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28 Abstract

29 Generally, the thermal conductivity (TC) of composite based on cellulose 

30 nanofibrils (CNF) is improved by adding thermal conductive filler, which inevitably 

31 leads to the loss of its mechanical properties. In this work, it is the first to 

32 simultaneously improve the toughness and TC of CNF/boron nitride nanosheets (BNNS) 

33 composite from the perspective of thermal conductive filler addition and CNF crystal 

34 change. The hydrophilic-modified BNNSs were successfully prepared by xylose-

35 assisted ball-milling prior to adding into CNF. Compared with that of CNF film (1.34 

36 W/(m·K)), the in-plane TC of CNF/BNNS composite (12.68 W/(m·K)) increased 

37 significantly by 846% with loading 30% BNNS. Afterwards, both toughness (8.0 

38 MJ·m-3, increased ~250 %) and TC (14.7 W/(m·K), increased ~16%) of CNF/BNNS 

39 composite were further enhanced significantly by mercerization with 12.5% NaOH 

40 solution. The simultaneously improvement of toughness and TC is unprecedented in 

41 related studies, which contributes to the effective preparation of thermal management 

42 materials. 

43 Keywords: Cellulose nanofibrils; Cellulose II; Boron nitride nanosheet; 

44 Nanocomposite; Thermal conductivity; Toughness
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45 1. Introduction

46 The generation of e-waste from non-degradable materials in advanced electronic 

47 devices is putting significant pressure on the environment (Park et al., 2019). The next 

48 generation of electronic equipment will require flexibility, miniaturization, integration, 

49 and high-power direction development. Thus, there is an urgent need to develop simple, 

50 efficient, green, and sustainable materials with flexibility and anisotropic thermal 

51 conductivity (TC) in order to achieve proper thermal management (Lao et al., 2018). 

52 Naturally abundant cellulose nanofibrils (CNF) are prepared by fibrillation of wood 

53 fibers, and these materials have a higher TC (CNF film, in-plane TC, ~1.34 W /mK) 

54 (Zhang, Tao, Zhang, Liao, & Nie, 2019) than those of most other polymer materials 

55 (0.1‒0.5 W/(m·K) (C. Chen et al., 2019; M. J. Wang et al., 2018)), which is a strong 

56 candidate for heat management materials that are flexible, sustainable, and efficient yet 

57 also possess anisotropic thermal conductivity. However, pure CNF films cannot fully 

58 satisfy the heat dissipation requirements of electronic devices. Thus, combining the 

59 advantages of CNF and high TC fillers is an ideal solution. 

60 Hexagonal boron nitride nanosheets (BNNSs) have high TC and electrical 

61 insulation, making this material an ideal filler for enhancing the TC of polymer matrix 

62 composites (J. Chen, Huang, Sun, & Jiang, 2019). The uniform dispersion of BNNSs 

63 in the polymer matrix and the construction of a continuous BNNS thermal conductive 

64 network are the key to achieving good mechanical and thermal properties (Shim et al., 

65 2017; Xiao et al., 2015). To achieve these goals, the preparation of hydrophilically-

66 modified BNNSs is an effective way to overcome the interfacial differences between 

67 BNNSs and matrix materials to enhance the dispersibility of BNNSs (Z. Liu, Li, & Liu, 

68 2020; Yu et al., 2018). However, challenges remain in the mass production of 

69 functionalized BNNSs owing to the strong interlayer interaction and chemical inertia 

70 of hexagonal boron nitride (h-BN) (W. Lei et al., 2015). Ball-milling with the assistance 

71 of a chemical reagent can effectively introduce hydrophilic functional groups onto the 

72 edge of BNNSs with a high yield (Lin, Williams, Cao, Elsayed-Ali, & Connell, 2010). 
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73 However, existing studies' have highlighted a substantial demand for an auxiliary agent 

74 (e.g., in the study of urea as auxiliaries, the ratio of auxiliaries to BN was 1:60 (W. Lei 

75 et al., 2015) which leads to a lengthy and complex purification process. Therefore, the 

76 preparation of functionalized BNNSs in a more efficient, green method is an urgent 

77 research topic. 

78 So far, there has been a lot of work on the combination of BN with nanocellulose 

79 to achieve high TC (Hamedi et al., 2014; Z. R. Hu et al., 2018; Nguyen et al., 2018; Wu 

80 et al., 2017). Nevertheless, the realization of high TC enhancement while remaining the 

81 flexibility is still a big challenge because they are incompatible (D. Hu, Huang, Li, & 

82 Jiang, 2020; Peng et al., 2017; Yan et al., 2021). Therefore, we examined whether it is 

83 possible to enhance the toughness of composites by enhancing the network structure of 

84 CNF without losing thermal conductivity of composites due to the reduction of filler. 

85 Significantly, the cellulose II crystalline structure has more complex hydrogen bond 

86 network and soft crystals than cellulose I (Jaramillo-Quiceno, Velez, Cadena, Restrepo-

87 Osorio, & Santa, 2018; Nakagaito & Yano, 2008; Zhao et al., 2016), which is 

88 manifested by the increased thermal stability and toughness of CNF containing 

89 cellulose II (CNF II). In order to make use of the advantages of cellulose II and 

90 overcome its disadvantage of being difficult to disperse and high-water consumption 

91 during mercerization CNFs process (J. Liu & Wang, 2011; Patil et al., 2019), in this 

92 study we attempted to mercerize the freshly wet CNF/BNNS composite and control the 

93 content of cellulose II in composite film by using different concentrations of NaOH 

94 solution.

95 In this study, hydrophilically-modified BNNSs were prepared in advance using a 

96 xylose-assisted ball milling mechanochemical modification method. The ratio of BNNS 

97 to CNF was optimized to obtain the BNNS/CNF composite (0.3-BNNS-CNP) with the 

98 best in-plane TC (TCin), then the 0.3-BNNS-CNP was mercerized by different 

99 concentrations of NaOH to further improve its toughness and TC. Finally, the potential 

100 of the CNF/BNNS films as a flexible thermal management material was evaluated. This 
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101 work is the first to take the advantage of cellulose crystal change and thermal 

102 conductive filler addition to enhance the structure of CNF-based composite materials, 

103 which will promote the effective preparation of thermal management materials. 

104 2. Experimental

105 Hexagonal boron nitride (h-BN, particle size: 30 μm, 99.5%) powder was 

106 purchased from ENO High-Tech Material Development Co., Ltd. (China). D-xylose 

107 (analytical reagent grade) and sodium hydroxide (reagent grade, 97%) were obtained 

108 from Sigma-Aldrich (USA). Bleached kraft softwood pulp board was obtained from 

109 Yun-Jing Forestry & Pulp Mill Co., Ltd., (China). The method for preparing CNF was 

110 similar to our previous work, with a grinding time of 2 h and samples homogenized 10 

111 times (Xu et al., 2021), and the diameter of the CNF was 56 nm (Fig. S1).

112 Fig. 1 shows the preparation process of BNNSs (Fig. 1a), CNF/BNNS composite 

113 films and the mercerization process (Fig. 1b). The materials, details procedures of 

114 preparation and characterization were listed in the Supplementary. 

115

116 Fig.1. Preparation process of BNNSs and mercerization of CNF/BNNS composite film

117 3. Results and discussion

118 3.1 Characterization analysis of BNNSs

119 Hydrophilic BNNSs were prepared sucessufully by xylose assisted ball milling to 
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120 improve the interface between CNF and BNNSs. As shown in Fig. 2a and 2b, the 

121 BNNSs showed a thin sheet with a height of several nanometers and a high aspect ratio. 

122 According to statistical analysis by AFM (Fig. S2) and TEM (Fig. S3), the average 

123 height and lateral size of BNNSs prepared were ~4.5 nm and ~254 nm, respectively. 

124 The well-ordered lattice structure in the in-plane central region of BNNSs could be 

125 observed in the HR-TEM image (Fig. 2c), which is the key for BNNS to achieve high 

126 TC (Guerra, Wan, & McNally, 2019). Besides, the particular hexagonal symmetry of 

127 BNNSs was also shown in the fast Fourier transform (FFT) image (illustration in Fig. 

128 2c) that indicated exfoliated BNNSs had a hexagonal crystal structure. As shown in Fig. 

129 2d and 2e, compared with the B-O peak area of h-BN (6.07%), the B-O peak area of 

130 BNNSs increased to 9.42%, revealing that many B-O bonds were introduced into 

131 BNNSs after xylose-assisted ball milling. As shown in Fig. 2f and 2g, only N-B (397.83 

132 eV) existed in the N 1s spectrum of h-BN (Fig. 3c), whereas both N-B (397.83, 94.55%) 

133 and N-H peaks (398.68 eV, 5.45%) were present in the N 1s spectrum of BNNSs (Fig. 

134 3d), indicating that there were N atoms bonded to H atoms in BNNSs. The additional 

135 evidence of BN modification will be analyzed in detail in Supplementary (Fig. S4, S5, 

136 S6, and Table S1). Briefly, xylose-assisted ball-milling method is highly efficient in 

137 preparing functionalized BNNS with hydrophilic functional groups (hydroxyl and 

138 amino groups), and hundreds of hours could be saved compared to the ultrasound 

139 approach (Z. D. Wang et al., 2020; Z. G. Wang et al., 2021). 
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140

141 Fig.2. Morphology and chemical group analysis of BN: HR-TEM image of (a) BNNSs, (b) 

142 center (inset with fast Fourier transform (FFT) image) and (c) edge (inserted with selected-

143 area electron diffraction (SAED) mode images), and XPS analysis of B 1s (d, e) and N 1s (f, 

144 g).

145 3.2 Property characterizations of CNF/BNNS composite films

146 The effect of the BNNS content on the morphology, TCin and TCcross, and 

147 mechanical properties of the CNF/BNNS composite films are shown in Fig. 3. The 

148 initial thermal decomposition temperature of all the CNF/BNNS films was more than 

149 305 °C according to the TGA which ensures its safety in use. The photos (Fig. 3a) 

150 showed that the color of the CNF/BNNS films tended to be opaque white with an 

151 increase in the BNNS amount. The fracture surfaces (Fig. 3b) of all CNF/BNNS films 

152 had a typical layered structure. The fillers were arranged in an orderly manner along 

153 with the CNF layers. This structure was beneficial for the heat dispersion along the 

154 plane (An et al., 2021). And BNNSs were uniformly dispersed in the composites 

155 without serious agglomeration from the B and N elemental mapping (Fig. 3c), ensuring 

156 the uniformity of the composite material. However, the fillers contacted each other at a 

157 high amount of BNNSs (approximately 50 wt.%), possibly causing phonon scattering 

158 in the main direction of heat transfer and resulting in decreased TC of the material. 

159 Moreover, the failure of the continuous layered network structure of CNF caused by 

160 excessive addition prevented the composites from achieving better mechanical 
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161 properties. The 0.3-BNNS-CNP had a uniform mixture of CNF and BNNSs and 

162 maintained the layered structure characteristic of CNF. As shown in Fig. 3d, the 0.3-

163 BNNS-CNP had the best TCin, 12.68 W/(m·K), of all the samples, and this value was 

164 more than nine times that of the CNF film. The anisotropic TC materials, high TCin, 

165 and low cross-plane TC (TCcross) can realize the efficient transfer of heat along the in-

166 plane direction while protecting the devices on both sides of the cooling film from 

167 excessive heat (C. X. Lei et al., 2019). The anisotropy of the TC of the composites was 

168 calculated (Table S3). The 0.3-BNNS-CNP showed high anisotropy thermal 

169 conductivity (a TCin/TCcross ratio of 28) that was comparable to that of an oriented 

170 BNNS (33 wt.%) and polyvinylidene fluoride (PVDF) composite film (a TCin/TCcross 

171 ratio of 21) (J. Chen et al., 2019). 

172 The stress-strain curves and the tensile strength and toughness as a function of filler 

173 content are shown in Fig. 3e and 3f, respectively. Specific data for mechanical 

174 properties are shown in Table S4. The tensile strengths and toughness of 0.1-BNNS-

175 CNP, 0.3-BNNS-CNP, 0.4-BNNS-CNP, and 0.5-BNNS-CNP were 140.96 MPa and 

176 2.5 MJm-3, 117.63 MPa and 1.8 MJm-3, 81.31 MPa and 1.3 MJm-3, and 41.05 MPa 

177 and 0.2 MJm-3, respectively. The mechanical strength of the CNF-based films was 

178 dominated by the hydrogen bonding forces, van der Waals forces, and interwinding 

179 forces between the CNFs (Niinivaara & Cranston, 2020). The tensile strength of 

180 composites with a low loading of BNNSs (~ 10 wt.%) decreased slightly because of the 

181 transfer of stress from CNFs to BNNSs. With an increase in BNNS loading (over 30 

182 wt.%), the tensile strength and elongation at the break of composites decreased sharply 

183 due to the weakening of the interface strength between CNF and BNNSs. In brief, 0.3-

184 BNNS-CNP maintained a good balance between the different properties under 

185 investigation, with a tensile strength of 117.63 MPa, an elongation at break of 2.88 %, 

186 an TCin of 12.68 W/(m·K), which is an increase of 846% compared with CNF film 

187 (1.34 W/(m·K)).
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188

189 Fig.3. Physical properties of films: (a) Photographs, (b) cross-section FE-SEM images, (c) 

190 surface FE-SEM image of 0.3-BNNS-CNP and its B and N elemental mapping, (d) TCin and 

191 TCcross, (e) stress-strain curves (inserted with the flexibility of 0.5-BNNS-CNP), and (f) 

192 tensile strength and toughness.

193 3.3 Improved performance of CNF/BNNS films by mercerization

194 The comprehensive properties of the CNF/BNNS composites were further 

195 improved from the perspective of crystalline structure of cellulose by mercerizing 0.3-

196 BNNS-CNP. First, the surface and cross-sectional morphologies of the mercerized 

197 samples were analyzed (Fig. S9). With an increase in the degree of mercerization, the 

198 surfaces of the composites became smoother (Fig. 4a), and the cross-sectional structure 

199 was more compact (Fig. 4b). Moreover, mercerization did not change the layered 

200 structure of the composite material (Fig. 4b).

201 Then the influence of mercerization on the TCin and TCcross of composites are 

202 analyzed. As shown in Fig. 4c and Table S5, the TCin of the sample mercerized at a 

203 concentration of 12.5 wt.% alkali solution was 14.74 W/(m·K), an increase of ~16% 

204 compared to the un-mercerized sample (12.68 W/(m·K)) and the best of the mercerized 

205 ones. The TCcross of the samples increased slightly from 0.45 W/(m·K) to 0.76 W/(m·K). 

206 The above phenomena indicate that a moderate mercerization treatment was beneficial 

207 to improving the TC of the CNF/BNNS composites. In addition, the specific values of 
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208 tensile strength, elongation at break, and toughness of the mercerized samples are 

209 summarized in Table S6. As shown in Fig. 4d and Fig. 4e, although the tensile strength 

210 decreased from 117.63 MPa to 87.31 MPa after moderate mercerization, the toughness 

211 of 0.3-BNNS-CNP increased significantly from 1.8 MJm-3 to 8.0 MJm-3. In 

212 conclusion, mercerization significantly improved the toughness and TC of the 

213 CNF/BNNS composite. 

214

215 Fig.4. Analysis of mercerized films: FE-SEM images of (a) the surface and (b) fracture 

216 surface, (c) TCin and TCcross, (d) stress-strain curves (inserted with the flexibility of 0.3-

217 BNNS-CNP-12.5), and (e) tensile strength and toughness.

218 Herein, we discuss the mercerization mechanism for enhancing the TC and 

219 toughness of CNF/BNNS composite films. The TC of composites is commonly 

220 determined by the matrix material and thermal filler (L. Chen et al., 2016). For thermal 

221 filler, since the diffraction peak of (100) crystal plane (at 41.5°) of BNNS is obvious 

222 based on the XRD test (Fig. S5a), the BNNS powder is disordered. However, as shown 

223 in Fig. 5a, the XRD peaks at 41.5° of BNNSs in mercerized samples were disappear, 

224 which suggested that BNNS filler was arranged regularly along the in-plane direction 

225 in the films rather than a disordered arrangement (Wu et al., 2017). Thus, the regular 

226 arrangement of BNNS in the in-plane direction of CNF/BNNS composite can enhance 

227 the TCin of composite. For the matrix material, CNF dissipates heat through the 

228 vibration of cellulose crystalline region (Uetani, Okada, & Oyama, 2015). Some studies 
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229 also think that the destruction of crystallization region of cellulose can result in a 

230 decrease in the TC of CNF (Lee, Sundaram, Zhu, Zhao, & Mani, 2018). As shown in 

231 Fig. 5b, cellulose crystallinity in the mercerized CNF/BNNS composites decreased 

232 from 62.81% to 43.42% when the amount of lye increased from 0 wt.% to 20 wt.%. 

233 The TCin of 0.3-BNNS-CNP-12.5 mercerized by 12.5 wt.% alkali solution has the best 

234 TCin value, 14.74 W/(m·K), of all the samples (Fig. 5c). Therefore, combined with the 

235 analysis of XRD and TC results, we can reasonably think that the TCin improvement of 

236 properly mercerized films can be attributed to the internal morphology change of 

237 composite films caused by mercerization, that is, due to a dense internal structure of the 

238 composite, an improved in-plane orientation of BNNSs in the composites, and an 

239 enhanced CNF network structure. 

240 The denser internal structure of the material can be reflected in density changes. 

241 Thus, we calculated the theoretical density and void fraction of the composites using 

242 the following formula (1,2):

243                                                      (1),

244                                                  (2),
245 where ρ BNNS and ρ cellulose are the densities of BNNSs (2.29 g/m3) and cellulose (1.5 

246 g/cm3), respectively (X. Wang et al., 2020; Xu et al., 2021); w BNNS and w CNF are the 

247 loading amounts of BNNSs and CNF, respectively (the actual amount of BNNSs in the 

248 composite was corrected by the TGA analysis of the residual mass at 800 °C, as shown 

249 in Table S2 and Fig. S7); and ρ2 is the experimental density of the composites (Fig. 5c 

250 and Fig. 5d). As shown in Fig. 5c, the void fraction decreased from ~0.17 to ~0.06 as 

251 the amount of BNNSs added increased from 0 wt.% to 50 wt.%, indicating that 

252 hydroxylated BNNSs effectively filled the voids of the fiber network structure in the 

253 composites. After mercerization, the experimental density of films increased from 

254 approximately 1.5 g/cm3 to 1.6 g/cm3 (Table S5), whereas the void fraction decreased 

255 from ~0.09 to ~0.01 (Fig. 5d). These results indicated that the densification of the 

1
BNNS CNFs

BNNS cellulose

1ρ = v v+
ρ ρ

1 2

1

ρ - ρVoid fraction =
ρ



13

256 CNF/BNNS composite film was significantly enhanced by adding fillers to BNNSs and 

257 mercerization. 

258 The ratio of the peak intensities (I(002)/I(100)) at 26.5° and 41.5° of the samples were 

259 calculated to analyze the in-plane orientation degree of BNNSs in the mercerized films, 

260 as summarized in Fig. 5b (Wu et al., 2017). As shown in Fig. 5b, the I(002)/I(100) ratio 

261 increased after moderate mercerization, but further increases in mercerization led to a 

262 decrease in this value, which indicated that the in-plane orientation of BNNSs in the 

263 composites was improved by moderate mercerization. That is, the 0.3-BNNS-CNP-

264 12.5 was treated with 12.5 wt.% NaOH solution had an TCin of 14.74 W/(m·K) that 

265 represented an approximately 16% increase compared with that of the 0.3-BNNS-CNP. 

266 The reasons for the low TCcross of the composites could be mainly divided into two 

267 aspects. One is the increase of film thickness after mercerization (from 29.5 μm to 39.8 

268 μm by 15 wt.% lye mercerized). This increases the distance required for heat transfer. 

269 Second, BNNSs typically has a two-dimensional sheet structure with highly TCin and 

270 poorly TCcross themselves, and most of the BNNS are arranged along the plane inside 

271 of the composite (Wu et al., 2018). 

272 Cellulose II crystals are well known to have higher toughness but lower strength 

273 than cellulose I (Sharma, Nair, Zhang, Ragauskas, & Deng, 2015), that is attributed to 

274 the softening of cellulose crystals by mercerization and beneficial to the enhancement 

275 of fiber toughness (H. Y. Wang, Li, Yano, & Abe, 2014). After mercerization, all 0.3-

276 BNNS-CNP samples with different degrees of mercerization exhibit the diffraction 

277 peaks of cellulose II crystalline structure at 2θ = 12.0° and 21.6° in Fig. S10, indicating 

278 that the mercerization treatment transformed the crystalline structure of cellulose in the 

279 composites from I to II (Gupta, Uniyal, & Naithani, 2013). Jade software (version 6.0) 

280 was used to calculate the content of cellulose II in composite, and the results (Fig. 5b 

281 and Table S7) show that the content of cellulose Ⅱ increased continuously with 

282 increasing alkali concentration, reaching approximately 93% after treated with 20 wt.% 

283 lye. Above all, the study of O'Sullivan et al has proved that the presence of cellulose II 
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284 in cellulose can declare the production of new hydrogen bonds (O2‒H... O2 and O6‒H... 

285 O2) (O'Sullivan, 1997). Thus, we think that the increase of cellulose Ⅱ content in the 

286 composites also can demonstrate the formation of new hydrogen-bonding. 

287 Then, the enhancement principle of mercerization on mechanical properties of the 

288 composites are analyzed. The CNFs have firstly formed a network structure due to 

289 hydrogen bonds and van der Waals force during filtration (Niinivaara & Cranston, 

290 2020). After mercerizing the wet CNF/BNNS film, the swelling agents (NaOH) are 

291 removed by washing method, the cellulose crystals are rearranged and converted from 

292 cellulose I to cellulose II, and the structure of CNF/BNNS film is enhanced by new 

293 hydrogen bonds (O2‒H... O2 and O6‒H... O2) formed by cellulose II crystalline 

294 transformation (O'Sullivan, 1997). Then, the adhesion among fibers can been improved. 

295 Therefore, a compact CNFs/BNNS composite film mercerized by NaOH solution can 

296 been obtained (Kolpak & Blackwell, 1976; Nomura, Kugo, & Erata, 2020). These 

297 changes in the CNF reduced the interspace between BNNSs. The mercerized film 

298 maintained the original layered structure that promoted the formation of a continuous 

299 thermal conduction network between BNNSs. To sum up, the enhancement of the 

300 structure of the CNF/BNNS composite films by mercerization can be summarized as 

301 follows: 1) CNF swelled in lye and then dehydrated and shrunken after washing. The 

302 cellulose chains between fibers diffused, improving the compactness of the composite 

303 films. 2) The moderate transformation of the crystalline structure from cellulose I→II 

304 in the CNF/BNNS composite films increased the number of hydrogen bonds and 

305 enhanced the complexity of the hydrogen bond network structure in the CNF/BNNS 

306 composite films.
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307
308 Fig.5. Effect of mercerization on the CNF/BNNS films: (a) the XRD characteristic peak region 

309 of mercerized films; (b) effects of mercerization on the I(002)/I(100) ratio, cellulose crystallinity, 

310 and content of cellulose II; (c) curves of theoretical density, experimental density, and void 

311 fraction of films with different filler amounts; (d) curves of theoretical density, experimental 

312 density, and void fraction with different mercerization degrees; and (e) schematic diagram of 

313 how mercerization enhanced the hydrogen bond structure of the film. 

314 3.4 Comparation and application 

315 As shown in Fig. 6a and Table S8, compared to the TCin of the previous reports (Z. 

316 R. Hu et al., 2018; Y. Liu et al., 2020; Shen, Guo, Wang, Zhao, & Xu, 2015; Tsai, 

317 Tseng, Chiang, & Li, 2014; X. Wang et al., 2020; X. Wang et al., 2022; X. Wang et al., 

318 2019; Wu et al., 2017; Wu et al., 2018), we found that most of the studies aimed to 

319 improve the interface between CNFs and BNNSs by modifying BNNSs in different 

320 ways to realize the construction of a heat transfer network. In this study, the CNF 

321 composite film's thermal conductivity was firstly improved by introducing a 

322 hydrophilic modification of BNNSs at a low loading amount (~30 wt.%). Then, unlike 

323 other studies, in order to improve the toughness loss of composite films due to the 

324 addition of inorganic particles, the wet films were mercerized, and the toughness of the 

325 CNF/BNNS composite films was further improved (increased by ~250%) and 

326 simultaneously the high thermal conductivity was achieved (enhanced by 
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327 approximately 16%). This ensures the application of the nanocomposite as a flexible 

328 heat management material. 

329 To visually observe the heat dissipation capacity, the film samples were attached 

330 to the back of a LED chip, and an infrared camera was used to photograph the samples 

331 and record the temperature change of the LED every 30 s. The temperatures of a CNF 

332 film, 0.3-BNNS-CNP, and 0.3-BNNS-CNP-12.5 were measured and recorded as T1, 

333 T2, and T3, respectively. As shown in Fig. 6b, the temperatures of the LEDs on the three 

334 samples were approximately the same at the start. As time passed, the temperatures of 

335 T2 and T3 at the same time were significantly lower than T1, and the temperature 

336 difference between the three samples increased gradually with time. For example, when 

337 the LED chip was operated for 1 min, T1, T2, and T3 were respectively 55.7 oC, 50.7 

338 oC, and 49.9 oC, with a maximum difference of 5.8 oC. When the LED chip was 

339 operated for 5 min, T1, T2, and T3 were respectively 60.0 oC, 57.0 oC, and 56.2 oC. The 

340 results showed that the CNF/BNNS composite film exhibited the ability for timely heat 

341 dissipation, and the heat generated by the LED chip was released promptly. The timely 

342 heat dissipation capacity of CNF film was significantly enhanced by introducing 

343 BNNSs and the mercerization of the wet film, which further enhanced the application 

344 of CNF. Therefore, the 0.3-BNNS-CNP-12.5 has both flexibility and promising heat 

345 dissipation capacity, which has great potential to be used as a heat dissipation material 

346 for electronic devices.

347

348 Fig.6. (a) Comparison of the thermal conductivities of composites based on boron nitride, 

349 conventional metals and plastics, and (b) Optical and thermal images of the light-emitting 
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350 diode (LED) chips attached to the CNF film, 0.3-BNNS-CNP, and 0.3-BNNS-CNP-12.5.

351 4. Conclusion 

352 In this work, hydrophilic-modified BNNSs were successfully obtained by the 

353 mechanochemical process of ball milling assisted with xylose, and hydroxylated 

354 BNNSs improved the compatibility of CNF and BNNSs. The 0.3-BNNS-CNP 

355 maintained good comprehensive properties, with a tensile strength of 117.63 MPa, 

356 elongation at break of 2.88%, a TCin of 12.68 W/(m·K), which is an increase of 846% 

357 compared with CNF film (TCin, 1.34 W/(m·K)). Furthermore, unlike other studies, in 

358 order to improve the toughness loss of composite films due to the addition of inorganic 

359 particles, the wet CNF composite films were mercerized, and the toughness of the 

360 CNF/BNNS composite films was further improved (increased by ~250%) and 

361 simultaneously the high thermal conductivity was achieved (enhanced by 

362 approximately 16%) by 12.5 wt.% lye mercerization. This mercerized 0.3-BNNS-CNP-

363 12.5 film shows a good combination of thermal conductivity, thermal stability, 

364 flexibility, and mechanical strength. Therefore, this mercerized BNNS-CNP film 

365 presents great potential applications in flexible electronic equipment. 
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