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Abstract

:

The cooling performance of nanoparticle (NP)-doped radiative cooling materials depends on the dispersion of the NPs in the polymer matrix. However, it is a technical challenge to suppress agglomeration of NPs due to their high surface energy, resulting in poor dispersion of the NPs in the polymer matrix. In order to optimize the dispersion of zinc oxide (ZnO) NPs in low-density polyethylene (LDPE), NPs were treated with atmospheric pressure plasmas for 30, 60 and 90 s. The ZnO NPs were dispersed in LDPE using a xylene solution method. The dispersion of the NPs was progressively improved as the plasma-treatment time increased, likely due to the roughened and perhaps also activated NP surfaces by the plasma treatment. This made the transmittances of the films decrease in the solar-radiation band and absorptivity increased monotonically in the high-energy band as the plasma-treatment time increased, while in the mid-infrared band, the films maintained a similar high transmittance to the untreated sample. The differential scanning colorimetry analysis revealed that the crystallinities of the plasma-treated NP-doped samples were similar to those of the untreated sample. The cooling-performance tests showed that the maximum temperature reductions of the films with NP plasma-treated for 0 s, 30 s, 60 s and 90 s were 6.82, 7.90, 9.34 and 10.34 °C, respectively, corresponded to the intrinsic temperature reductions of 7.27, 8.23, 10.54, and 11.40 °C, respectively, when calculated using Cui’s Model. The results of the current study show that a simple one-step atmospheric pressure plasma treatment to the ZnO NPs can indeed improve dispersion of the NPs in LDPE and lead to the greatly improved passive-cooling performance of the film.
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1. Introduction


In recent years, radiative-cooling materials, as a type of special energy-saving material, are attracting more and more attention due to global warming and worldwide energy shortages [1,2,3,4,5]. In an outdoor environment, the material does not, or only weakly transmits, visible light, while maintaining a high transmission rate to the mid-infrared, thus allowing the lower energy waves to irradiate from inside out to realize the material’s radiative-cooling function. A series of new passive-cooling materials have been developed with the improvement of micro/nanomaterial preparation technology [6,7,8], such as photonic-structured materials [9], nano-hybrid polymer materials [10], and metamaterials [11]. In fact, polymer-based materials are more suitable for scaling up the production and manufacturing of flexible cooling materials, such as films and textiles, than photonic structural materials or metamaterials. Polymers are considered to have strong IR photon emissions in the IR band due to the strong vibrational excitation of different functional groups in the polymeric chains [12]. For example, the vibrational frequencies in the carbon-halogenated bond fingerprint region (1330–400 cm−1) correspond to a wavelength range within the atmospheric window. This makes many durable halogenated compounds, or their blends, ideal substrates for outdoor passive cooling [2]. These compounds are also quite suitable for the large-scale production of radiative-cooling fabrics. The transmittance of polyethylene materials in the infrared spectral region is excellent compared to conventional textile fabrics (TIR% ≈ 100%), and the heat absorbed by a few characteristic absorption peaks is almost negligible compared to the heat transmitted in the wavelength range of 0.2–16 µm. The optical properties of this material in the solar spectral range can be regulated by doping NPs with different mass fractions and scales [13,14]. ZnO is a semiconductive material that absorbs electromagnetic waves [15] and its characteristic absorption peaks are in the ultraviolet band. The electrical conductivity, dielectric properties, and photocatalysis of polymers can be greatly enhanced by ZnO-NP doping [16,17,18]. They can also be used as anti-bacterial additives for functional materials [19]. In addition, silver-doped zinc oxide nanoparticles can affect drug content and release effects [20]. The properties of radiative-cooling materials depend on the dispersion of the NPs in polymers [21]. However, NPs are, in general, easily agglomerated due to their extremely large specific surface area and high surface energy [22], leading to their poor dispersion in polymers [23]. This is also thermodynamically unfavorable due to interactions quantified by the Flory–Huggins interaction parameter and the large molecular length of most of polymers [24]. Physical [25,26,27] and chemical surface-modification [28,29,30,31] methods have been adopted to improve the compatibility of NPs with polymers [32,33]. Plasma treatment can modify the surface of a material by releasing high-energy particles during the treatment process, destroying the original bonds between the NP molecules, and altering the surface-energy state of the NPs, so as to improve the dispersion of the NPs in the material [34]. Much attention has been paid to plasma treatments for improving the dispersion of NPs in polymers. Liu et al. treated TiO2-NPs in aqueous solutions of dispersed conductive PEDOT:PSS by DC plasma with pure He at room temperature and atmospheric pressure, while changing constantly the voltage and pH of the solution, which can effectively suppress TiO2 agglomerates and improve the dispersion and stability of TiO2-NPs [35]. Ramos et al. performed surface modification of hBN-NPs using cold vinyl plasma, which led to the deposition of a plasma-polymerized polyethylene layer on the surface of hBN-NPs. The plasma-treated NPs appeared to form fewer and smaller agglomerates, promoting their dispersion in polymers [36]. Saman et al. treated the surface of Al2O3-NPs by atmospheric-pressure plasma with a maximum applied voltage of 10 kVrms in He gas. The results showed that the surface of the NPs was successfully modified, which improved the dispersion and stability of the NPs in nanofluids [37]. Miller et al. studied plasma-surface modification of Al-NPs by a nanosecond AC pulsed power source in an argon atmosphere. Results showed that the plasma treatment created a rough surface morphology to increase surface contact during the reaction process of Al-NPs [34]. However, most plasma-treatment processes are somewhat complicated and thus may be expensive in many end-uses. Another issue is that in most radiative-cooling material testing, laboratory-made devices are adopted and not much attention has been paid to the volume effect on the cooling performance of these materials. In our previous studies, we proposed an empirical model, Cui’s Model, to show an exponential relationship between the temperature reduction and specific volume change in the test [38]. The strength of the Cui’s Model is that it allows us to calculate the intrinsic temperature reduction (ITR) for a passive-cooling material as a material property instead of a value heavily dependent on the testing set-up. However, we have never used this concept for any other materials or even the same material modified by different treatments. In order to do so, we wanted to use a simple method to change the dispersion of the same nanoparticle in the same film to see how the ITR changed with the material property change. Therefore, in this study, a one-step and simple atmospheric-pressure plasma technique was adopted to modify the surface of ZnO-NPs for improving their dispersion in polyethylene. The NPs were embedded in LDPE to make the NP radiative-cooling composite films which were tested for their surface morphology, optical, and thermal properties, and radiative-cooling performance to show if the plasma treatment could have, and if so, by how much, an impact on the NP dispersion and various properties of the films. More importantly, we attempted to show, for the first time, how the ITR changed due to the plasma-enhanced dispersion of NPs in the passive-cooling films in this study.




2. Materials and Methods


2.1. Materials


The ZnO-NPs with an average diameter of 90 nm were purchased from Rhawn Chemical Technology Company (Shanghai, China). We selected this particle size since it has an appropriate size parameter for the shielding of a large portion of higher energy photons and a small fraction of lower energy photons of the Vis light [38]. LDPE with a melt index of 25 g/10 min (CAS 9002-88-4) was provided by Aldrich Chemical Company and xylene solvent (CAS 1330-20-7) was supplied by Shenzhen Xilong Technology Company (Shenzhen, China).




2.2. Plasma Treatment


As shown in Figure 1, ZnO-NPs were put in a glass dish which was placed horizontally under the treatment head of the atmospheric pressure glow discharge plasma machine (Model PSPT-2000C, Nanjing Prospect Electronics Technology Company, Nanjing, China). During the treatment, the plasma-discharge treatment head was 2 cm above the NPs and moved back and forth at a constant speed of 10 cm/s. The ZnO-NPs were treated for 30, 60, and 90 s, respectively, with a voltage of 100 V and a power of 3 W under an ambient temperature of 26 °C and relative humidity (RH) of 60%. The reason that we adopted up to 90 s for plasma treatment was to avoid a prolonged treatment time so as to minimize the cost of the process in a real application. In addition, we used air as the treatment media instead of helium or argon, which can be a lot more expensive.




2.3. Preparation of ZnO-Doped LDPE Films


After the plasma treatment, the ZnO-NPs (4 wt.%) were dissolved in xylene, and subjected to ultrasonic treatment for 60 min in a ultrasonic cell crusher (SCIENTZ-IID, Ningbo, China). The mixture was placed in an oil bath at 105 °C after the addition of LDPE for 48 h. The solvent was then evaporated in a vacuum oven to obtain ZnO/LDPE composites which was hot-pressed at 118 °C to form a film in the vacuum (Shenzhen Jing Ke Da Machinery & Electronic Equipment Company, Shenzhen, China).




2.4. Scanning Electron Microscopy Analysis


The film samples were gold-coated and then inspected with a field emission scanning electron microscope (FESEM, Zeiss MERLIN VP Compact, Oberkochen, Germany) at 5 KV and the chemical elements of the materials were analyzed by EDS energy spectroscopy on the same machine.




2.5. Optical Performance Test


The optical properties of the samples were tested with a Fourier transform infrared (FTIR) spectrometer (Nicolet IS50, Thermo Fisher Scientific, Waltham, MA, USA) and a spectrophotometer (Lambda 950, PerkinElmer, Waltham, MA, USA). Each FTIR spectrum in the wavelength interval of 2.5–16.0 μm was integrated 32 times, while that of 0.2–2.5 μm was integrated 30 times with an interval of 10 nm in order to accumulate enough signal strength.




2.6. Differential Scanning Calorimetry Test


The thermal properties of the ZnO/LDPE films were analyzed with a differential scanning calorimeter (DSC, Model DSC25, TA Instruments, New Castle, DE, USA). The samples were heated from −80 °C to 180 °C at a rate of 10 °C/min under N2 conditions, equilibrated for 3 min and then cooled to −80 °C at a rate of 10 °C/min, and continued to be heated to 180 °C at a rate of 10 °C/min after 3 min for a total of 1.5 cycles.




2.7. Radiative-Cooling Performance Test


Passive radiative-cooling tests for the ZnO/LDPE films were conducted using a laboratory-fabricated testing system in Quanzhou, China. The test setup was placed in an outdoor environment on the top of a building throughout the day for 24 h during the summer with daytime temperatures varying in a range of 30–39 °C and RH of about 60%. The test set-up was shown in Figure 2. A temperature sensor was placed 2 cm below the window in the box to monitor and record the temperature change during the test (Figure 2a). The box was made of polystyrene foam, lined with an aluminum foil, and completely sealed to minimize the heat transfer through conduction, convection, and secondary radiation from the outside in and the inside out. The boxes were placed on a desk 1.3 m above the ground to avoid heat transfer from the ground and were able to rotate to face the sun perpendicularly throughout the test. All samples were tested simultaneously to avoid biased sampling. More details of the test system are given elsewhere [38].




2.8. Statistical Analysis


The maximum cooling-temperature data were analyzed using one-way analysis of variance (ANOVA) and Tukey’s pair-wise multiple comparison. A p-value smaller than 0.05 was considered statistically significant.





3. Results and Discussion


3.1. Morphology Analysis


Figure 3 shows FESEM images of the surfaces of the ZnO-doped LDPE films and distribution of ZnO-NPs on the film surface before and after plasma treatment for different durations. EDS analysis showed that the control sample had the largest number of large particles which are, in fact, the agglomerated NPs. As the plasma-treatment time increased up to 90 s, more small NPs are shown on the surface of the film, exhibiting better dispersion. Plasma treatment can usually etch the surface of the NPs, especially for atmospheric pressure plasmas. Miller et al. treated Al2O3 NPs using atmospheric pressure Ar plasma and found that the NPs were etched by the plasma, resulting in rougher surfaces [34]. In the current study, we observed that the plasma-treated NPs seemed to have better dispersion than the control sample. It is likely that the plasma treatment was able to roughen the surface of the NPs and the surface roughness increased as the plasma-etching time increased up to 90 s. This could result in better dispersion of the NPs in polymers due to reduced agglomeration for NPs with rougher surfaces. FESEM inspection showed that the roughness of NPs surface seemed to increase somewhat after the plasma treatment but was not as visible due to the limited resolution of FESEM at such a high magnification, as shown in Figure 4. The plasma-etching may also have reduced the size of the NPs; however, this effect could not have been significant since the plasma-etching at this power and duration rate may only have removed a couple of nm of the surface layer, as indicated by Miller et al. [34]. We concluded that the plasma treatment is beneficial to the uniform dispersion of ZnO-NPs, and the increased plasma-treatment time will lead to improved dispersion of the NPs in LDPE. The mechanism for the effect of the plasma treatment on NP dispersion in low-density polyethylene (LDPE) may be explained using Figure 5.



It is possible, as reported in many studies, that plasma can alter the chemical composition of the substrate surfaces such as disrupted surface chemical bonds and implant oxygen containing groups. However, for ZnO-NPs, the development of more oxygen -ontaining groups is unlikely since the NPs are already completely oxidized material. Another approach is to grow organic groups on the surface of the substrate if an organic treatment gas or even pretreatment with organic chemicals could be applied [33]. In future studies, we may try out other treatment processes in order to further improve dispersion of the NPs in LDPE, such as using ethanol pretreatment for growing of methyl or ethyl groups on the surface of the NPs so as to enhance the adhesion between the NPs and LDPE [39].




3.2. Thermal Properties


As shown in Figure 6, DSC endothermic diagrams showed that the crystallinities of the films under different conditions were almost the same, varying by around 37.5%. This means that the plasma treatment had no significant effect on the crystallinity of the films. The crystallization behavior of polymers in the presence of NPs could have been changed if the surface energy of the NPs was altered substantially by the surface treatment of the NPs. It seemed that the surface energy change by the plasma treatment was not significant enough to alter the crystallization behavior of the LDPE film in the current study. The crystallinity of the polymer could influence the radiative-cooling performance of the film. This is because the crystalline phase and the amorphous phase have different refractive indices, which could make the light pass though the material deflected at the boundaries of different phases, greatly influencing the passage of light through the material. A completely amorphous material or a single crystal has the best transparency for all lights. Semicrystalline materials are most likely opaque to most of lights. Therefore, controlling the crystallinity and size of the crystals in the LDPE could be important for the passive-cooling performance of the materials. Zou and coworkers [40] treated multiwall carbon-nanotubes (MWNTs) with an atmospheric pressure plasma jet with helium and then compounded the MWNTs into polypropylene and polylactic acid resins. They found that the plasma treatment could in fact alter the glass-transition temperature and melting temperature of the composites. The surface of the MWNTs was activated by the plasma treatment, which influenced the adhesion between the MWNTs and the polymers. In the current study, this may not have happened as the substrate was an oxidized material and thus may not have been activated as much as the MWNTs. Therefore, the thermal properties and crystallinity of the films were not altered substantially by the plasma treatment.




3.3. Transmittance of ZnO/LDPE Films


As shown in Figure 7 and Table 1, the film transmittance shows a declining trend as the plasma treatment time increased due to the enhanced scattering effect of the material on the electromagnetic waves in the visible wavelength band. In Figure 7a, it can be seen from the FTIR spectra that in the high-energy region of visible and near-infrared spectrum, the highest transmittance was obtained for the untreated film and the lowest for the film with NPs plasma-treated for 90 s. In the mid-infrared wavelength range of 2.5–14 μm, all films had similarly good transmittance regardless of the plasma-treatment conditions, indicating that the plasma treatment did not have a significant impact on the transmittance of the mid-infrared range waves. Figure 7b compares the absorptivities of the films made of NPs with different plasma-treatment conditions. Also shown in Table 1, the films tend to have larger absorptivity in the visible wavelength spectrum with the increase of plasma-treatment times. This shows that improved dispersion of the NPs due to the plasma treatment can indeed enhance the scattering effect of the films to the visible light, leading to a reduced transmittance and increased absorptivity in the high-energy irradiation while maintaining the high transmission rate to the mid-infrared waves. This effect corresponds well with the results of the subsequent radiative-cooling performance test.




3.4. Cooling Performances


The temperatures of the testing boxes covered with different ZnO/LDPE films were monitored for 24 h to evaluate the films’ cooling performance for three days. For reference, a box without a covering film was also tested simultaneously. Overall, the temperature in the reference box rose as the intensity of solar radiation increased, reaching a maximum temperature of 75.41 °C at 12:50, as shown in Figure 8a. The orange area in Figure 8 indicates the daytime solar irradiation, and the films obtained the best cooling performance at 14:20 (AA1).



The maximum temperature reductions of the films with NPs plasma-treated for 0 s, 30 s, 60 s and 90 s were, respectively, 6.82, 7.90, 9.34 and 10.34 °C, indicating a monotonically increasing trend of temperature reduction as the plasma-treatment time increased. The composite film prepared by 90 s plasma treatment of NPs achieved an average cooling value of 10.34 ± 0.72 °C, an improvement of 51.6% compared to the untreated film in Table 2. Meanwhile, the temperatures inside all boxes were lower than the ambient temperature at night, probably due to the shielding effect of the boxes to the heat from the surrounding environment for ambient temperature measurement. This result corresponded well with those from the transmittance tests, in which we found that the films composited with plasma-treated NPs had improved shielding effects for the high-energy radiation as the plasma-treatment time increased but almost no change on the shielding effects of the mid-infrared range waves. In our previous publication [38], we found that the temperature reduction of a radiative-cooling material was a function of the specific volume SV defined as the volume included in the testing box divided by the area of the window covered by the radiative-cooling material. An empirical model, or Cui’s Model, was proposed to establish the relation between temperature reduction ΔT and SV as follows:


  ∆ T = ∆   T   ∞   +   ∆   T   0   − ∆   T   ∞     e x p   −   S V   D      



(1)




where ΔT∞ is the open space temperature reduction as SV → ∞, ΔT0 is the intrinsic temperature reduction for the film when SV → 0, and D is a constant called cooling effect diminishing constant [38]. According to this model, the ΔT0 is the material property without the influence of the testing set up. Rearranging Equation (1), we can calculate ΔT0 as follows:


  ∆   T   0   =   ∆ T − ∆   T   ∞     e x p     S V   D     + ∆   T   ∞    



(2)







In the current study, the experimental set up was the same as that in our previous study and thus we adopted the constant D as 163 m and ΔT∞ as 4.19 °C while the specific volume in this study was 26 m. The intrinsic temperature reductions, ΔT0, were calculated using Equation (2) as 7.27, 8.54, 10.23, and 11.40 °C for plasma treatment time of 0, 30, 60, and 90 s, respectively. The improvement from the untreated film were 17.4, 40.6, and 56.8% for the three plasma-treated samples. Figure 9 shows the trend of ΔT0 versus plasma treatment time, revealing a perfect linear-regression fitted line. This means that the plasma treatment can indeed enhance the radiative-cooling performance of the films and the intrinsic temperature reduction of the films are linearly proportional to the plasma treatment time up to 90 s. This is the first time that any one has been able to show how the surface treatment of NPs could improve intrinsic temperature reduction for radiative0cooling materials as a material property using Cui’s Model instead of using temperature reduction directly from the experimental observations, which is heavily reliant on the testing set-up. This made the comparison of materials tested using different experimental set-ups possible.



In summary, the ZnO/LDPE film with plasma-treated NPs had better cooling performance because the ZnO-NPs were more uniformly dispersed and the scattering effect was enhanced by the sufficiently long plasma treatment time, shielding the ultraviolet light and blocking most of the light in the visible high-energy region, while the mid-infrared in the 9–14 μm band could be transferred through the radiation window, resulting in the improved cooling effect.





4. Conclusions


ZnO/LDPE transparent films were prepared with ZnO-NPs treated with atmospheric-pressure plasmas for different durations from 30 s to 90 s. It was found that plasma treatment within 90 s effectively suppressed the aggregation of the NPs, making them more uniformly dispersed in the LDPE. The dispersion of ZnO-NPs in LDPE progressively improved as the plasma-treatment time increased from 30 s to 90 s, resulting in enhanced scattering effects. The improved dispersion of the NPs was most likely due to the roughened NP surfaces and activated surfaces by the plasma-etching process. This made the transmittances of the films in the solar-radiation band decrease, and absorptivity increase monotonically in the high-energy band, while in the mid-infrared band, the films kept almost the same high transmittance as the untreated sample. The crystallinities of the untreated and plasma-treated NP-doped LDPE films were almost the same, indicating that the plasma treatment did not change the crystallization behavior of the polymer significantly. The cooling-performance tests showed that the composite film prepared by 90 s plasma treatment of the NPs achieved an average optimal cooling temperature of 10.34 ± 0.72 °C, an improvement of 51.6% compared to the untreated film. The intrinsic temperature reductions, ΔT0, as calculated using Cui’s Model, were 7.27, 8.54, 10.23, and 11.40 °C for plasma-treatment times of 0 s, 30 s, 60 s, and 90 s, respectively. Compared with the untreated film, the improvements were 17.4, 40.6, and 56.8% for the three plasma-treated samples, respectively. A linear increase trend of ΔT0 as the plasma-treatment time was prolonged was manifested. More studies are warranted to determine how the cooling effect diminishing constant in Cui’s model changes for materials with different optical properties.
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Figure 1. The ZnO NPs were treated by glow discharge plasma equipment. 
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Figure 2. Schematic diagram of the test setup for passive radiative-cooling: (a) arrangement inside the passive radiation-cooling test chamber to minimize conduction and convection heat transfer; and (b) field experimental setup on the test roof in Quanzhou, China. 
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Figure 3. FESEM images of surface morphology and NPs dispersion in ZnO/LDPE films made by plasma-treated NPs: (a–d) FESEM images of the films made of ZnO treated by plasma for 0 s, 30 s, 60 s, 90 s; (a1–d1) EDS mapping of NPs in films made of ZnO treated by plasma for 0 s, 30 s, 60 s, 90 s; and (a2–d2) particle-size distribution of NPs in films made of ZnO treated by plasma treatment for 0 s, 30 s, 60 s, 90 s. 
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Figure 4. FESEM images of NP surfaces plasma-treated for different durations: (a) 0 s; (b) 30 s; (c) 60 s; and (d) 90 s. 
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Figure 5. NPs treated by plasma were mixed with LDPE in xylene solvent. 
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Figure 6. DSC endothermic diagrams of ZnO/LDPE films prepared by different plasma-treatment times: (a) 0 s; (b) 30 s; (c) 60 s; and (d) 90 s. 
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Figure 7. Optical properties of ZnO/LDPE films: (a) effect of plasma treatment time on film transmittance; and (b) effect of plasma-treatment time on film absorptivity. 
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Figure 8. Cooling performance test: (a) temperature changes in 24 h in test boxes covered with no film or films prepared by ZnO-NPs with plasma treatment for 0 s, 30 s, 60 s and 90 s; and (b) corresponding cooling effect for the boxes with different films. 






Figure 8. Cooling performance test: (a) temperature changes in 24 h in test boxes covered with no film or films prepared by ZnO-NPs with plasma treatment for 0 s, 30 s, 60 s and 90 s; and (b) corresponding cooling effect for the boxes with different films.



[image: Crystals 13 00707 g008]







[image: Crystals 13 00707 g009 550] 





Figure 9. The intrinsic temperature reductions of the passive cooling films as the increase of plasma treatment time, showing a perfect linear -regression fit. 
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Table 1. Transmissivity and absorptivity of the films represented by the area under the FTIR curves.
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	Area
	0 s
	30 s
	60 s
	90 s





	Transmissivity curve (s−1)
	178.1
	173.5
	168.4
	165.9



	Absorptivity curve (s−1)
	0.16
	0.19
	0.22
	0.23
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Table 2. Maximum cooling temperature of films prepared by ZnO NPs with plasma treatment for 0, 30, 60 and 90 s.
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	Specimen
	0 s (°C)
	30 s (°C)
	60 s (°C)
	90 s (°C)





	1
	7.69
	8.5
	10.27
	11.28



	2
	6.18
	7.04
	8.58
	9.53



	3
	6.6
	8.17
	9.17
	10.22



	Mean ± SD
	6.82 ± 0.64
	7.90 ± 0.63
	9.34 ± 0.7
	10.34 ± 0.72



	ΔT0
	7.27
	8.54
	10.23
	11.40



	Max Improvement (%)
	-
	17.4
	40.6
	56.8
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