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A highly thermally conductive heat spreader for applications in electronic devices is becoming increasingly demanding, and therefore the removal of excess heat requires an efficient heat dissipating device. Boron nitride nanosheets (BNNSs) were prepared as thermally conductive fillers using hexagonal boron nitride (h-BN) powder as raw material by a water exfoliation method. A composite film was prepared by vacuum filtration using cellulose nanofibers (CNFs) as the substrate with an in-plane thermal conductivity (TC) of 82.4 W m−1 K−1, thermal conductivity enhancement increasing by 9,486% compared to pure cellulose film. Thus, CNF/BNNS composite films are promising as effective thermal interface materials (TIMs) in electronic devices and electronic component applications.
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INTRODUCTION
In recent years, with the continuous improvement of technology, high-power electronic devices and highly integrated electronic components are also developed towards more precision and miniaturization. However, a lot of problems, such as waste heat, have also arisen. When the heat generated by a device is not effectively removed during prolonged periods of high workload, the device’s efficiency, service life, and reliability suffer significantly. The air gap between the heat sink and the heat-generating device has a very low thermal conductivity, resulting in a relatively high contact thermal resistance. Thermal interface materials can bridge this air gap, lowering contact thermal resistance and improving thermal transportation performance. The development of heat spreader with efficient heat dissipation properties to remove excess heat has therefore become a hot topic of research (Cui et al., 2020; Yan et al., 2021a). Efficient heat dissipation will be a critical factor in developing devices and electronic components.
Anisotropic insulating 2D materials have a high thermal conductivity along the planar aspect compared to isotropic conductive materials, effectively blocking the influence between components (Yang et al., 2021b). The two-dimensional (2D) BNNS has been widely used as thermal conductivity due to its high thermal conductivity (Yan et al., 2021b), excellent electrical insulation, and low dielectric constant (Wang et al., 2018; Hou et al., 2021). The thermal conductivity of BNNS has been reported to be in the range of 1700–2000 W m−1 K−1 (Zeng et al., 2011; Zeng et al., 2012). However, the high brittleness and low tensile strength of pure BNNS (∼17 MPa) (Wu et al., 2017) limit its application. For the electronic miniaturization components, a thermal interface material with better mechanical properties and thermal conductivity is needed. Filling BNNS with polymers that serve as adhesive can build up a thermally conductive network, which is a reliable way to reduce the brittleness and increase the tensile strength of the composite.
Cellulose nanofibres (CNF) are low-cost, all-natural, inexhaustible polymeric materials prepared from the cellulose of plant origin. Due to its excellent mechanical and thermal properties (Zhou et al., 2016), cellulose is increasingly being used as a substrate for thin film research (Wu et al., 2017; Wu et al., 2018). It has previously been reported that two-dimensional BNNS can be dispersed in aqueous suspension by electrostatic repulsion and spatial site resistance (Zhu et al., 2014; Li et al., 2015).
In this paper, we demonstrate a simple water exfoliation method to obtain BNNS (Wang et al., 2018) and introduce BNNS into a cellulose substrate to prepare a composite film by vacuum filtration. Firstly, we prepared CNF/BNNS composite films by controlling the suspension concentration at 0.15% and increasing the BNNS filler content. We found that the thermal conductivity of the CNF/BNNS composite films increased with increasing BNNS filler content. When the BNNS filler concentration was 90%, the CNF/BNNS composite films had the highest thermal conductivity of 70.4 W m−1 K−1. Secondly, to further improve the thermal conductivity of the CNF/BNNS composite films, we consider making the BNNS in the CNF/BNNS composite films have a more regular horizontal arrangement to form a better heat conduction path. We decided to control the same BNNS filler content at 90% and change the different suspension concentration for comparison. It was found that the suspension concentration had a significant effect on the CNF/BNNS composite films, with a significantly higher thermal conductivity of 82.4 W m−1 K−1 at a suspension concentration of 0.1%. We have investigated the in-plane thermal conductivity of the CNF/BNNS composite films in these two ways, particularly the effect of varying the suspension concentration with a 90% BNNS filler content. The composite films show good thermal conductivity and can be used as a heat spreader for electronic devices (Yang et al., 2021a; Zhang et al., 2021).
EXPERIMENTAL
Materials
Hexagonal boron nitride (lateral size 1–5 μm) powder from ESK Ceramics (Germany). Cellulose raw material obtained from Guilin Qihong Technology Co. (Product model CNF-P, Content of 1.1 wt%, The raw material is wood pulp, diameter of 4–10 nm, length of 1–3 μm, suspension PH value of 7–8).
Preparation of BNNS
The h-BN powder (80 g) and 4,000 ml of deionized water were dispersed. This dispersion was subjected to the first step of the stripping process with a cutting-edge ultrasound machine, which ultrasonicated the h-BN micronized powder for 120 min. After sonication, stand for 5 h and separate into layers, then pour out the upper dispersion and dry to obtain BNNS. And it should be noted at this point that the 80 g of h-BN powder was not completely exfoliated. The solvent of the sediment below could be reused as the original solvent in another liquid stripping process. It means that the residue can be re-dispersed in 4,000 ml of deionized water, sonicated, filtered. The above procedure is repeated after several cycles to achieve complete exfoliation.
Preparation of Composite Films
Herein, the vacuum filtration method was used to prepare CNF/BNNS composite films. We used CNF/BNNS composite films with a suspension concentration of 0.1 wt% and 90 wt% BNNS content as an example. In the first step, 0.09 g BNNS and 1.0 g cellulose slurry were dispersed in 99 ml of deionized water in a mixing cylinder with a speed mixer (Shanghai Acclaim International Trading Co. Model: DAC 150.1 FVZ-K) at 3,500 rpm, where the deionized water was added twice. The purpose of this is to prevent BNNS from sticking to the wall of the mixing cylinder and causing uneven dispersion of BNNS. In the second step, the prepared dispersion was further dispersed in the sonicator for another 30 min to obtain the final suspension by adding 33 ml and vacuum filtering through a polycarbonate membrane with a pore size of 0.22 μm to obtain a CNF/BNNS composite film with a thickness of about 30 μm. The preparation procedure of CNF/BNNS composite film was shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of the preparation of CNF/BNNS composite film.
Characterization
Both BNNS and composite films were observed with a Regulus 8230 scanning electron microscope (HITACHI, Regulus 8230, Japan). In order to prevent charge accumulation on the cross section of the composite film, we pre-sprayed a layer of platinum on the surface of the composite film. Transmission electron microscope (Thermo Fisher Scientific, Talos, MA, United States). Atomic force microscope (AFM, SPM Dimension 3100, Veeco, NY, United States). Raman spectroscopy using a laser confocal micro Raman spectrometer (HORIBA FRANCE SAS, LabRAM Odyssey, Japan) with a laser wavelength of 532 nm. The crystalline structure and surface chemical compositions were determined using X-ray diffractometer (XRD, D8 Discover/GADDS, Bruker, Germany) with Cu Kαradiation. Infrared spectroscopy was performed using a FTIR spectrometer (Thermo, Nicolet is 50, MA, United States). The thermal conductivity of the composite film was determined using the LFA 467 Nanoflash (NETZSCH, Germany). Infrared photos were taken by an infrared camera (Fluke, Ti400, WA, United States).
RESULTS AND DISCUSSION
Characterizations of BNNS
As shown in Figure 2A the size distribution of BNNS is from 1 to 5 μm with a flat and regular surface, proving the BNNS was successfully exfoliated from h-BN. A clear lattice can be seen in the HRTEM image in Figure 2B, indicating that the exfoliated BNNS still maintains an ordered structure. The top right inset of Figure 2B shows a magnified view of the crystal lattice, which presents the crystal lattice spacing of 0.22 nm. The thickness of BNNS was measured by an atomic force microscope (AFM). The scanned profile is shown in Figure 2C with a thickness of 3.1 nm for BNNS (Li et al., 2016; Zhu et al., 2016). The crystal structure and surface functional groups of BNNS have been studied to provide more information on the exfoliation of BNNS. The characteristics of BNNS by Raman spectral frequencies in the G-band of the original h-BN and the stripped BNNS are shown in Figure 2D. Compared to the original h-BN (1,364 cm−1), the BNNS (1,366 cm−1) is blue shifted and has an increased G-band frequency. As the number of boron nitride layers decreases, the in-plane strain in the boron nitride layer increases, and the inter-layer interaction weakens, resulting in an increase in the G-band frequency. A good correspondence between h-BN and BNNS can be seen in the XRD diffraction peaks of Figure 2E, which are related to the (002), (100), (101), (102), and (004) surfaces, respectively, and it can be seen that h-BN is well exfoliated into BNNS. The FTIR spectra of h-BN and BNNS in Figure 2F show a small peak at 816 cm−1 belonging to the B-N stretching vibration (E1umode) and a broad peak at 1,373 cm−1 belonging to the B-N-B out-of-plane bending deformation (A2umode) (Shi et al., 2010; Lee et al., 2015). A peak at 3,440 cm−1 is due to -OH vibration(Pan et al., 2021).
[image: Figure 2]FIGURE 2 | Characterization of BNNS and BN powders: (A) SEM, (B) TEM, (C) AFM, (D) Raman, (E) XRD, and (F) FTIR spectra.
Microstructure of CNF/BNNS Composite Films
The dispersion of the BNNS filler in the CNF matrix is an important influence on the properties of the composite (Wu et al., 2017; Wu et al., 2018). The morphologies of the fractured surface of the composite films were investigated by scanning electron microscopy (SEM). Figures 3A,A', exhibit a CNF/BNNS composite film with a 10 wt% BNNS filler. Only a small amount of BNNS can be seen on the surface. With the increase of BNNS, more ordered BNNS appears on the fracture surface of the film, which provides more information for the improvement of the thermal conductivity of the composite film, as shown in Figures 3B–D. Figures 3B'-D' shows more details of Figures 3B–D. Firstly, we increased the BNNS filling amount by controlling the suspension concentration. Then change the suspension concentration under the same BNNS filling content, as shown in (Figures 4A,D') Figures 4A,A',B,B',C,C'D,D') are suspension concentrations of 0.1 wt%, 0.15 wt%, 0.3 wt% and 0.5 wt% respectively. Figures 4A'–D' shows that as the suspension concentrations increase, the in-plane orientation of BNNS deteriorates, which is a key factor affecting the in-plane thermal conductivity of the CNF/BNNS composite film.
[image: Figure 3]FIGURE 3 | Where (A'–D') is the (A–D) high magnification SEM image, which shows more clearly the BNNS arrangement in the composite films.
[image: Figure 4]FIGURE 4 | Where (A'–D') is the (A–D) high magnification SEM image, which shows more clearly the BNNS arrangement in the composite films with different suspension concentrations.
Thermal Transportation Properties of CNF/BNNS Composite Films
We measured the thermal diffusion of the sample by laser flash at room temperature and pressure and then derived the thermal conductivity by the equation: [image: image]. Where [image: image] is the thermal conductivity, α is the thermal diffusion, ρ is the density of the composite film, and Cp is the specific heat capacity(Yang et al., 2021a; Yang et al., 2021b). The results from Figure 5, show that controlling both the amount of BNNS filling and the concentration of the suspension results in enhanced thermal diffusion and thermal conductivity of the CNF/BNNS composite film in the in-plane direction (Zhou et al., 2016; Wu et al., 2017; Wu et al., 2018; Yan et al., 2021b). Figure 5A shows the variation of thermal diffusion and thermal conductivity with the increase of BNNS filler content when the suspension concentration is controlled to 0.15 wt%. The thermal conductivity is 33.2 W m−1 K−1 at 10 wt% BNNS filler content and increases to 70.4 W m−1 K−1 at 90 wt% BNNS filler content (Yang et al., 2021b). The highly anisotropic thermal conduction of CNF/BNNS composite films can be attributed to the particular stacking of BNNS layers in the CNF film. Furthermore, the boron nitride nanosheet is a two-dimensional thermal interface material with high thermal conductivity and low expansion coefficient. Its in-plane thermal conductivity is much higher than the out-of-plane thermal conductivity. (Wu et al., 2017; Wang et al., 2018; Wu et al., 2018; Teng et al., 2019; Yan et al., 2021b; Yang et al., 2021b), So the in-plane thermal conductivity of the CNF/BNNS composite film increase as the filler content amount of BNNS in the network constructed by CNF continues to increase. When the BNNS filler content volume reaches 90%, the thermal conductivity of the CNF/BNNS composite films is difficult to improve further. In order to improve the thermal conductivity of the CNF/BNNS composite films, we consider whether the thermal conductivity of the CNF/BNNS composite films is related to the concentration of the suspension. For this reason, we control the filler content amount of BNNS at 90% and change the suspension concentration to explore the effect on the thermal conductivity of the CNF/BNNS composite films. Figure 5B shows that when the BNNS filler content amount is 90 wt%, the thermal diffusion, and thermal conductivity lower with the increase of suspension concentration. It can be seen from Figure 4 that the lower the concentration of the suspension, the better the arrangement of BNNS in the CNF/BNNS composite films, the more orderly heat conduction paths are formed, and the thermal conductivity continues to increase. The four samples’ highest thermal conductivity test result was 82.4 W m−1 K−1 for the 0.1 wt% suspensions, and the lowest was 49.7 W m−1 K−1 for the 0.5 wt% suspensions(Yang et al., 2021b). Figure 5C shows the TCE used to compare our samples with the thermal conductivity enhancement of a pure cellulose matrix. TCE is expressed as [image: image]. Where λ1 and λ0 are the thermal conductivity of our sample and the pure cellulose matrix, respectively. The thermal conductivity enhancement increases by 9,486% compared to pure cellulose film. Figure 5D shows a comparison of the thermal conductivity of our work with that of other work (Morishita and Okamoto, 2016; Zhou et al., 2016; Wu et al., 2017; Wu et al., 2018; Chen et al., 2019; Teng et al., 2019). As a result, our CNF/BNNS composite film has higher thermal conductivity than other composites reported in previous studies.
[image: Figure 5]FIGURE 5 | Thermal properties of CNF/BNNS composite films: (A) Thermal conductivity (TC) and thermal diffusivity (TD) of CNF/BNNS composite films at different BNNS filler contents at a suspension concentration of 0.15 wt%, (B) Thermal conductivity and thermal diffusivity of CNF/BNNS composite films with 90 wt% BNNS filler content at different suspension concentrations, (C) Thermal conductivity enhancement (TCE), and (D) Comparison between our samples and BNNS/polymer composite films reported in the literature.
Figure 6A shsows a pure cellulose film on the left and a CNF/BNNS composite film with 90 wt% BNNS filler content at a suspension concentration of 0.1 wt% on the right. Figure 6B displayed a model of the system configuration when we took the IR images. Our sample, the ceramic heater, and the copper stage are from top to bottom. Figure 6C has been displayed IR images of CNF/BNNS composite films in I and pure cellulose films in II. The heating process is from 10 to 70s, and the cooling process is from 70 to 110 s. Figures 6D,E display the heating and cooling curve, respectively. The values of the heating and cooling curves come from the white marked points at the 10 s position in I and II, as shown in Figure 6C. It represents the process of a temperature change as the temperature spreads from the central point to the marked white point. It can be seen that the heating rate of our sample is much higher than that of pure cellulose film.
[image: Figure 6]FIGURE 6 | (A) Photographs of pure CNF film and 90 wt% BNNS content composite film, (B) Test model for IR images, (C) IR images of CNF/BNNS composite film with 90 wt% BNNS content at a suspension concentration of 0.1 wt% and pure CNF films heated and cooled with a ceramic heating plate heat source, (D) The heating curve and (E) the cooling curve as functions of time.
CONCLUSION
In summary, two-dimensional hexagonal boron nitride nanosheets as lateral heat spreaders were fabricated by a simple infiltrating method. Ultrahigh in-plane thermal conductivity of 82.4 W m−1 K−1 was obtained at 90 wt% BNNS filler content, which corresponds to a thermal conductivity enhancement increasing by 9,486% compared to pure CNF film. The high thermal conductivity of the composite film can be used as a heat spreader for electronic components and devices.
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