size, which is favorable for lubrication applications of the carbon dots.



The fluorescence characteristics of the quantum dots were further investigated. Figure 2a illustrates the photoluminescence spectrum of the carbon quantum dot solution, which has fluorescence emission peaks around 500 nm. Figure 2a presents the UV–visible spectroscopy of the carbon quantum dot solution, which exhibits strong absorption in the range of 400–650 nm; the sharp absorption peaks at 400 nm revealed the occurrence of the n−π* transition of the C==O bond from of carbon quantum dots. For further validation of the successful synthesis of carbon quantum dots, the X-ray photoelectron spectroscopy (XPS) spectrum of the prepared carbon quantum dots is depicted in Figure 2b. The complete XPS spectrum (Figure 2b) revealed five typical peaks at 1071, 532, 400, 285, and 168 eV, respectively, indicating that the carbon quantum dots consisted mainly of Na, O, N, C, and S, retaining all the elements of the precursor, proving the success of the preparation. The high-resolution spectrum of C 1s (Figure S1, Supporting Information) showed that the sharp peak at 284.5 is attributed to the large number of C–C/C=C bonds on the carbon dots [49]. In addition, the spectra of O 1s showed that the introduction of elemental O interferes with the oil solubility of the quantum dots and, therefore, it is necessary to further optimize the dispersion of the quantum dots in subsequent studies. Further analysis of the mechanism of carbon quantum dots in lubrication systems, as mentioned in this paper, is needed in subsequent work.




3.2. Optical Characterizations of CQD/PVA Film Probe


The prepared carbon quantum dot/PVA film is demonstrated in Figure 3a, which emitted green fluorescence under UV excitation at 365 nm. The photoluminescence spectra and UV–vis spectra of the films are indicated in Figure 3b, which are basically consistent with the quantum dot solution, indicating the excellent stability of the carbon quantum dot/PVA films.




3.3. Temperature Sensing of CQD/PVA Film Probe


It is conceivable that non-contact temperature measurement based on carbon quantum dot films has been of vital significance for applications. In this work, the temperature sensing performance of the quantum dot film sensors was obtained via the constructed temperature-dependent test platform. The quantum dot film sensor on the heating platform was excited by a laser to stimulate the quantum dots into luminescence, and the photoluminescence spectral information was transmitted to the spectrometer through an optical fiber, which was then processed and transmitted to the PC. The temperature information of the quantum dots membrane was collected by an MX 100 data collector and platinum resistance temperature sensor to obtain the correlation relationship between spectrum and temperature.



The photoluminescence spectra of carbon quantum dot/PVA films under varying temperatures are illustrated in Figure 4a,b. It is evident from the figure that the intensity of the quantum dot film decreases as the temperature increases. Among them, the emission peaks at 489 nm and 520 nm appeared to show a decreasing magnitude of different degrees, which seems to imply that the comparison of the two emission peaks has some correlation with the temperature. Firstly, the fluorescence intensity of quantum dots as a function of temperature was obtained by the temperature test system, as shown in Figure 4c. The fluorescence intensity of the 520 nm peak decreased gradually with increasing temperature due to the thermal activation of nonradiative-decay pathways. The intensity of the peak varied exponentially with increasing temperature in the temperature range of 20–130 °C. The gradient of the peak intensity variation per degree Celsius of the quantum dots decreased with increasing temperature, with the specific fitting function shown in Table 1. And after 130 °C, the fit of the fluorescence intensity as a function of temperature decreased, indicating that the quantum dots are not suitable for temperature detection at this time. It is worth stating that there is a remarkably favorable fit between intensity and temperature over a wide temperature range (goodness of fit R2 >0.99, with closer to 1 indicating a better fit), which provided constant thermal sensitivity over the entire dynamic range. It has been investigated that the prepared C quantum dots may contain multiple emission units. Recent reports suggest that the presence of multiple emission peaks may be caused by different surface functional groups [50,51,52,53,54], which makes it possible for the prepared carbon quantum dot film probes to be ratiometric fluorescent temperature sensors. The temperature dependence of the intensity ratio of the two emission peaks at 489 nm and 520 nm under 405 nm excitation is shown in Figure 4d. The fluorescence intensity ratios of the film probes exhibited an exponential fit to temperature over the temperature range of 20–80 °C. In addition, the goodness of fit R2 of the fluorescence intensity ratio is 0.996, indicating the excellent temperature-dependent performance of the quantum dots.



Further, the fitted curves for the temperature-dependent properties of the quantum dots are given in Table 1. Among them, fluorescence intensity-based measurements demonstrated a higher temperature range and goodness of fit R2. Additionally, temperature sensitivity is crucial for the evaluation of thermometers, and in this paper, the sensing performance of quantum dots was evaluated using the relative sensitivity SR, which is expressed as the relative variation in the fluorescence intensity (or fluorescence intensity ratio) of the quantum dots with respect to themselves. The highest relative sensitivity SR of the two thermometry methods for carbon quantum dots was 1.74% and 1.39%, respectively, indicating a higher sensitivity for the intensity-based measurements. Meanwhile, it is worth stating that the measurement method based on the fluorescence intensity ratio has the advantage of avoiding laser fluctuations caused by laser intensity and distance. The above studies suggest that the carbon quantum dot can be employed as an intensity-based temperature sensor with high sensitivity.



In this work, the relative sensitivity is employed to characterize the sensitivity of the temperature probe, which is calculated as follows:


   S R  =    1 y  ∙   ∂ y   ∂ x      



(1)








3.4. Behavior of Carbon Quantum Dots in Lubricant System


Lubricant additives based on carbon quantum dot doping have been documented as an effective strategy for improving the tribological properties of lubricants. However, few studies have been conducted for the temperature monitoring of carbon quantum dots in lubrication systems. In this work, we systematically investigated the temperature response properties of carbon quantum dot additives in liquid paraffin systems by preparing mixed solutions containing carbon quantum dots.



The carbon quantum dots were homogeneously dispersed in the liquid paraffin system by dispersing the carbon quantum dot powder with a mass fraction of 0.3% into the liquid paraffin solution, followed by the sufficient stirring of the dispersion and its sonication for 1 h. The prepared carbon quantum dots–liquid paraffin dispersion system is demonstrated in Figure 5, from which it can be observed that the quantum dots was uniformly dispersed in the liquid paraffin, exhibiting green fluorescence under UV irradiation, which is due to the fact that the lipophilic end with long-chain alkanes in sodium cetylbenzene sulfonate was retained during the preparation of the carbon quantum dots. Furthermore, the temperature-dependent properties of the carbon quantum dots in the liquid paraffin system were tested, as illustrated in Figure 6a, and the fluorescence intensity of the quantum dots exhibited a decreasing trend with increasing temperature under the liquid paraffin system, and the specific relationship is shown in Figure 6b. Consistent with the carbon quantum dot/PVA film, the fluorescence intensity of the quantum dots within the liquid paraffin exhibited an exponential function fit to temperature, that is, with the increase in temperature, the fluorescence intensity of the quantum dots tends to follow an exponential function curve. The fluorescence intensity of quantum dots varies greatly at low temperatures, but little at high temperatures, and the relevant parameters are presented in Table 2. Over a broad temperature range, quantum dots in liquid paraffin demonstrated an excellent degree of fit (R2 > 0.99). Furthermore, the results suggest that the carbon quantum dots in liquid paraffin exhibited a broad temperature measurement range, a high relative sensitivity, and the ability to detect fluorescence in lubricated systems, as demonstrated by their relative sensitivity of up to 2.84% K−1, which was significantly higher than that of most nanomaterials for temperature sensing (Table 3). Based on the above experimental results and discussions, the potential of carbon quantum dots for temperature sensing applications in liquid paraffin systems is validated. Furthermore, there is still a necessity to conduct research on carbon quantum dots in subsequent studies to improve the stability of quantum dots under lubrication systems.





4. Conclusions


In this study, carbon quantum dot nanomaterials with green fluorescence were synthesized via a simple method, and a polymeric PVA film probe containing carbon quantum dots was tested for its temperature sensing properties as well as the temperature sensing potential of carbon quantum dots in liquid paraffin lubrication systems. The test results demonstrated that the carbon quantum dots exhibited promising fluorescence properties as well as fluorescence-based temperature dependence under a PVA matrix and liquid paraffin system. The obtained carbon quantum dots/PVA membrane probes can offer an efficient temperature monitoring strategy, as proved by their exponential thermal sensing properties based on fluorescence intensity and fluorescence intensity ratios, respectively. Additionally, they demonstrated a high goodness of fit (R2 > 0.99) and relative thermal sensitivities (relative sensitivities of 1.74% K−1 and 1.39% K−1 for fluorescence intensity and fluorescence intensity ratio, respectively). Further, taking liquid paraffin as the lubrication medium, the carbon quantum dots exhibited a high temperature range, a high goodness of fit (R2 > 0.99), and high thermal relative sensitivity (2.84% K−1) in the lubrication system. This research is expected to provide an effective strategy for highly sensitive equipment condition monitoring as well as temperature detection in lubrication systems.
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Scheme 1. Schematic of the synthesis of carbon quantum dots. 
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Figure 1. (a) Photoluminescence image of the carbon quantum dot solution; (b) Fluorescence image of the carbon quantum dot powder; (c) Typical transmission electron microscopy (TEM) image of the synthesized carbon quantum dots; (d) Particle size distribution of carbon quantum dots. 
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Figure 2. (a) Photoluminescence spectra and the UV–visible spectroscopy of the carbon quantum dot solution; (b) The X-ray photoelectron spectroscopy (XPS) spectrum of the carbon quantum dots. 
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Figure 3. (a) Fluorescence of carbon quantum dot/PVA film under UV excitation; (b) The photoluminescence spectra and UV–vis spectra of the carbon quantum dot/PVA film. 
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Figure 4. (a) Fluorescence spectra of carbon quantum dots/PVA film probe as a function of temperature and (b) their mappings; (c) Temperature-dependent curve based on fluorescence intensity; (d) Temperature-dependent curve based on fluorescence intensity ratio. 
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Figure 5. The prepared carbon quantum dots–liquid paraffin dispersion system. 
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Figure 6. (a) Fluorescence spectra of carbon quantum dots in liquid paraffin at different temperatures; (b) Temperature-dependent curve based on fluorescence intensity. 
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Table 1. Temperature-dependent properties of carbon quantum dot/PVA film probe.
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	Measurement Method
	Equation
	R2
	Temperature Range [°C]
	Maximum Relative Sensitivity SR-max [% K−1]





	PL Intensity
	   y = 66102 ×  e  ( − x / 46.1865 )   + 10294   
	0.9915
	20–130
	1.74



	Intensity ratio
	   y = 0.54155 ×  e  ( − x / 17.1437 )   + 0.7009   
	0.996
	20–90
	1.39










 





Table 2. Temperature-dependent properties of carbon quantum dots in in liquid paraffin system.
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	Measurement Method
	Equation
	R2
	Temperature Range [°C]
	Maximum Relative Sensitivity SR-max [% K−1]





	PL Intensity
	   y = 24005 ×  e  ( − x / 39.7653 )   − 273   
	0.9902
	20–90
	2.84










 





Table 3. Relevant optical parameters of optical temperature measurement materials.
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	Material
	Temperature Range
	Maximum Relative Sensitivity SR-max [% K−1]
	Ref





	PbS/CdS/ZnS QDs
	10−60 °C
	2.5
	[55]



	CsPbI3: Mn2+
	25–60 °C
	1.4
	[56]



	Rh101@UiO-67
	25–45 °C
	1.19
	[57]



	Lemon-derived Carbon QDs
	25–60 °C
	2.69
	[58]



	[Tb(dipicCbz)3]3−
	5–70 °C
	0.39
	[59]



	Tb0.95Eu0.05(btb)
	10–320 K
	2.85
	[60]



	Tb3+: CsPbI3
	80–480 K
	1.78
	[61]



	Carbon QDs
	20–90 °C
	2.84
	this work
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